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Abstract

Almost every major challenge we face, from developing renewable energy technologies to
designing faster and more efficient microelectronics, relies on our ability to design and
manufacture new materials that address these challenges. Given the overwhelming amount of
design considerations involved in creating these materials, theoretical atomistic modeling can
provide key insights into the properties of materials that can be difficult or impossible to ascertain
experimentally. Furthermore, the highly parallel nature of theoretical models allows us to rapidly
screen for promising materials in a manner that is less time consuming and expensive than in a
laboratory. By interfacing atomic-scale models with experiments, we can provide a holistic view

of materials properties and effectively design new materials.

In this thesis, we utilize density functional theory (DFT) to examine the catalytic properties
of electronic materials on an atomic scale and develop models that allow us to relate nanoscale
properties to macroscopic observables used in experiments. In particular, we utilize ab initio
molecular dynamics (AIMD) to evaluate the catalytic properties the water/electrode interface for
Au(100), Au(111), and Pt(111) catalysts towards the oxygen reduction reaction (ORR) in alkaline
media. Our holistic approach demonstrates that the catalyst structure/composition, hydrogen
bonding from water, and coverage effects from spectator species on the catalyst surface come
together to determine the overall activity of these interfaces. Additionally, we present a high-
throughput screening study for identifying improved metal-alloy catalysts with improved formic

acid oxidation activity. Finally, we utilize DFT calculations to evaluate graphene nanoribbon



growth on Ge(001) with a focus on characterizing the interactions between graphene and the Ge

surface.

This work provides several examples of how atomic-scale theoretical modeling can be
applied to gain key insights into catalytic materials. We use a holistic approach to modeling a wide
range of interactions in both electrocatalysts and electronic material systems to determine catalyst
properties. In the end, we show that this approach helps us identify atomic interactions that are

necessary to describe the properties of materials.
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Figure 8.1: Effect of Ge miscut on nanoribbon growth. (a-f) Schematic diagrams (a-c) and SEM
images (d-f) of graphene crystals grown on Ge(001) with 0° (a,d), 6° (b,e), and 9° (c,f) miscut
toward Ge110. Red and blue crystals in a-c are perpendicular and parallel, respectively, to the
miscut. Dashed arrows in (b,c,e,f) point downhill. Scale bars in d-fare 1 um. (g-j) Alignment (g),
width (h), length (i), and aspect ratio (j) versus miscut angle for ribbons oriented perpendicular
(red, left) and parallel (blue, right) to the miscut on Ge(001)-6° and Ge(001)-9° and oriented along
110 and [110] on Ge(001)-0°. Horizontal lines in the boxes in h-j define 25th, 50th, and 75th
percentiles, whiskers indicate 5th and 95th percentiles, circles define the range, and squares give
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Figure 8.2: Effect of growth rate on crystal shape evolution and anisotropy. (a-i) SEM images of
graphene crystals grown on Ge(001)-0° (a-c), Ge(001)-6° (d-f), and Ge(001)-9° (g-i) with
increasing growth rate. Dashed arrows point downbhill, as determined by XRD. Scale bars are 500
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nm. Insets are magnified images of a representative crystal. Contrast reversal is attributed to
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against temperature and PH2. CHa partial pressure (Pch,) is 0.0067 atm. Shaded regions indicate

a range of temperatures and PH2 at which ribbons have been synthesized. Results in a-e are
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Figure 8.6: Charge transport of nanoribbons grown on Ge(001)-9°. (a) FET architecture used for
room-temperature transport measurements. (b-c) Plot of Iqs versus Vgs on a linear (b) and log (c)
scale for three nanoribbons at Vgs of 0.1 V. Forward sweeps, in which bias is varied from negative
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Figure 9.1: (a) Schematic of a lithographically patterned graphene seed before and after annealing
in an Ar and H: environment. The seed diameter reduces from ds, (patterned seed diameter) to ds
(seed diameter after etch). (b) Plot of yield (% of seeds resulting in ribbons) versus ds, divided by
t (anneal time). A normal cumulative distribution function (red line) is fit to the data and
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Figure 9.2: Plots of nanoribbon length (a) and width (b) versus etched seed diameter, ds, following
seed-initiated nanoribbon synthesis at a xcrs 0f 0.0066 for t = 6 hr. Synthesis on a control sample
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without seeds yields ribbons of length = 2R;-t = 218 + 53 nm and width = 2Ryt = 9.7 + 4.1 nm.
Solid black lines denote expected length and width of seeded nanoribbons, assuming that the
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Figure 9.3: Plots of length (a) and width (b) of graphene nanoribbons synthesized in arrays with
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Figure 9.4: (a) Atomistic picture of the different CoHy species on the Ge(001) surface. C atoms
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Figure 10.1: (a) Top and side views of Ge(001) surface with 2 x1 buckled dimer surface
reconstruction. The primitive Ge(001) unit cell is shown with a dashed red box. Ge dimer atoms
are shown in blue and Ge bulk atoms are shown in green. (b) Schematic of graphene unit cell. In
this schematic, a; and az are the unit vectors for graphene, C is the chiral vector of the graphene
sheet, and T is the translational vector of the graphene sheet. The chiral vector is defined by n and
m, where the zig-zag direction is defined by the coordinates (n, m=0) and the armchair direction
is defined by (n, m=n). The chiral angle 0 indicates the angle between the chiral angle and the zig-
;1o =0 o[- T TSP PR ROSROSON 190

Figure 10.2: Unit cells for analyzing interactions between Ge(001) and graphene wall. The angle
between the armchair direction of the graphene sheet and the dimer rows of the surface are (a) 0°,
(b) 30°, (c) 257 (d) 5° (e) 87, (f) 227, (g) 167, and (h) 14°". Yellow arrows in a) and b) indicate the
angle between the armchair direction and the dimer rows. C atoms are shown in brown, Ge surface
dimer atoms are shown in blue, and Ge bulk atoms are Shown in green. ..........cccccevenvicriennnnn 192

Figure 10.3: (a) Side view of Ge(001) with graphene layer adsorbed on top. The distance between
graphene and the upper Ge atom in the buckled dimer is marked as dc-ce. (b) Top view of Ge(001)
with a graphene layer adsorbed on top. The direction of the dimer rows is indicated with a yellow
arrow. In this figure, the armchair direction of the graphene sheet is oriented 0° from the dimer
rows. (c) Binding energy per wall C atom (BE/C, shown with blue circles) and distance between
the surface and graphene (dc-gce, Shown with red squares) as a function of the angle between the
armchair (AC) direction of the graphene sheet and the dimer rows on the Ge(001) surface. C atoms
are shown in brown, Ge surface dimer atoms are shown in blue, and Ge bulk atoms are shown in

Figure 10.4: Top and side views of armchair GNRs on the Ge(001) surfaces. The nanoribbons are
aligned perpendicular and parallel to buckled-dimer rows of Ge atoms on the surface. Red boxes
indicate the smallest repeating unit of graphene along the edge. Relaxed C atoms are shown in
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brown, fixed C atoms are shown in dark red, relaxed H atoms are shown in yellow, fixed H atoms
are shown in pink, Ge surface dimer atoms are shown in blue, and Ge bulk atoms are shown in
green. Fixed portions of the GNRs are representative of the wall (bulk) of graphene............... 196

Figure 10.5: Possible edge unit structures for armchair edges running (a) parallel and (b)
perpendicular to the buckled dimer rows on the Ge(001) surface. For perpendicular edges with a
mixture of H- and Ge-passivated sites, we report the energies relative to the minimum energy
isomer and the corresponding Boltzmann occupation at 1200 K, the temperature at which GNRs
are typically grown.!! C atoms are shown in brown, H atoms are shown in yellow, Ge surface
dimer atoms are shown in blue, and Ge bulk atoms are shown in green. “Up” atom and “Down”
atom indicate the relative position of atoms in the Ge buckled dimer...........c.cccoccovvviiviieiiennnns 198

Figure 10.6: (a) Hydrogen coverage on perpendicular and parallel armchair edges as a function
of gas-phase hydrogen pressure and temperature. The red bar indicates typical growth conditions
for GNRs. (b) The distribution of H or Ge passivated sites of edge vector N for perpendicular and
parallel armchair edges at T = 1200 K for several H, pressures. H passivated sites are in dark blue
and Ge passivated sites are in light blue. (c) The distribution of edge unit structures of edge vector
N for perpendicular and parallel armchair edges at T =1200 K for several H» pressures. Colors in
(c) correspond to color code in Fig. 10.5, and most prevalent edge structures for perpendicular
edges are shown as “predominant MOLIFS”. ........occuiiiiiiiiiiiiiie s 204

Figure 10.7: Difference in grand potential for armchair (AC) and zig-zag (ZZ) edges as a function
of Hy partial pressure at several temperatures. Typical GNR growth conditions are indicated with
a red bar. Grand potentials are calculated using a CHa partial pressure of 6.7 x 10" atm, which is
typical for GNR growth CONAITIONS. .........ccuiiiiiiiiiie e 208

Figure 10.8: The probability of a graphene seed rotating so that the armchair direction is oriented
14° from dimer rows to 30° from dimer rows (left axis) at a range of temperatures. We also show
the total rotational barrier from the graphene wall interacting with the Ge(001) surface (right axis).
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Figure A.1: Top view of stable adsorption structures for (A) CHz and (B) I on a V7x\7 Ni(111)
surface. Ni atoms are shown in silver, C atoms in brown, H atoms in white, and | atoms in magenta.
Black lines denote the surface Unit Cell...........oooeiiiiiiii s 227

Figure A.2: (A) Preferred adsorption structures for the molecular adsorption of CHzsl at a coverage
of 1/7 ML. (B) Preferred adsorption structures for the dissociative adsorption of CHzl at a coverage
(0) of 1/6 ML (left), 1/7 ML (middle), and 1/25 ML (right). Structures shown were calculated using
the PBE functional. Ni atoms are shown in silver, C atoms in brown, H atoms in white, and | atoms
in magenta. In (B), the unit cells for each coverage are marked by black lines. ........................ 228

Figure A.3: Enthalpies of molecular adsorption for CHsl (AHCH3I) on Ni(111) at 160 K
calculated for different density functionals at a coverage (0) of 1/7 ML. Vertical blue bars represent
the calculated value for each functional. The horizontal blue bars correspond to the experimentally
determined heat of adsorption for a coverage of 1/7 ML, where the solid line represents the
measured value of -94 kJ/mol. The width of the blue shaded area represents the experimental error
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(6 kd/mol). Experimental data is from ref. 288...........cccoveiiiiiicie e 231

Figure A.4: Enthalpy of adsorption for CHz (AHCH3) on Ni(111) at 160 K calculated using
different density functionals at a coverage (8) of 1/25 ML (green bars), 1/7 ML (blue bars), and
1/6 ML (orange bars). The horizontal green bar corresponds to the experimentally determined heat
of adsorption for a coverage of 1/25 ML where the solid line represents the measured value, and
the width of the green shaded area represents the experimental error. The experimental data is from
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Figure A.5: Heat of adsorption for atomic | (AHT) on Ni(111) at 160 K calculated using different
density functionals at a coverage (0) of 1/25 ML (green bars), 1/7 ML (blue bars), and 1/6 ML
(orange bars). The horizontal green bar corresponds to the experimentally determined heat of
adsorption for a coverage of 1/25 ML, where the solid line represents the measured value, and the
width of the green shaded area represents the experimental error. The experimental data is from
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Figure A.6: Heat of adsorption for the dissociative adsorption of CHszl (AHCH3 + I) on Ni(111)
at 160 K calculated using different density functionals at a coverage (0) of 1/25 ML (green bars),
1/7 ML (blue bars), and 1/6 ML (orange bars). Horizontal bars correspond to the experimentally
determined heats of adsorption for a coverage of 1/25 ML (green), 1/7 ML (blue), and 1/6 ML
(orange), where the solid lines represent the measured values and the width of each shaded area
represents the experimental error for each coverage. The experimental data are from ref. 288. 236

Figure A.7: (A) Enthalpy of adsorption for atomic H (AHH) on Ni(111) at 160 K calculated using
different density functionals at a coverage of 1/25 ML (green bars), 1/7 ML (blue bars), and 1/6
ML (orange bars). The experimental value (from references 3% and %) is a non-calorimetric based
estimate and marked by a black horizontal line. (B) The enthalpy change for the dissociative
adsorption of gas-phase CH4 to adsorbed CH3 and atomic H on Ni(111) at 160 K (AHCH4, o)
calculated using different density functionals at the infinite-separation limit between adsorbed CH3
and atomic H. The experimental value of -43 kJ/mol was calculated at a coverage of 1/25 ML and
is denoted by a green horizontal line. The data was obtained from reference 2%....................... 245

Figure A.8: Mean absolute error (MAE) in enthalpies of adsorption for the six adsorption
Processes StUAIEd 1N ThIS WOTK.........ccieieiie ettt eeenee e 249

Figure B.1: Adsorption structure for the dissociative adsorption of CHsl with CHz in the top
position and | in the fcc position for a coverage of 1/7 ML. In the atomistic representation, Ni
atoms are shown in silver, C atoms in brown, H atoms in white, and | atoms in magenta. The unit
cell is shown by the BIACK TINES..........ooiiii e 254

Figure B.2: Energetic differences AEtop — fcc between CH3z bound to a top site and to an fcc site
calculated using different density functionals for CHs adsorption (red bars) and the dissociative
adsorption of CHsl to adsorbed CHz and | (blue bars) at a surface coverage of 1/7 ML. .......... 255

Figure B.3: Enthalpies of dissociation for adsorbed CHszl to adsorbed CHsz and |
(AH(CHsI*—CHs*+1*)) on Ni(111) at 160 K calculated for different density functionals at a
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coverage (0) of 1/7 ML. Vertical blue bars represent the calculated value for each functional. The
horizontal blue bars correspond to the experimentally determined heat of adsorption for a coverage
of 1/7 ML. The solid line represents the measured value of -160 kJ/mol, while the width of the
blue shaded area denotes the experimental error (8 kJ/mol). Experimental data from ref. 288.
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Figure C.1: Top (top image) and side image (bottom image) of most stable adsorption structures
on Au(100)-(1x1) based on static DFT calculations including (a) O*, (b) OH*, and (c) OOH*. Au
atoms are shown in gold, O is shown in red, and H is shown in white. ..........ccccccooviviiiininnns 268

Figure C.2: Top (top image) and side image (bottom image) of most stable adsorption structures
on Au(100)-AR based on static DFT calculations including (a) O*, (b) OH*, and (c) OOH*. Au
atoms are shown in gold, Au additional row atoms (AR) are shown in brown, O is shown in red,
aNd H 1S SNOWN TN WHITE. ...ttt e e e e e nreente s 269

Figure C.3: Top (top image) and side image (bottom image) of most stable adsorption structures
on Au(100)-hex based on static DFT calculations including (a) O*, (b) OH*, and (c) OOH*. Au
atoms are shown in gold, O is shown in red, and H is shown in white. .............ccccooeviiiiinenn 270

Figure C.4: Free energy diagram determined by static, unsolvated DFT calculations for the ORR
at pH = 13 on (a) Au(100)-(1x1) at a potential of 1.20 V/RHE, (b) Au(100)-AR at a potential of
1.20 V/RHE, (c) Au(100)-(1x1) at a potential of 0.57 V/RHE (onset potential for 4e” and 2e-
pathways), and (d) Au(100)-AR at a potential of 0.58 V/RHE (onset potential for 4e” and 2e
PALNWWAYS). ..ttt bbb bbb bRttt b bt 271

Figure C.5: Top (top image) and side image (bottom image) of representative stable adsorption
structures on Au(100)-(1x1) at the pzc based on AIMD calculations including (a) OH* and (b)
OOH*. Au atoms are shown in gold, O is shown in red, and H is shown in white. Interfacial water
1S Shown as Stick MOdelS TOr CIAMTEY. ........ooviieieie s 272

Figure C.6: Top (top image) and side image (bottom image) of representative stable adsorption
structures on Au(100)-AR at the pzc based on AIMD calculations including (a) OH* and (b)
OOH*. Au atoms are shown in gold, Au additional row atoms (AR) are shown in brown, O is
shown in red, and H is shown in white. Interfacial water is shown as stick models for clarity. 273

Figure C.7: Top (top image) and side image (bottom image) of representative stable adsorption
structures on Au(100)-hex at the pzc based on AIMD calculations including (a) O*, (b) OH*, and
(c) OOH*. Au atoms are shown in gold, O is shown in red, and H is shown in white. Interfacial
water is shown as stick models TOr CIarity. .........ccocviiiiii e 274

Figure C.8: Radial distribution function between bottom-most oxygen (closest to the surface) of
adsorbate and Au for (a) O*, (b) OH*, and (c) OOH* at the pzc in the most energetically favorable
AIMD simulations. Data for Au(100)-(1x1) is shown in purple, data for Au(100)-AR is shown in
blue, and data for Au(100)-hex iS SNOWN 1N OFANQE. .......cveiiiirieieiee s 275

Figure C.9: Free energy diagram determined by solvated AIMD simulations for the ORR at pH =
13 on (a) Au(100)-(1x1) at a potential of 1.20 V/RHE, (b) Au(100)-(1x1) at a potential of 0.66
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V/RHE (onset potential for 4e” pathway), (c) Au(100)-(1x1) at a potential of 0.65 V/RHE (onset
potential for 2e” pathway), (d) Au(100)-AR at a potential of 1.20 V/RHE, and (e) Au(100)-AR at
a potential of 0.58 V/RHE (onset potential for 4e~ and 2e” pathways). ........cccccevvevveveiiieneennnns 276

Figure C.10: Average number of hydrogen bonds formed between O* and water at all potentials
studied on Au(100)-hex, the only Au(100) reconstruction where O* is stable. Lines in the figure
are to guide the eye. (b) Snapshot of O* on Au(100)-hex from AIMD simulations with
representative hydrogen bonding environments. Au atoms are shown in gold, oxygen is shown in
red, and hydrogen is shown in white. Water not hydrogen bonded to adsorbate are shown as stick
goTo (o] K (o] o] T4 | Y2 OSSR 277

Figure C.11: Average number of hydrogen bonds formed between OH* and water at all potentials
studied on (a) Au(100)-(1x1), (b) Au(100)-AR, and (c) Au(100)-hex. Accepted hydrogen bonds
(blue) are bonds that are donated by water and accepted by OH*. Donated hydrogen bonds (red)
are bonds that are donated by OH* and accepted by water. The total number of hydrogen bonds
formed between OH* and water is Shown in DIACK. ..........ccoviieiiiiiii e 278

Figure C.12: Average number of hydrogen bonds formed between OOH* and water at all
potentials studied on (a) Au(100)-(1x1), (b) Au(100)-AR, and (c) Au(100)-hex. Accepted
hydrogen bonds (total; dark blue, sold line) are bonds that are donated by water and accepted by
OOH* to either the bottom O atom (closest to the surface; dashed light blue lines) or the top O
atom (farthest from the surface, dash-dotted light blue lines) of OOH*. Donated hydrogen bonds
(red) are bonds that are donated by OOH* and accepted by water. The total number of hydrogen
bonds formed between OOH* and water is Shown in black. ...........ccccovvviviiinienni, 279

Figure C.13: Free energy diagram determined by static DFT calculations with implicit water for
the ORR at pH = 13 on (a) Au(100)-(1x1) at a potential of 1.20 V/RHE, (b) Au(100)-(1x1) at a
potential of 0.46 V/RHE (onset potential for 4e” and 2e” pathways), (c) Au(100)-AR at a potential
of 1.20 V/RHE, (d) Au(100)-AR at a potential of 0.29 V/RHE (onset potential for 4e” and 2e’
pathways), () Au(100)-hex at a potential of 1.20 V/RHE, and (f) Au(100)-hex at a potential of
0.13 V/RHE (onset potential for 4™ and 2e™ pathWways).........cccccveiieiieieiiesece e 280

Figure C.14: Top (top image) and side views (bottom image) of Au(100) surface reconstructions
including (a) Au(100)-(1x1) surface with no reconstruction, (b) Au(100)-hex surface with a
hexagonal reconstruction on the top layer, and (c) an Au(100)-AR surface with an additional row
of Au atoms on the top layer of the Au(100) surface. Au atoms are shown in gold. Unit cells are
indicated with dashed BIACK HINES. .........ccooiieii i s 281

Figure C.15: Representative double-sided unit cell for Au(100) with interfacial water for (a)
Au(100)-(1x1), (b) Au(100)-AR, and (c) Au(100)-hex surface reconstructions. Au atoms are
shown in gold, Au additional row atoms (AR) are shown in brown, O is shown in red, and H is
SNOWN TN WHITE. ..ttt et e s te e e st e s te e teeseesseeteeneesraesaenreenreeneens 282

Figure C.16: Fitted total potential energies of Au(100)-(1x1) surface systems from AIMD
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Figure C.17: Fitted total potential energies of Au(100)-AR surface systems from AIMD
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Figure C.18: Fitted total potential energies of Au(100)-hex surface systems from AIMD
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Figure D.1: Fitted total free energies of Au(111) surface systems from AIMD simulations. ... 288
Figure D.2: Fitted total free energies of Pt(111) surface systems from AIMD simulations...... 289

Figure D.3: Representative structures for adsorbates as seen from the side in static, unsolvated
DFT and solvated AIMD simulations on Au(111). Au atoms are shown in gold, O atoms are shown
in red, and H atoms are shown in white. Interfacial water molecules are shown as stick models for
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Figure D.4: Radial distribution functions between bottom-most oxygen (closest to the surface) of
adsorbate and Au for O*, OH*, and OOH* from AIMD sSimulations. ............cccccceveveverieneennnns 291

Figure D.5: (a) Average number of hydrogen bonds formed per water molecule (NH-bongs/H20)
along the surface normal direction (zero corresponds to Au atoms in the top layer of the slab) for
solvated Au(111) surface without adsorbates at the pzc. The total nn-hongs/H20 is shown purple, the
accepted NH-bonds/H20 is shown in blue, and the donated Nnw-nonds/H20 is shown in orange. Grey
dashed lines and dotted lines indicate the average position of the bottom-most oxygen in OH* and
OOH*, respectively, in the most energetically favorable AIMD simulations for reference. (b)
Average number of hydrogen bonds formed between OH* or OOH* and water (NH-bonds/adsorbate)
at all potentials studied. Yellow region corresponds to potential region typically considered for
ORR. Lines in the figure are to guide the eye. (¢) Snapshot of OOH* and OH*on Au(111) with
representative hydrogen bonds (black dashed lines). Au atoms are shown in gold, oxygen atoms
are shown in red, and hydrogen atoms are shown in white. Water not hydrogen-bonded to
adsorbates in (c) are shown as stick models for clarity. .........ccccooeiieiieiiinie e 292

Figure D.6: Free energy diagrams for the ORR on Pt(111) from static, unsolvated DFT
calculations in the presence of co-adsorbed OH* at pH=13, including: 2/9 ML OH* at (a) 1.20
V/RHE and (b) 0.46 V/RHE (the onset of the ORR); 3/9 ML OH* at (c) 1.20 V/RHE and (d) 0.32
V/RHE (the onset of the ORR); and 4/9 ML OH* at (e) 1.20 V/RHE and (f) 0.49 V/RHE (the onset
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Figure D.7: Binding free energy (BFE) of OH and O relative to the gas phase energy of each
respective species as a function of applied potential as calculated from static DFT and solvated
AIMD simulations at pH = 13 in the presence of (a) 2/9 ML co-adsorbed OH* and (b) 3/9 ML co-
adsorbed OH*. Free energy diagrams for the ORR on Pt(111) at 1.20 V/RHE and pH = 13 in the
presence of (c) 2/9 ML co-adsorbed OH* and (d) 3/9 ML co-adsorbed OH* at 1.20 V/RHE. Free
energy diagrams for the ORR on Pt(111) at 1.20 V/RHE and pH = 13 in the presence of (e) 2/9
ML co-adsorbed OH* and (f) 3/9 ML co-adsorbed OH* at the onset potentials for the ORR. . 294

Figure E.1: Representative images of water and OH* on Au(100) surface reconstructions at the
point of zero charge (pzc) for the most energetically stable configurations of OH* as determined
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from AIMD calculations (red: O in water, dark red: O in OH*, white: H, gold: Au, dark gold:
additional row (AR) Au). Top views of Au(100) surfaces are 4 A from the surface and include
water in the high-density sub layer closest to the surface............cccccovvieivivicci e, 296

Figure E.2: Density of oxygen atoms (po) in water as a function of distance from the surface for
Au(100)-(1x1), Au(100)-AR, and Au(100)-hex surfaces with and without OH* at a range of
potentials. The zero coordinate corresponds to average position of Au atoms on the top surface
layer of each model (excluding AR atoms on Au(100)-AR)). Position of AR atoms is denoted with
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Figure E.3: Orientation of water on Au(100) surface reconstructions with 1/10 ML OH*.
Distribution of the angle between the water bisector and the surface normal, ¢, within 4 A of the
() Au(100)-(1x1), (b) Au(100)-AR, and (c) Au(100)-hex surfaces at a range of potentials.
Distribution of the angle between the O-H bonds of water and the surface normal, 0, within 4 A of
the (d) Au(100)-(1x1), (e) Au(100)-AR, and (f) Au(100)-hex surfaces at a range of potentials.
Inset of (a) illustrates @, while the inset of (d) illustrates 6. All potentials are referenced with
FESPECE L0 TN SHE. ... ..o et b e e te e sreesre e e e 298

Figure E.4: Hydrogen bond density (NH-nondas/H20) along the surface normal direction on Au(100)
surface reconstructions covered with 1/10 ML OH* at a range of potentials. Donated hydrogen
bonds include H-bonds donated to OH* or other water molecules, and accepted hydrogen bonds
include H-bonds accepted by OH* or other water molecules. The zero coordinate corresponds to
average position of Au atoms on the top surface layer of each model (excluding AR atoms on
Au(100)-AR)). All potentials are referenced with respect to the SHE. ............cccccovvevveeieenne. 299

Figure E.5: Hydrogen bond density (nH-nondas/H20) along the surface normal direction on Au(100)
surface reconstructions covered with 2/10 ML OH* at a range of potentials. Donated hydrogen
bonds include H-bonds donated to OH* or other water molecules, and accepted hydrogen bonds
include H-bonds accepted by OH* or other water molecules. The zero coordinate corresponds to
average position of Au atoms on the top surface layer of each model (excluding AR atoms on
Au(100)-AR)). All potentials are referenced with respect to the SHE. ..............ccccooveviiieinennnn 300

Figure F.1: Density of oxygen in water (po) along the surface normal direction on hydroxyl-
covered, electrified Pt(111) surfaces, where zero distance corresponds to the center of the top layer
of Pt. All potentials are referenced with respect to the SHE. ... 301

Figure F.2: Probability distribution of angle 6 between the O-H bonds of water and the surface
normal for interfacial water for the OH* coverages not present in Pourbaix diagram within 3.0 A
of the surface and within 3.0 and 4.5 A of the surface. All potentials are referenced with respect to
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Figure F.3: Probability distribution of angle ¢ between the water bisector and the surface normal
of interfacial water for the OH* coverages not present in Pourbaix diagram within 3.0 A of the
surface and within 3.0 and 4.5 A of the surface. All potentials are referenced with respect to the
RS o | PSPPSRI 303
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Figure F.4: Representative images of interfacial water within 3.1 A of the surface from AIMD
simulations. Coverages refer to the average total coverage of oxygenates (OH* + H>O). Pt atoms
are shown in gray, O atoms from water are shown in red, O atoms from OH* are shown in dark
red, and H atoms are shown in white. All potentials are referenced with respect to the SHE. .. 304

Figure F.5: Minimum energy structures of OH* adsorbates adsorbed on Pt(111) with a
honeycomb water bilayer model. Pt atoms are shown in gray, O atoms from water are shown in
red, O atoms from OH* are shown in dark red, and H atoms are shown in white. .................... 305

Figure G.1: Scaling relationships between Gco & Gcoon, between Ghcoo & Gon, and between
Gco & Gon. These scaling relationships are formulated from the free energy of adsorbates on all
reconstructions of all of the alloys studied in this work in addition to pure Pt and Pd. Data points
and scaling relationships for just Pt and Pt alloys are shown in red, data points and scaling
relationships for just Pd and Pd alloys are shown in blue, and the scaling relationships for the two
systems combined are shown in black. The scaling relationships for the combined systems were
used in generating the volcano plots shown in Figure 7.9 of the main text............cccccecverrenenne. 323

Figure H.1: SEM images of graphene grown on (a) Ge(001)-0°, (b) Ge(001)-6°, and (c) Ge(001)-
9°. Images of ribbons synthesized using this growth condition are used to characterize alignment,
width, length, and aspect ratio in Fig. 8.1g-j, respectively. Particles are likely due to surface
contaminants that are present on the as-purchased Ge wafers. Scale bars are 2 um. ................. 361

Figure H.2: Effect of pre-growth anneal time on ribbon alignment. (a) Plot of alignment versus
anneal time for growth using 4.6 (red circles) and 2.8 (blue triangles) sccm of CH4 on Ge(001)-9°.
(b-g) SEM images of graphene crystals grown using 4.6 (b-d) and 2.8 (e-g) sccm of CH4 and
anneal time of (a) 10, (b) 20, (c) 60, (d) 10, (e) 30, and (f) 45 min. Scale bars are 500 nm in (b,e)
and 1 pm in (c,d,f,g). Pre-growth anneal time affects Ge surface topography,’? which in turn
determines the Ge sites available for graphene nucleation, and CH4 concentration affects feedstock
chemical potential, which in turn impacts the type of graphene crystals formed.?3 Characterization
of the graphene nucleation sites is beyond the scope of this work. Nonetheless, it is clear that
aligned ribbons preferentially nucleate when anneal time is long or CH4 concentration is high.
..................................................................................................................................................... 362

Figure H.3: Raman spectroscopy of single-layer graphene grown on Ge(001)-9° using the same
H2:CHs4 used in Fig. 8.2, H.4, and H.5 of 50 (black), 36 (red), 22 (blue), and 16 (green). Each
spectrum is the average of at least 25 spectra obtained at different locations on the sample surface.
Spectra are normalized to the intensity of the 2D band at ~2700 cm™..........c.cooevvvevivevcvcececnnnn, 363

Figure H.4: Effect of growth rate on nanoribbon aspect ratio. Aspect ratio of graphene
nanoribbons with lengths of 200-600 nm grown on Ge(001)-0° (black squares), Ge(001)-6° (red
circles), and Ge(001)-9° (blue triangles) plotted against growth rate in the direction of the ribbon
length. x and y error bars are one standard deviation. Trend lines are added to highlight the
decreasing aspect ratio with increasing growth rate on each surface. We define growth rate in the
length direction to be [/(2t), where [ is crystal length and t is growth time. This formula does not
account for the incubation time required to form stable nuclei, during which graphene does not
grow. However, we have found this incubation time is significantly less than the total growth time
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used in our experiments (see Fig. H.6), and therefore its effect on the calculated growth rate is
relatively SMall (< 1090).72 ...ttt 363

Figure H.5: Effect of H2:CH4 on growth rate and aspect ratio. (a-f) Plot of growth rate (a-c) and
aspect ratio (d-f) versus H2:CH4 on Ge(001)-0° (a,d), Ge(001)-6° (b,e), and Ge(001)-9° (c,f). 364

Figure H.6: Effect of growth time on ribbon length. (a-b) Plot of ribbon length versus growth
time on (a) Ge(001)9° and (b) Ge(001)-6° for samples grown at 910 °C with a flow of 200 sccm
of Ar, 100 sccm of Hz, and 2.0 sccm of CHa. The extracted incubation time for nucleation is ~0.5
h on both surfaces. In comparison, the growth time used to determine growth rate in Fig. H.4 and
H.5a-c is 6 h. The incubation time, therefore, may increase the calculated growth rate by < 10%.
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Figure H.7: Effect of magnification and number of scans on SEM contrast after exposure of the
sample to air for 0 h. Representative SEM images of graphene on Ge(001)-9° at 5k (top), 10k
(middle), and 20k (bottom) magnification factor with increasing number of scans (left to right).
Number of scans ina-iis 1, 2, 3,1,5,9, 1, 2, and 3, respectively. All images are obtained using
the same brightness and contrast. Scale bars are 1 um. At each magnification factor, graphene
appears lighter than Ge after 1 scan. As the number of scans increases, graphene still appears
lighter than Ge, but the contrast iS €NhanCed. ...........cccveiieiiiic i 365
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Chapter 1: Introduction

1.1 Density Functional Theory for Materials Evaluation and Design

By evaluating and designing new materials, we can address a substantial portion of the
challenges that we face as a society, including the need for renewable energy solutions and the
demand for faster, more efficient computers. Simply evaluating and screening for improved
materials in a laboratory makes the material discovery process incredibly challenging given the
overwhelming amount of design considerations involved. Therefore, atomic-scale modeling
provides unique opportunities to evaluate the energies and structures of new materials that are
inaccessible using experimental measurements. In the field of catalysis, these tools offer a means
to evaluate the detailed thermochemistry and kinetics of reactions facilitated by catalytic materials.
Furthermore, these insights into the properties of materials can be distilled into key descriptors,

which can then be utilized to rapidly screen for improved catalysts and materials.

In the context of heterogenous catalysis, atomistic modeling in the form of density
functional theory (DFT) allows us to evaluate the binding strength of reaction intermediates and
the activation barriers for all elementary steps in the reaction. By examining the detailed kinetic
pathways for a reaction on a range of catalyst surfaces, we can employ linear scaling relationships
and Brgnsted-Evans-Polanyi (BEP) relationships to reduce dimensionality of our problem.*
Scaling relationships relate the adsorption energies of species that bind to a surface through similar
atoms (e.g., oxygen reduction reaction (ORR) intermediates such as OOH*, OH*, and O%*), while

BEP relationships correlate the activation energy of reactions to the reaction thermochemistry.



After utilizing linear scaling relations and BEP relations, we typically identify a limited number
of variables that control the behavior of a catalyst surface. Oftentimes, we identify a number of
adsorbate binding energies that dictate the overall activity of a catalyst. According to the Sabatier
principle, the ideal catalyst for a reaction should bind adsorbed species with an intermediate
strength. In other words, catalysts that bind adsorbates weaker than optimal will have difficulty
activating reactants, and catalysts that bind adsorbates stronger than optimal will be quickly
poisoned and covered by adsorbates. By using DFT calculations, we can then rapidly screen for
catalysts that have optimal binding energies (or whatever descriptor we are interested in) for a

given reaction.

This framework afforded to researchers through atomic-scale modeling has provided
detailed mechanistic insights for a wide range of reactions, including the oxygen reduction/oxygen
evolution reactions,*>*" the hydrogen oxidation/hydrogen evolution reactions,®2° the water-gas
shift reaction,?*2* ammonia synthesis,?*?> methanol synthesis,?®-?8 synthesis-gas conversion,?%-3
and many other reactions. These studies provide insights into catalytic materials that cannot be
achieved experimentally, and therefore can be used in conjunction with experiments to fully
evaluate catalyst performance. Furthermore, these insights have also provided a foundation on
which to rapidly screen for improved catalysts using atomistic models that can identify new

catalysts in a manner that is faster and cheaper than what can be achieved in a laboratory alone.

Here, we present an outline of the work that is discussed in this thesis. This work focus on
utilizing first-principles DFT calculations to evaluate the electrocatalytic activity of solid/aqueous
interfaces, screen for improved electrocatalysts, and evaluate epitaxial graphene growth on

germanium.



1.2 Catalytic Materials for Fuel Cells
To address rising global temperatures, we need to dramatically reduce greenhouse gas

emissions that lead to global warming. Over the last 150 years, the largest source of greenhouse
gas emissions from human activities in the United States comes from burning fossil fuels for
electricity, heat, and transportation.®? Therefore, we need to design renewable energy alternatives
for each of these sectors. One especially promising technology that utilizes renewable fuels is fuel
cells, which could dramatically reduce our carbon footprint in the transportation, backup power,
and portable power sectors. A fuel cell is an electrochemical device that oxidizes hydrogen (or a
fuel containing hydrogen) at the anode and reduces oxygen at the cathode to generate a current,
and they are the most efficient devices for extracting energy from fuels. For comparison, a gasoline
engine in a typical car has an energy efficiency of less than 20% under normal driving conditions,
while fuel cells can generate electricity at efficiencies of up to 60%.3% Using hydrogen as a fuel
source, fuel cells produce only water as a biproduct. If we utilize carbon-containing fuels, such as
methanol or formic acid, fuel cells will generate stoichiometric amounts of CO,. However, if we
source these fuels from biomass or other renewable means, we can capture the CO- the fuel cells

emit to create a closed-cycle process where we recapture any CO, we generate.

Two major obstacles stand in the way of commercializing fuel cells. The most significant
is the cost of producing fuel cells, which often utilize expensive materials, particularly for the
catalysts. The easiest way to bring down the cost of fuel cells is to utilize fuel cell architectures
where we can readily use cheaper and more abundant materials. Alkaline fuel cells can utilize a
much broader range of materials compared to acidic fuel cells, including many cheaper alternative
catalytic materials.>* However, the best performing alkaline fuel cells often utilize Pt, which makes

these fuel cells prohibitively expensive and negates the advantage of using the alkaline fuel cell



architecture. While researchers have made some advances in developing more active and cheaper
catalysts, including Mn-Co spinel catalysts for the anode of alkaline fuel cells that outperform Pt
by many metrics,* we still have ample opportunities to optimize the performance of catalysts used

in alkaline fuel cells.

Ideally, we could apply well-established reactivity descriptors to screen for improved
catalysts for the oxygen reduction reaction (ORR) and the hydrogen oxidation reaction (HOR),
which take place at the cathode and anode of alkaline fuel cells, respectively. We expect that the
ideal catalyst has an intermediate binding strength of oxygenates and hydrogen, for the ORR and
the HOR, respectively. However, Au(100), which weakly binds oxygenates, is one of the most
active ORR catalysts in alkaline media, and the HOR is two orders of magnitude slower in alkaline
versus acidic environments. These findings show that other factors, besides the intrinsic binding
strength of an adsorbate to a catalyst, can influence the activity of electrocatalysts. For both the
ORR and HOR, water has been shown to play a major role in determining the activity of
electrode/solvent interfaces.®®%" In this thesis, we evaluate the role of water in alkaline
electrochemistry using ab initio molecular dynamics simulations, focusing on the ORR in alkaline
media. In Chapter 3, we evaluate the role of water in catalyzing the ORR on Au(100). We show
that the interactions between water, potential-dependent surface reconstructions, and adsorbed
reaction intermediates at the water/Au(100) interface can lead to an unexpectedly active ORR
catalyst. In Chapter 4, we extend our analysis into the ORR in alkaline media by evaluating the
impact of water on the reactivity of Au(111) and Pt(111) surfaces. In Chapters 5 and 6, we further
analyze the potential-dependent water structures that form on Au(100) and Pt(111), respectively,

and examine how adsorbed OH* impacts the structure of water on both surfaces.



In addition to the cost of the components used in fuel cells, the other major challenge that
stands in the way of commercializing fuel cell technologies is the difficulty of adapting to a
hydrogen economy. Practically speaking, hydrogen gas is difficult to store, and we do not have an
infrastructure that supports generating, moving, and storing hydrogen. Therefore, a great deal of
research has investigated other liquid fuel alternatives that contain hydrogen, such as methanol, -
44 ethanol**°, dimethyl ether,>°->2 and formic acid®*-®*. In Chapter 7, we employ DFT calculations
to rapidly screen transition metal alloyed catalysts for improved activity towards formic acid

electrooxidation.

1.3 Optimizing Materials for Microelectronics

Over the past few decades, integrated circuits have become cheaper and more powerful,
giving rise to more advanced computing capabilities (including the high-performance computing
clusters that we used for the calculations in this thesis). With each new generation of microchips,
microelectronic manufacturers have managed to increase the density of silicon-based transistors
used within the microchips by making the transistors smaller and more sophisticated. However, as
silicon-based technologies have begun to reach their fundamental physical limits as these
transistors become smaller, silicon will need to be replaced by alternative materials with high
charge carrier mobility and the potential for further miniaturization. One such material that is
currently under consideration is graphene, a 2D carbon material which exhibits excellent charge
and thermal conduction.5?-% Extended graphene sheets are semi-metallic and contain no band gap,
so they cannot be used in semiconducting logic. However, by reducing the width of a graphene
sheet to form graphene nanoribbons (GNRs) we can induce a band gap within graphene,® allowing

GNRs to be utilized in semiconductor logic, photonics, and sensing applications.®” % GNRs with



armchair edges have been predicted to have the largest band gaps,’®’* and a technologically-
relevant band gap can be induced in GNRs when they have smooth, armchair edges and are

restricted to 10 nm or less in width.”%73

A promising bottom-up approach for producing narrow GNRs with armchair edges was
discovered by Jacobberger et al., who found that chemical vapor deposition (CVD) of methane
and hydrogen on Ge(001) causes GNRs to grow on the Ge surface.’? This technique produces high-
aspect ratio GNRs with smooth armchair edges and widths below 5nm.” The GNRs synthesized
using this method also have superior charge transport properties compared to others in the
literature, with an on/off conductance ratio of up to 2x10* and an on-state conductance of 5 pS.™
However, this methodology had several problems that hindered the growth of well-ordered arrays
of GNRs that would be necessary in microelectronic applications. The main concerns were that
the GNRs (i) grow in random locations on the Ge(001) surface, (ii) are polydisperse due to varying
nucleation times during the growth process, and (iii) grow in both Ge(110) directions, meaning
that the obtained GNRs are rotated 90° from each other.”?® In Chapter 8 and 9 of this thesis, we
show a collaborative effort between experiments and theory aimed at evaluating how GNRs grow
on Ge(001) and optimizing the growth process to address the above problems. In Chapter 8, we
discuss growing GNRs on vicinal Ge surfaces, which introduce step edges into the Ge(001) surface
that anchor GNRs to the surface and cause them to grow in a uniform direction. In Chapter 9, we
utilize graphene seeds to control the position and orientation of GNRs on the Ge(001) and discuss
the diffusion of graphene precursor species to growing GNRs. In Chapter 10, we provide a
theoretical study aimed and evaluating the graphene/Ge(001) interface to determine the

fundamental interactions that control the orientation of graphene seeds on Ge(001) and the



structure of GNR edges based on interactions with the Ge substrate.



Chapter 2: Research Design and Methods

2.1 Introduction

In this chapter, we provide a brief overview of the computational methods used in the
studies presented in this work. The descriptions provided here introduce density functional theory

(DFT), the role of DFT in catalysis, and how we adapt DFT models for electrocatalytic materials.

2.2 Density Functional Theory
2.2.1 The Schrodinger Equation

Research on the nanoscale often requires a firm knowledge of both the structure and energy
of ensembles of atoms or molecules. At this length scale, matter obeys the laws of quantum
mechanics. Therefore, we can apply first principles to determine this information by solving the

time-independent Schrddinger equation:
0 = Ey (2.1)

where H is the Hamiltonian operator and v is the set of wavefunctions describing the eigenstates
of a system. For each wavefunction, i,,, there is an associated eigenvalue, E,,, that describes the
energy of that wavefunction. The form of the Hamiltonian operator is system-dependent, and there
are several famous examples, like a particle in a box or a harmonic oscillator, where the

Hamiltonian is simple enough for us to solve the Schrédinger equation exactly.

However, most atomistic systems are comprised of multiple nuclei and electrons, which

makes the Hamiltonians for such systems far too complex to evaluate analytically. Consequently,



we utilize several approximations to simplify atomistic systems. Because nuclei are far heavier
than electrons (with the mass of an electron being 1800 times smaller than that of a proton or
neutron), we assume that electrons respond to changes in their environment much more rapidly
than nuclei. As a result, we can apply the Born-Oppenheimer approximation, which allows us to
split our atomistic systems into a nuclei component and an electron component. This allows us to
fix the positions of nuclei in our atoms and then solve the equations that govern electron motion
to extract the lowest energy configuration of electrons, i.e., the ground state. By varying the
positions of the nuclei in each atom, we can calculate the electronic ground-state energy as a
function of the position of an atom. This function is known as the adiabatic potential energy surface
of an atomic system. After applying the Born-Oppenheimer approximation, the Hamiltonian of an

atomistic system comprised of N electrons and multiple nuclei interacting with one another is:

, N N N (2.2)

where # is the reduced Planck constant, m is the mass of an electron, r; corresponds to the spatial
coordinates of the electron i, V(r;) is the interaction between the nuclei and the electron i, and
U (ri, r,-) is the interaction between electrons i and j. The three terms in this expression correspond
to, in order, the kinetic energy of each electron, the interaction energy between each electron and
a collection of nuclei, and the interaction energy between different electrons. The challenge in
solving this form of the Hamiltonian largely arises from the electron-electron interaction term,
which quickly becomes far too complex to solve even for small numbers of electrons. Over the
years, several methods have been developed to obtain approximate solutions to this problem,

including Hartree-Frock, Coupled Cluster, and Mgller-Plesset perturbation theories. However,
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DFT has emerged as one of the most widely adopted methods of evaluating the Schrédinger

equation due to its computational efficiency (~0(N3)).

2.2.2 Simplifying the Problem with Electron Density

The field of DFT originated with two mathematical theorems proposed by W. Kohn and P.
Hohenberg and a set of equations derived by W. Kohn and L. J. Sham. Rather than attempting to
evaluate the Schrodinger equation by solving for the electronic ground-state wavefunction, which
contains 3N variables, they proposed that one could instead evaluate the ground-state electron
density, which only contains 3 dimensions. This concept serves as the first theorem proposed by

Hohenberg and Kohn:

Theorem 1: The ground-state energy from the Schrodinger equation is a unique functional of

the electron density, p(r).

While the first Hohenberg-Kohn theorem rigorously proves that a one-to-one mapping
exists between the ground-state wavefunction and the ground-state electron energy of a system
that can be used to solve the Schrédinger equation, this theorem does not tell us what form the
functional takes. The second Hohenberg-Kohn theorem defines the most important property that

this functional must have:

Theorem 2: The electron density that minimizes the energy of the overall functional is the true

electron density corresponding to the full solution of the Schrodinger equation.

In other words, if we knew the identity and form of the true functional, we would be able

to vary the electron density until we minimized the electronic energy. This would provide us with
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both the true minimum ground-state energy and ground-state electron density that corresponds to
the solution from the Schrddinger equation. Kohn and Sham demonstrated that the electron

density, p(r), can be determined from the individual wavefunctions from each electron, y;(r;):

N (2.3)
p() =2 ) (i)

where Y (r;) denotes the complex conjugate of wavefunction vy; (r;). Critically, Kohn and Sham
also demonstrated p(r) could be calculated by solving a set of Schrodinger-like equations
involving only a single electron. These equations, known as the Kohn-Sham equations, have the

form:

(2.4)

h
- %Vz + V() + V() + Vyc () [ i (r) = Ep; (1)

where —%172 corresponds to the kinetic energy, V(r) corresponds to the electron-nuclei

interaction, V(1) corresponds to the Hartree potential (representing the Coulombic repulsions
between an electron and the total electron density), and Vy. (1) corresponds to the exchange-
correlation potential (a catch-all term that describes all quantum mechanical effects that are not
included in the other terms). While there are also kinetic energy and electron-nuclei interaction
terms in the Schrédinger equation, the other two terms differ between the two equations. The

Hartree potential, V, (), can be defined as:

Vy(r) = eZJ |:8ﬂ2/| d>r’ (29)

where e is the elementary charge of an electron. The Hartree potential includes an unphysical self-
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interaction term because it describes the interaction between an electron and the electron density
for which that electron is a part of. A correction for this self-interaction error, and several other
effects, are lumped together in the exchange correlation energy, Ex.(r). The exchange correlation

potential, Vy(r), is defined as:

6Exc(r) (2.6)

Vyc(r) = —6p @)

As of today, we only know the detailed functional form of Ex(r) for a uniform electron gas, and
Vxc (1) has only been analytically derived for this case. For most applications in surface science
today, we typically utilize the generalized gradient approximation (GGA)’’ to evaluate Vi (7). In
this thesis, we utilize the Perdew-Wang 1991 (PW91) functional,’® the Perdew-Burke-Ernzerhof
(PBE) functional,” and revised Perdew-Burke-Ernzerhof functional with Pade Approximation
(RPBE).2% Additionally, we compare the efficacy of various exchange correlations and van der

Waals corrections in describing molecular adsorption on Ni(111) in Appendices A and B.

To solve the Kohn-Sham equations to calculate p(r), we need to define the Hartree
potential, and to define the Hartree potential, we need to know p(r). Therefore, we must employ

an integrative approach to evaluate the Kohn-Sham equations that utilize the following algorithm:

1. Select an initial guess for the electron density.

2. Solve the Kohn-Sham equations using the initial guess for the electron density to find the
single-particle wave functions.

3. Calculate the electron density defined by the Kohn-sham single particle wave functions as

determined in step 2.
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4. Compare the new calculated electron density to the initial electron density. Based on the
outcome of this comparison, update the electron density and repeat steps 1-4 until a self-

consistent solution is reached.

In this work, we utilize the Vienna Ab Initio Simulation Package (VASP)8.82 to evaluate the
Kohn-Sham equations to approximate the solutions to the Schrodinger equation for catalytic

systems of interest.

2.3 The Role of DFT in Heterogeneous Catalysis

2.3.1 Modeling the Catalyst Structure
In this thesis, we utilize DFT to determine the atomistic structures and energies relevant to

describing the properties of catalytic materials. We focus our discussion on heterogenous catalysts
in the solid phase that catalyze reactions where the reactants are in the gas or liquid phase. These
solid catalysts are comprised of a bulk material where the surface of the material is exposed to
reactants, and different facets of the material can be exposed at the surface (an example of an fcc
metal with the (111) and (100) facets exposed is shown in Fig. 2.1). Because these the surface
atoms for each facet have different coordination environments, we expect that the structure of
atoms at the surface will make a difference in the catalytic activity. Therefore, heterogenous
catalysis research often focuses on characterizing properties of the facets that we expect to be most
abundant in catalyst particles or facets that might have beneficial properties for a given reaction.
To this end, we characterize solid catalytic surfaces using “slab” models where we represent the
surface using infinite, periodic unit cells with one exposed facet. Starting with this catalyst model,
we then study the thermodynamics of reaction intermediates and kinetics of elementary steps that

occur on these catalyst surface models.
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Figure 2.1: Schematic showing the close-packed (111) and open (100) facets of a metal nanoparticle. CN
refers to coordination number of surface atoms.

2.3.2 Reaction Thermochemistry: Binding Energies and Reaction Energies

The first step in heterogeneously catalyzed reactions involves the reactant(s) adsorbing to
the surface of the catalyst. Once adsorbed, the reactant can undergo a range of bond-
breaking/bond-forming steps that lead to the final product(s). Thus, the interaction strengths and
binding structures of reaction intermediates adsorbed to a catalyst surface play a critical role in
determining the reaction rate and the selectivity of a catalyst. We define the binding energy, BEY,

as the interaction strength between an adsorbate, X, and a catalyst surface as:

BEx = Eqap+x* — Esiap — EX(gas) (2.7)

where * denotes that a reaction intermediate is adsorbed on a catalyst surface, Eg;4p 4+ x+ IS the total
energy of a system comprised of a catalyst surface and adsorbed X, E;,p+x* IS the total energy of
a catalyst surface slab, and Ex(4qs) is the total energy of X in the gas phase. Negative values

indicate a favorable interactions between an adsorbate and a catalyst surface, and the more negative
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the binding energy is, the stronger the adsorbate binds to the surface. When using DFT calculations
to describe catalytic surfaces, we typically study multiple potential adsorption configurations (i.e.,
we consider multiple binding sites and structures) to determine the most energetically favorable
configurations. Overall reactions are comprised of multiple elementary reaction steps that describe
each bond-breaking or bond-forming step in a reaction network. We can utilize the binding
energies of adsorbates involved in an elementary step to calculate the corresponding change in

internal energy, AE,.,,, for that step:

2.8
AEyxn = Z BE;- + Ei(gas) - Z BEJ'* + Ej(gas) ( )

i € products j Ereactants

Oftentimes, we are interested in calculating the heat of reaction, 4H,.,,, rather than just
AE,,,. The two quantities are related by AH,.,,= AE,,, + PV. Typically, the PV (where P is
pressure and V is volume) term is negligible compared to the internal energy term, and we
approximate AH,.,,, as AE,.,. A negative value of 4H,..,, corresponds to an exothermic reaction

while a positive value corresponds to an endothermic reaction.

2.3.3 Vibrational Frequencies and Calculating Entropy
DFT-derived vibrational frequencies provide critical information that helps connect DFT

calculations with experiments. In particular, calculated vibrational frequencies can be directly
compared to frequencies obtained from experimental spectroscopic techniques. Furthermore, the
vibrational entropy, S,,;,, makes up a portion of the total entropy of a system, which is critical for
calculating the Gibbs free energy of a species. To calculate vibrational frequencies, we assume
that gas-phase and adsorbed species act as quantum harmonic oscillators. We can calculate the

harmonic frequencies by diagonalizing the mass-weighted Hessian matrix, which provide us the
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frequencies and normal modes. We can derive the second derivatives of the energies using a finite-
difference approximation. By displacing the position of the atoms by a small step size from their

minimum energy configuration, we can determine the energy of these perturbed structures.

These vibrational modes can be utilized to calculate the zero-point energy (ZPE) of a

system, calculated as:

(2.9)
ZPE =

NS

n
Vi
i=1

where h is the Planck constant, n is the number of vibrational modes, and v; is the i*" frequency.

Using statistical mechanics, we can then determine the entropy of both gas-phase species
and adsorbates bound to a catalyst surface. For gas-phase species, the entropy, $9¢5, is comprised

of the following terms:
5945 = St?’r[()ms + Srot + Svin (2.10)

where S3P - is the three-dimensional translational entropy, S,... is the rotational entropy, and S,,;,,

is the vibrational entropy based on calculated vibrational frequencies. We calculate S22 . as:

2mmkgT\ " kT (2.11)
S?r%ns=R{lnl< th ) ; l +2.5}

where m is the molecular mass of the species, kgis the Boltzmann constant, T is the absolute

temperature, and R is the gas constant. We calculate S, for either a linear molecule, S“%, as:
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. 8m2lkyT (2.12)
skn — R lln (Tf) + 1]

or a non-linear molecule, S*9*~4" as:

I 2.13
snon=lin — g [ln( ) In(o) — 051n< >+15] (2.13)
where I is the moment of inertia and o is the symmetry factor for the species. Finally, we calculate

Svip 8S:

hv (2.14)

- _hvi hv; e kT
Svib:Rz In|1—e ksT +RZ v,
i=1

kgT

Unlike gas-phase species, the translational and rotational vibrational modes of adsorbed
species are replaced by frustrated modes that are separated before diagonalizing the Hessian matrix
but are treated as vibrational modes in entropy calculations.®® After calculating the entropy of a

species, the Gibbs free energy of a reaction step can be calculated as AG,,= AHxp - TAS;3n-

2.3.4 Reaction Kinetics: Transition-State Theory and Activation Energy Barriers

During each elementary step in a reaction, the species involved in that step undergo a
transformation from the initial state to the final state via a transition state. When we consider the
potential energy surface for a reaction, the initial and final states are found in local minima on the
surface. The transition state represents a saddle point on the potential energy surface that
corresponds the highest energy along the reaction coordinate. Most importantly, the transition state
energy of an elementary step gives us critical information about the kinetics of the step. From

transition state theory, we can determine the rate constant for an elementary step, k, which is
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expressed as:

kpT < AG*) (2.15)

where AG*¥is the free energy difference between the transition state and the initial state.

In this thesis, we utilize the climbing-image nudged elastic band method (CI-NEB)® to
determine the transition states for elementary steps in reactions. For this method, we first define
the initial and final states involved in an elementary step before interpolating a series of discrete
intermediate images along the reaction coordinate that connect the two states. We use seven images
for CI-NEB calculations in this work. Each image in a CI-NEB calculation is connected to adjacent
images through “elastic bands” with defined spring constants. The DFT energies and structures of
the intermediate images are then simultaneously optimized, and the forces that act parallel and
perpendicular to the bands are evaluated. Once all the forces fall below a predetermined cutoff, we
can then select the image corresponding to the highest energy state along the reaction coordinate
as the transition state for the elementary step. We can confirm that this image is indeed the
transition state by calculating the vibrational frequencies of the transition state; the transition state
will have a single imaginary frequency along the reaction coordinate. Using the energy of this
transition state, we can then determine the activation energy barrier, Ea, for a step, which is the
difference in energy between the initial state and final state. AG* can then be calculated by

calculating the entropy of the transition state.

2.4 Adapting DFT Models for Electrocatalysis

A significant portion of this thesis focuses on electrochemical reactions and evaluating the
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nature of electrocatalytic active sites. In this work, we use theoretical methods to evaluate
electrochemical systems where the applied potentials are referenced to the reversible hydrogen
electrode (RHE). The RHE measures the absolute potential drop across the surface (relative to the
standard hydrogen electrode (SHE), defined at pH =0, T = 298.15 K, Px2 = 1 atm) and applies a

correction term for deviations in pH:
URHE = USHE - kBTln(l())pH/e (216)

where Ugyg is the applied potential relative to the RHE and Uy is the applied potential relative

to the SHE.

To evaluate electrochemical reactions using DFT, we account for how the chemical
potential of a proton/electron pair changes as we change the applied potential using the
computational hydrogen electrode (CHE).}” The CHE assumes that at 0 V vs SHE, hydrogen in

the gas-phase is in equilibrium with protons and electrons:
1
EHZ o HY + e~

Therefore, the chemical potential of a proton/electron pair (uy+ + u.-) at standard conditions is

then defined as:

1 1 (2.17)
Up+ + U= = EGHZ — eUsyg — kgTIn(10)pH = EGHz — eUgng

where Gy, is the Gibbs free energy of Hz in the gas phase. Moving to more positive applied

potentials causes the chemical potential of a proton/electron pair to have more negative values,

thus causing oxidation reactions to become more exergonic. By instead moving to more negative
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applied potentials, the chemical potential of a proton/electron pair moves to more positive values,

thus causing reduction reactions to become more exergonic.

Oftentimes, we assume that the primary driving force for charge transfer reactions is the
change in the chemical potential of a proton/electron pair and that changing the applied potential
does not impact the binding energies or adsorption structures on the surface. This assumption is
often reasonable when screening for improved catalysts, because evaluating how the applied
potential impacts adsorbates on the surface can be a costly endeavor. However, there are cases
where we need to evaluate how adsorbate energies vary as we alter the applied potential. In this
thesis, we evaluate the role of applied potential using the double-reference method (DRM).858¢ In
this approach, we include either an implicit or explicit solvent layer to evaluate both solvation
effects and effects from the potential drop across the solvated layer. Because VASP utilizes a
conventional canonical ensemble to model electrons in a DFT calculation, the number of electrons
is always constant in a given calculation. Therefore, we change the applied potential in our
calculations by selecting the number of electrons within the metal layer of our catalyst surface. To
maintain a neutral supercell, we then compensate the charge with a uniform background
countercharge in our simulation. We can then evaluate adsorption structures at a range of applied
potentials. Using the DRM, one can then calculate the workfunction of the solid/liquid interface,

which can then be referenced to the workfunction of the SHE:

Usye = _(Q)interface + ®H2/H+) (2.18)

where @inrerrace 1S the calculated workfunction across the interface in eV and @y, /y+ is the

workfunction of the Ha/H™ couple in eV at standard conditions. The calculated value of @, /p+
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ranges from 4.4-4.8 eV,®” and we take the average value of 4.6 eV for our work. Because changing
the number of electrons in our simulation changes the energy in the DRF, we also correct our

calculated energies:

Ecorr =E + Lqm dQ + qbinterrace (2.19)

where Ecorr is the corrected energy, E is the potential energy, q is the charge added/removed from
the unit cell, and (V,,) is the average electrostatic potential across the unit cell. We model the role
of an applied potential in unit cells where we do not add or remove electrons (therefore modeling
the point of zero charge (PZC)), in unit cells where we add electrons, and unit cells where we
remove electrons. We can then use the energies from each potential to calculate the quadratic

relationship between energy and applied potential:

1
EQU) = =5 C((Usur) = (Ups))” + (Epsc) (2.20)

where C is the capacitance of the system, U, is the potential of zero charge vs SHE and E,,,. is

the energy at the pzc.

The largest implication from modeling the applied potential across a surface is that we can
consider both the role of the absolute applied potential (which is essentially the applied potential

relative to the SHE) and the pH separately.
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Chapter 3: Interfacial Water Structures on Gold Electrodes
Lead to Increased Oxygen Reduction Rates in Alkaline Media

3.1 Introduction
The future of advanced energy-storage solutions relies on our ability to comprehend the

fundamental interactions that occur at electrified solid/liquid interfaces. Water, in particular, is
ubiquitous throughout many of these electrochemical interfaces, and altering the structure or
composition of the solid phase and/or modifying the applied potential across the interface impacts
molecular orientations and the hydrogen bonding network within the water layer. Although
interfacial water structures at electrode interfaces are notoriously difficult to probe, researchers
have devoted significant efforts both experimentally and computationally to elucidate water
structures at electrified surfaces.>"889 These potential-dependent water structures play a key role
in the overall structure of the electric double layer (EDL), which includes solvated ions
neighboring the surface in the outer Helmholtz plane (OHP) and specifically adsorbed species on
the electrode surface in the inner Helmholtz plane (IHP).%® Taken together, the electrode surface
composition and solvated structures within the double layer can both play a role in influencing
reactions occurring within the IHP.3-%6:97 However, trends in catalytic activity are often explained
with simple activity descriptors that neglect the complexity of the EDL, such as the binding energy

of reaction intermediates to a surface under vacuum.

Nonetheless, binding energy descriptors based on the Sabatier principle have successfully
rationalized activity trends for many reactions, including the oxygen reduction reaction
(ORR).16:17:3598-103 Accordingly, the optimal catalyst for the ORR should have an intermediate

binding energy of ORR intermediates (O*, OH*, or OOH¥*). Catalysts that bind oxygenates too
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strongly (e.g., Ir, Pd'®171%) readily adsorb and dissociate Oz but cannot effectively remove
oxygenates from the surface. Alternatively, surfaces that bind oxygenates too weakly cannot

activate O,. One such metal that binds oxygenates weakly is Au,'%

which produces low ORR
currents in acidic media because Au catalysts only partially reduce oxygen due to weak oxygenate
binding. Astoundingly, Au(100) has long been recognized as one of the most active catalysts for
the ORR in alkaline media. This perplexing finding on Au(100) is further confounded by a
potential-dependent pathway preference that is unlike any other catalyst. ORR polarization curves
(Fig. 3.1) on single crystals in 0.1 M KOH indicate that the onset potential for the 4e” pathway (O>
+ 2H>0 + 4e” — 40H") on Au(100) is ~0.9-1.0 V/RHE, but the generated current markedly
decreases at ~0.6-0.7 V/RHE when the 2e” pathway (O2 + 2H20 + 2e"— H20, + 20H") becomes
active.>® Complicating matters further, Au(100) undergoes a well-known reconstruction from a
(1x1) to hexagonal (hex) surface during anodic sweeps. However, this reconstruction occurs over

a broader potential range than the transition in reduction Kkinetics, indicating that the transition

alone cannot account for the change in ORR activity.%®
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Figure 3.1: Polarization curves for the ORR in 0.1 M KOH on Au(111) (grey), Au(100) (blue), and Pt(111)

(pink). Data adapted with permission from ref. 36.
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This puzzling behavior suggests that other factors, such as the pH- and potential-dependent
structure of the EDL, can also play a role in ORR activity. Indeed, Staszak-Jirkovsky et al. have
shown that the ORR is structure-sensitive on Au catalysts only in the presence of water, with
Au(100) being far more active than Au(111).® This finding suggests that structure-function
relationships for the ORR on Au surfaces could be governed by structure-sensitive water
configurations. In this case, the authors proposed that surface-structure-dependent “activated
complexes” between water and spectator OH* place water in a configurationally favorable
geometry to transfer protons to adsorbed oxygenates.**%” Theoretical studies have suggested that
stabilizing OOH* through hydrogen bonding with spectator OH*1% or an increased electric field
from the alkaline environment'® are the keys to increasing ORR kinetics on Au(100) in alkaline
conditions. However, the role of water on the molecular level that leads to this surprising result is

still unknown.

In this study, we use a combination of static density functional theory (DFT) calculations
and ab initio molecular dynamics (AIMD) simulations to determine the role of interfacial water
on ORR activity on Au(100). We investigate three different catalyst active site models that account
for the potential-induced (1x1)-hex surface reconstruction on Au(100) and show that in the absence
of water, none of these reconstructions alone promote high ORR activity. By explicitly including
interfacial water within AIMD simulations, we demonstrate that structure-sensitive water
configurations form at the electrochemical interface between hexagonally reconstructed Au and
water. These water structures stabilize ORR intermediates on Au(100), producing an unexpectedly

active catalyst.
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3.2 Results
3.2.1 Static, Unsolvated DFT Calculations
We start our analysis by evaluating the native activity of Au(100) surface reconstructions

present under the potential range relevant for the ORR by utilizing static, unsolvated DFT
calculations. During the anodic sweep for the ORR, the Au(100) surface (Au(100)-(1x1))
reconstructs, first forming an Au(100) surface with additional rows of Au atoms (Au(100)-AR)
and then forming a hexagonal structure on the top layer of the surface (Au(100)-hex).}*%! The
transition between these reconstructions is highly sensitive to pH and adsorbates on the
surface,*%112 and the surface reconstructs over a broad potential range!®® as the surface shifts from
being positively to negatively charged.!'® The optimized geometries of the Au(100)-(1x1),

Au(100)-AR, and Au(100)-hex surface models for this study are shown in Fig. 3.2a.
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Figure 3.2: (a) Three Au(100) surface reconstructions considered in this study. (b) Onset potentials for the
ORR on Au(100) surface reconstructions as determined from static DFT calculations. (c) Free energy
diagram for the ORR on Au(100)-hex at 1.20 V/RHE and pH = 13 as determined from static, unsolvated
DFT calculations. The yellow arrows indicate the origin of the overpotential for the ORR (O- activation)
on Au(100)-hex. (d) Free energy diagram for the ORR on all Au(100) surface reconstructions at 0.42
V/RHE (the onset potential for the Au(100)-hex surface and pH=13 as determined from static, unsolvated
DFT calculations). Au atoms are shown in gold and Au additional row atoms (AR) are shown in brown.

We calculate the energies of ORR reaction intermediates in their most stable binding sites
on each surface (structures shown in Fig. C.1-3) and utilize the computational hydrogen electrode
(CHE) formalism to evaluate the influence of the applied potential on the chemical potential of a
hydroxide-electron pair.t” We then calculate the onset potential for reach reaction pathway,
defined as the minimum overpotential that must be applied for all proton-electron transfer steps to

take place spontaneously (AG < 0). The full reaction mechanism we consider in this analysis is
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shown in Section 3.4. The onset potentials for both ORR pathways as determined from static,
unsolvated DFT calculations (Fig. 3.2b) are 0.13 V/RHE for Au(100)-(1x1), 0.14 V/RHE for
Au(100)-AR, and -0.02 V/RHE for Au(100)-hex. By examining the free energy diagrams for the
ORR, we find at the start of the potential sweep at 1.20 V, (Fig. 3.2c for Au(100)-hex, Fig. C.4a
and C.4b for Au(100)-(1x1) and Au(100)-AR, respectively) there is a large thermochemical barrier
for activating O; to form OOH* on all three surfaces, making O activation the potential-

determining step for both the 4e” and 2e” pathways.

These results align with the conventional wisdom that Au does not bind oxygenates
strongly enough to activate Oz, making Au a far more inactive catalyst than what it is shown
experimentally in alkaline media. Furthermore, the top layer of Au(100)-hex has a 20% higher
atom density compared to the other surfaces, imparting a compressive strain that destabilizes
OOH* and leads to a particularly low onset potential of -0.02 V/RHE. Fig. 3.2d shows the free
energy diagram for the ORR on each surface at -0.02 V/RHE (corresponding figures for Au(100)-
(1x1) and Au(100)-AR are shown in Fig. C.4c and C.4d, respectively). At this potential, both the
4e” and 2e pathways activate as O. spontaneously forms OOH*. Because this potential-
determining step is shared between the 4e~ and 2e” pathways on all three surfaces, the onset
potential for the two pathways is the same, which contradicts experiments that demonstrate that
the onset potential for the 4e” pathway is ~0.3 V higher than for the 2e- pathway (Fig. 3.1).
Therefore, structure-sensitivity of the ORR on unsolvated surface reconstructions alone cannot

explain the remarkable ORR activity on Au(100).

3.2.2 AIMD Simulations of Solvated Electrodes
Next, we investigate how interfacial water impacts ORR activity on Au(100). Because
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experiments have shown that water behaves as a co-catalyst for the ORR in alkaline media,*® we
performed AIMD simulations that capture the structures and energetics of ORR intermediates in
the presence of water. A representative unit cell containing 102 water molecules used for these
solvated systems is shown in Fig. 3.3a. To determine the role of applied potential on the structures
and energetics of interfacial Au(100) and water, we performed simulations at five potentials
(which vary by system): one at the potential of zero charge (pzc), two below the pzc, and two

above the pzc. The calculated pzc values for each system are reported in Tables C.1-3.
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We note several critical differences between the adsorbate structures predicted by
unsolvated static DFT and solvated AIMD simulations. First, we found that O* is highly unstable
on Au(100) in the presence of water. In our AIMD simulations, O* quickly reacts with water to
form OH* before the calculations reach equilibrium. The only conditions where O* was relatively
stable were potentials at or above the pzc (~0 V/SHE) on Au(100)-hex. By integrating the first
peak of the radial distribution function between O and Au (Fig. C.8), we calculate that O* forms
2.93 bonds with Au on average (No-au bonds) at the pzc on Au(100)-hex; this shows that Au(100)-
hex likely stabilizes O* because the orbitals from O form a tetrahedral geometry that can easily
bind to the 3-fold hollow sites on this surface. Therefore, we expect that the coverage of O* should
be negligible under reaction conditions and that directly reducing OOH* to OH™ and O* in the 4e
pathway is unlikely. This finding indicates that the overall reaction mechanism for this process is
directly affected by interfacial water and that calculations that exclude water cannot capture the
energetics of O*. Second, we found that static DFT and AIMD calculations predict different OH*
and OOH™* binding sites. Static DFT calculations predict that OH* and OOH* bind to bridge sites,
while top sites are unstable. Instead, AIMD simulations show that these species move between
bridge and top sites. To quantify this behavior, we calculated no-au bonds (Fig. 3.3b) for the most
energetically favorable static DFT and AIMD simulations at the pzc. Representative binding
structures for OH* and OOH* on all three surfaces from static DFT calculations and AIMD
calculations at the pzc are shown in Fig. 3.3c-e. Additional figures are shown in Fig. C.5-7. For
Au(100)-(1x1) and Au(100)-AR, OH* moves between a bridge (No-aubonds = 2) and top site (No-au
bonds = 1), and OOH* prefers top sites. On Au(100)-hex, both OH* and OOH* strongly prefer top
sites. These results indicate that binding site preferences are not only sensitive to the Au(100)

surface structure, but also to interfacial water structures that are excluded in typical DFT
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calculations.

Next, we calculated the potential-dependent energies of the solvated intermediates from
AIMD simulations, which capture the effect of potential-dependent water structures and surface
charge in the energetics of our model. First, we analyzed the binding energy of OH* and OOH*
as calculated from the static DFT and AIMD simulations (Fig. 3.4a and Fig. 3.4b, respectively).
We find that water within the EDL not only greatly stabilizes both OH* and OOH* by ~0.4-0.8
eV relative to the static DFT calculations under vacuum (at potentials relevant for the ORR), but
these water structures also alter each adsorbate’s relative binding strength to each of the three
surface reconstructions. While OH* is the most stable on Au(100)-AR under vacuum, water leads
to OH* being the most stable on Au(100)-(1x1) instead. At potentials relevant for the ORR, we
would expect that OOH* would be the least stable on Au(100)-hex. However, water causes OOH*

be the most stable on Au(100)-hex, a critical feature for promoting the 2e” pathway.
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Figure 3.4: Binding free energies of key reaction intermediates and free energy diagrams for ORR from
AIMD. Binding free energy of (a) OH (BFEow) relative to OH in the gas phase and (b) OOH (BFEoon) as
a function of applied potential as calculated from static DFT and solvated AIMD simulations at pH = 13.
Yellow region corresponds to potential region typically considered for ORR. (c) Onset potentials for the
ORR on Au(100) surface reconstructions as determined from solvated AIMD simulations at pH = 13. (d)
Free energy diagram for the ORR on the Au(100)-hex surface at 1.20 V/RHE and pH = 13 as determined
from solvated AIMD simulations. (e) Free energy diagram for the ORR on all Au(100) surface
reconstructions at 0.85 V/RHE (the onset potential for the 4e” pathway on Au(100)-hex at pH=13 as
determined from solvated AIMD simulations. (f) Free energy diagram for the ORR on the Au(100)-hex
surface at a potential of 0.60 V/RHE (the onset potential for the 2e- pathway) and pH = 13 as determined

from solvated AIMD simulations.
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Using energetic data from our solvated AIMD model, we then calculated the onset
potentials for the 2e and 4e” pathways on each of the Au(100) surface reconstructions (Fig. 3.4c).
Experiments indicate that the 4e” pathway and 2e” pathway should have onset potentials of ~0.9-
1.0 V/IRHE and ~0.6-0.7 V/RHE, respectively (Fig. 3.1). On Au(100)-(1x1) and Au(100)-AR, the
onset potentials for the 4e” and 2e™ pathways are essentially identical. In the case of Au(100)-(1x1),
the free energy diagrams for the ORR (Fig. C.9a-c) reveal that the potential-determining step for
the 4e” pathway is removing OH* from the surface, which is energetically favorable starting at
0.66 V/RHE. However, the onset potential for the 2e” pathway is 0.65 V/RHE, the potential at
which reducing OOH* to form H>O> becomes thermoneutral. For Au(100)-AR, the free energy
diagrams for the ORR (Fig. C.9d-e) show that the potential-determining step for both the 4e” and
2e” pathway is activating Oo; thus, at 0.58 V/RHE, both pathways become thermodynamically
active. Because the onset potentials for the 4e” and 2e” pathways coincide with each other (when
they should be ~0.3 V/RHE apart) and do not match experiments, we find no evidence that
Au(100)-(1x1) and Au(100)-AR contribute to the impressive ORR activity on Au(100) in alkaline

conditions.

Remarkably, the onset potentials for both ORR pathways on Au(100)-hex agree well with
experiments (Fig. 3.1).%¢ Starting at the beginning of the potential sweep (1.20 V, Fig. 3.4d), the
ORR is not active on Au(100)-hex. At 0.85 V/RHE (Fig. 3.4e), the 4e” pathway becomes
thermodynamically active when removing OH* from the surface becomes thermoneutral. This
calculated onset potential is in excellent agreement with the experimentally determined onset
potential of ~0.9-1.0 V/RHE. Furthermore, at 0.85 V/RHE, the 4e™ pathway is not active on

Au(100)-(1x1) because OH* is over-stabilized by 0.17 eV, and the 4e” pathway is not active on
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Au(100)-AR because OOH* is destabilized by 0.27 eV, preventing Oz activation. As we decrease
the potential, OOH* is further stabilized on Au(100)-hex until 0.51 V/RHE (Fig. 3.4b). Although
the chemical potential of a hydroxide/electron pair continues to increase, stabilizing OOH*
suppresses the 2e” pathway until 0.60 V/RHE (Fig. 3.4f). At 0.60 V/RHE, reducing OOH* to form
H202 becomes thermoneutral. Again, this finding is in excellent agreement with experiments,

where the transition from the 4e” pathway to the 2e” pathway occurs at ~0.6-0.7 V/RHE.

Given that static, unsolvated DFT calculations predicted that Au(100)-hex should be the
least active of the Au(100) surface reconstructions, our AIMD results are surprising. We would
normally predict that compressive strain in the top layer of Au(100)-hex atoms should destabilize
adsorbates on the surface.'** However, because Au(100)-hex stabilizes OOH* more than the other
Au(100) surface reconstructions in the potential region that is relevant for the ORR, this
reconstruction both enhances O activation (promoting the 4e” pathway at lower overpotentials)
and suppresses OOH* reduction to H>O; in the 2e” pathway. Since the Au(100)-hex surface cannot
promote high ORR activity without water, we further examined how water stabilizes adsorbed
oxygenates through hydrogen bonding. First, we assessed the native hydrogen bonding
environments formed by interfacial water and the Au(100) surface reconstructions without
adsorbates. Fig. 3.5a-c show the average number of hydrogen bonds formed per water molecule
as a function of distance from the surface for each surface reconstruction. We also denote the
average distance from the surface for key adsorbates for comparison. For each reconstruction,
water near the surface has a peak in the number of hydrogen bonds that are formed. Au(100)-(1x1)
and Au(100)-AR, which have near-identical structures besides the additional row of atoms, both

form 2.3 hydrogen bonds per water molecule near the surface. However, Au(100)-hex promotes
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2.8 hydrogen bonds per water molecule near the surface, and OH* and OOH* are found in

positions where water forms the highest density of hydrogen bonds on Au(100)-hex.
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Figure 3.5: Hydrogen bonding environments with and without adsorbates on Au(100) surfaces from
AIMD. Average number of hydrogen bonds formed per water molecule (Nn-nonas/H20) along the surface
normal direction (zero corresponds to Au atoms on the top layer of the slab, excluding the AR atoms) for
solvated (a) Au(100)-(1x1), (b) Au(100)-AR, and (c) Au(100)-hex surfaces without adsorbates at the pzc.
The total NH-bonas/H20 is shown purple, the accepted Nu-ponas/H20 is shown in blue, and the donated ny.
nonds/H20 is shown in orange. Grey dashed lines and dotted lines indicate the average position of the bottom-
most oxygen in OH* and OOH*, respectively, in the most energetically favorable AIMD simulations for
reference. A grey dash-dotted line indicates the location of the AR atoms in (b). (d) Average number of
hydrogen bonds formed between OH* or OOH* and water (nw.wonas/adsorbate) at all potentials studied.
Yellow region corresponds to potential region typically considered for ORR. Lines in the figure are to guide
the eye. (e) Snapshot of OH* and (f) OOH*on Au(100)-hex with representative hydrogen bonds (black
dashed lines). Au atoms are shown in gold, oxygen atoms are shown in red, and hydrogen atoms are shown
in white. Water not hydrogen bonded to adsorbate in (e) & (f) are shown as stick models for clarity.

Next, we focused our analysis on hydrogen bonding between adsorbates and water by
calculating the total number of hydrogen bonds formed on average as a function of applied
potential. Detailed plots showing the total number of hydrogen bonds donated to water and
accepted by adsorbates are shown in Fig. C.10 for O*, Fig. C.11 for OH*, and Fig. C.12 for OOH*.

The total number of hydrogen bonds formed between adsorbates and water (NH-bonds) @s a function



35

of potential for OH* and OOH* are shown in Fig. 3.5d. We found that Au(100)-hex by far
promotes the greatest number of hydrogen bonds between adsorbates on the surface and water,
even around the pzc for each system (which roughly correspond to potentials where the 4e°
pathway is active on Au(100)). At the pzc, OH* forms 3.16 hydrogen bonds and OOH* forms 4.75
hydrogen bonds with water on the Au(100)-hex surface on average, leading to adsorbate-water

clusters as shown in the representative images in Fig. 3.5e for OH* and Fig. 3.5f for OOH*.

To further validate the role of hydrogen bonding on this chemistry, we performed static
DFT calculations using an implicit water model. Implicit solvent models have gained popularity
in heterogenous catalysis research recently*>*!® since they capture the effects of electrostatics,
cavitation, and dispersion on the solid/liquid interface. However, such models cannot capture the
effects of hydrogen bonding and water orientation. We found that including an implicit solvent did
not change the preferred binding sites for adsorbates relative to our unsolvated, static DFT
calculations. Free energy diagrams for the ORR on all Au(100) surface reconstructions with
implicit water (Fig. C.13) showed that the potential-determining step for both the 4e~ and 2e
pathways is activating O2 on all surfaces. Therefore, the onset potential for both pathways is 0.37
V/RHE on Au(100)-(1x1), 0.21 V/RHE on Au(100)-AR, and 0.11 V/RHE on Au(100)-hex. Like
DFT calculations without a solvent, DFT calculations with an implicit solvent are unable to
reproduce the experimental onset potentials for the ORR pathways, further highlighting the

importance of hydrogen bonding in the ORR on Au(100) in alkaline media.

Considering our results, we propose that the potential-induced Au(100)-hex reconstruction
leads to high ORR activity on Au(100) in alkaline environments. Au(100)-hex promotes a

hydrogen bonding network that stabilizes other ORR intermediates, particularly OOH*. We
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ascribe this behavior to the combined effect of interfacial water and the Au(100)-hex surface
symmetry. Although beyond the scope of this investigation, we believe that future work can
expand on the role of surface coverage and solvated ions within the EDL and their impact on

electrocatalytic reactions.

3.3 Conclusions
In this work, we investigated the role of potential-dependent surface reconstructions and

interfacial water on ORR activity on Au(100) in alkaline environments. We show that in the
absence of water, Au(100) should not be an active ORR catalyst. By including the effects of
interfacial water, we find that Au(100)-hex forms a high density of hydrogen bonds directly at the
interface. These interactions stabilize OOH*, making the 4e pathway more favorable at lower
overpotentials and suppressing the 2e” pathway until higher overpotentials. Our study demonstrates
that catalytic reactivity descriptors that only consider the solid phase can miss critical details in
how the EDL contributes to overall activity. Furthermore, this study lays the groundwork for
determining reactivity descriptors that accurately incorporate both the structure of a solid catalytic

surface and a liquid solvent.

3.4 Methods
We performed DFT calculations using the Vienna Ab Initio Simulation Package

(VASP)8L82 and utilized the revised Perdew-Burke-Ernzerhof functional with Pade Approximation
(RPBE)® form of the generalized-gradient approximation’ with D3 van der Waals dispersion
corrections.’® Projector augmented wave (PAW) pseudo-potentials were used to describe
electron-ion interactions, and valence electron wavefunctions were expanded using a plane-wave
basis set with a 400 eV cutoff energy.?%1?* The surface Brillouin zones of the p(2x5) Au(100)

surfaces were sampled via a 4x2x1 Monkhorst-Pack k-point mesh.??
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For unsolvated calculations, we modeled the Au(100) surface with a six-layer slab with the
bottom two layers fixed at the bulk Au lattice constant of 4.173 A (4.08 A experimentally?).
Images of each of the unit cells are shown in Fig. C.14. Repeated images of the surface slab were
separated by >13 A of vacuum in the z-direction. We modeled adsorption on the top layer of the
slab and utilized dipole corrections to adjust the electrostatic potential in the vacuum layer

accordingly.*?*

For solvated calculations, we modeled the Au(100) surface with a five-layer double-sided
slab with the middle layer fixed at the bulk lattice constant. Slabs were separated by ~36.9 A of
water in the z direction. For explicit solvents in AIMD calculations, this water layer contained 102
(Au(100)-(1x1) and Au(100)-hex) or 100 water molecules (Au(100)-AR) for a water density of 1
g/mL (Fig. C.15). For implicit solvents, we utilized a linearized Poisson-Boltzmann model as
implemented in VASPsol.1?> We set the relative permittivity of the solvent to 78.4 and the Debye
length to 9.61 A. We modeled symmetric adsorption for all solvated systems and removed 1 water

molecule/adsorbate for explicit water simulations.

For this study, we assume that the ORR proceeds through the associative mechanism and

that the 4e” pathway (overall: Oz + 2H>0 + 4e"— 40H") can be described by the following steps:

O2 + 2H20 + 4e/— OOH* + H20 + OH™ + 3e” (1)

OOH* + H,0 + OH" + 3" — O* + H,0 + 20H" + 2¢° (2)

O* + H20 + 20H" + 26" — OH* + 30H + & ©)
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OH* + 30H" + & — 40H" (4)

Alternatively, O can be partially reduced to form hydrogen peroxide in the less desirable 2e

pathway (overall: Oz + 2H20 + 2e"— H202 + 20H") described by the following steps:
O2 + 2H20 + 4e'— OOH* + H20 + OH" + 3¢ 1)
OOH* + H20 + OH" + 3" — H202 + 20H" + 2¢° (5)

To account for the chemical potential of a hydroxide/electron pair in our calculations, we
employed the computational hydrogen electrode (CHE). Briefly, the CHE assumes that at 0 V vs
standard hydrogen electrode (SHE) (pH =0, T=298.15 K, Px2 = 1 atm), hydrogen in the gas-phase
is in equilibrium with protons and electrons:

1
EHZ g H++ e_

Under these conditions, the chemical potential of a proton/electron pair (uy+ + pe-) is:

1 (3.1)
U+ + He= = EGHZ — eUsyp — kpTIn(10)pH

where Gy, is the Gibbs free energy of Hz in the gas phase, e is the charge of an electron, Uske is

the applied potential relative to the SHE, kg is Boltzmann’s constant, and T is the temperature
(298.15 K). We then assume that at a given pH, water is in equilibrium with a proton and hydroxide

pair:

H20 < (H" + ) + (OH -¢)
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Therefore, the relationship between the chemical potential of a hydroxide/electron pair (Loy- —

Ue-) is then:

1 3.2
Ko~ — He~ = Guyo — EGHZ — eUsyg — kgTin(10)pH (3.2)

To capture the effect of potential-dependent interactions between the solvent and surface,
we utilized the double-reference method (DRM).8%%° Briefly, the DRM models the EDL at various
applied potentials by varying the number of electrons within the metal layer. This charge is
compensated using a uniform background countercharge to maintain a neutral supercell. The DRM
provides a framework to calculate the workfunction of the solid/liquid interface, which can then

be referenced to the workfunction of the SHE:
Usqe = _((Z)interface + QHZ/H*') (3.3)

where @nrerrace 1S the calculated workfunction across the interface in eV and @y, ,y+ is the
workfunction of the Ha/H™ couple in eV at standard conditions. The calculated value of @, /+

ranges from 4.4-4.8 eV,¥” and we take the average value of 4.6 eV. In this work, we report ORR
energetics and onset potentials relative to the RHE at pH =13 for comparison with experiments,
where Urne = Ushe + ksTIn(10)pH/e. Since changing the number of electrons in our simulation

changes the energy in the DRF, we also correct our AIMD calculated energies:

“__ (3.4)
Ecorr = E +J <Vtot) dQ + qq)interface
0

where E.,, IS the corrected energy, E is the potential energy, q is the charge added/removed from

the unit cell, and (V,,;) is the average electrostatic potential across the unit cell. We modeled
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potentials at a range of -2e to +2e with a step size of 1e, and we calculated the average applied
potential using data points collected every 0.1 ps. We used this data to then fit the time-averaged

energy and applied potentials for each simulation to a quadratic expression:

1
EW) = -5 C((U) - (Upze))” + (Epge) (3.5)

where U, is the potential of zero charge, E,,,. is the energy at the pzc, and C is the capacitance

of the system. Parabolic fits for the free energy of each system are shown in Fig. C.16-18 and in

Tables C.1-3 for AIMD calculations and Tables C.4-6 for implicit solvent calculations.

Additional computational details can be found in Section C.1 of the Appendix.
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Chapter 4. Determining the Role of Water in the Electric
Double Layer on the Oxygen Reduction Reaction on Au(111)
and Pt(111) in Alkaline Media

4.1 Introduction
While a great deal of research has focused on developing renewable energy resources,

many of these technologies will not be economically or technologically viable without developing
new electrocatalysts or tailoring the solid-liquid interface at electrocatalytic surfaces. Despite their
monumental importance in determining electrocatalytic activity and selectivity, little is known
about the complex interactions between solvents contained within the electric double layer (EDL)
and solid electrode surfaces at electrocatalytic interfaces. However, these interactions can
determine the overall activity and selectivity of electrochemical reactions that take place at the

interface of the two phases.3":9597.107,126

As we showed in Chapter 3, one such system where the interactions between an electrode
surface and a solvent dictate the reactivity of that interface is the oxygen reduction reaction (ORR)
on Au(100) in alkaline media.*® According to conventional catalysis wisdom, the ideal catalyst
should obey the Sabatier principle (i.e. bind adsorbates with an intermediate strength). By this
convention, catalysts that bind oxygenates too strongly (e.g. Ir or Pd'¢17:1%) can readily activate
O but are easily poisoned by oxygenates, and catalysts that bind oxygenates too weakly (e.g.
Aut®) struggle to activate Oz and tend to only partially reduce O2. In accordance with the Sabatier
principle, the best monometallic catalyst with an intermediate oxygenate binding strength is Pt.%’
However, Au(100), which should be a poor ORR catalyst by this convention, is the best

monometallic catalyst for the ORR in alkaline media at low overpotentials.3%106.107.110.127.128 oRR
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polarization curves (Fig. 4.1) on single crystals in 0.1 M KOH indicate that the onset potential for
the 4e” pathway (O2 + 2H.O + 4e° — 40H") on Au(100) is ~0.9-1.0 V versus the reversible
hydrogen electrode (RHE), but the generated current markedly decreases at ~0.6-0.7 V/RHE when
the 2e” pathway (Oz + 2H,0 + 2e- — H,02 + 20H") becomes active.*® However, the initial onset
potential for the ORR on Pt(111) (~0.9 V/RHE) is slightly more negative than on Au(100), making
Au(100) a superior catalyst at low overpotentials. Furthermore, Au(111) has a far lower onset
potential (~0.8 V/RHE), indicating that this reaction is surface-structure sensitive. These results
perplexed researchers for decades until Staszak-Jirkovsky et al. showed that the ORR on Au(100)
only displays remarkable activity in the presence of small amounts of water, highlighting how the

interactions at the solid-liquid surface can greatly impact reactivity.3®
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Figure 4.1: Polarization curves for the ORR in 0.1 M KOH on Au(111) (grey), Au(100) (blue), and Pt(111)
(pink). Data adapted with permission from ref. 36.

In Chapter 3, our group further examined the interplay between surface structure, surface
composition, and solvent effects using ab initio molecular dynamics (AIMD) simulations to show
that Au(100) is only active in the presence of water. In particular, our results indicated that the
potential-dependent hexagonal reconstruction of Au(100) (Au(100)-hex) served as the active site

for the ORR and that this surface reconstruction facilitates the formation of a greater number of
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hydrogen bonds between ORR intermediates and water. However, our findings still raised
additional questions: How does water impact the energy and structure of ORR intermediates on
other catalytic surfaces? If the Au(100)-hex surface reconstruction serves as the active site for the
ORR on Au(100), why does the hexagonal Au(111) surface also not serve as an effective catalyst?

What role, if any, does water play on what should be the optimal monometallic catalyst, Pt(111)?

To answer these questions, we use a combination of unsolvated, static density functional
theory (DFT) calculations and solvated AIMD simulations to evaluate the activity of Au(111) and
Pt(111) surfaces towards the ORR. For Au(111), we find that the activity of the native Au(111)
surface is far lower than that of the native Au(100) surface when we exclude water. When we
evaluate the impact of water on the Au(111) surface, we again find that the overpotentials required
to drive the ORR on Au(111) are far higher than on Au(100), in agreement with experiments. By
examining the native activity of the Pt(111) surface without water, we find that Pt(111) over-binds
oxygenates which leads to high ORR overpotentials. When we consider the role of water on ORR
activity on Pt(111), we still cannot explain the experimental results. However, by including
experimentally relevant coverages of OH* ranging from 2/9 ML to 4/9 ML co-adsorbed OH*, we
find a synergetic effect where a combination of spectator OH* and water destabilize oxygenates
to produce an effective ORR catalyst and reproduce the experimental onset potentials. For both
Au(111) and Pt(111), we find that by including relevant interactions from water and OH*, we can
replicate the experimentally determined onset potentials for the ORR on both surfaces and explain

the trends in activity for the Au(100), Au(111), and Pt(111) surfaces.

4.2 Methods
4.2.1 First Principles Calculations
We perform static DFT calculations and AIMD simulations using the Vienna Ab Initio
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Simulation Package (VASP).8182 Qur calculations utilize the revised Perdew-Burke-Ernzerhof
functional with Pade Approximation (RPBE)® form of the generalized gradient approximation
(GGA) with D3 van der Waals dispersion corrections.!*® We describe electron-ion calculations
using projector augmented wave (PAW) pseudo-potentials,*?*?! and valence electron
wavefunctions are expanded using a plane-wave basis set with a cutoff energy of 400 eV. The
surface Brillion zone of the 3x3 slab models used were sampled using a 4x4x1 gamma centered

k-point mesh.

For static, unsolvated DFT calculations, we utilize a 3x3 unit cell with a four-layer slab.
The bottom two layers are fixed at the bulk lattice constant of 4.173 A (4.08 A experimentally*?%)
for Au and 3.950 A (3.924 A experimentally'?®) for Pt. Repeated images of each slab are separated
by at least 20 A of vacuum. We model adsorption on one side of the slab and apply dipole
corrections in the z-direction.*?* Each structure is relaxed until the forces acting upon each atom
are < 0.01 eV/A. We calculate the vibrational frequencies of species using a numerical
differentiation of forces using a second-order finite difference approach as determined from

diagonalizing the mass-weighted Hessian matrix. All metal atoms in the surface are fixed for

vibrational frequency calculations. We calculate the free energy of a species as:
G = Eppr+ ZPE -TS (4.1)

where Eprr is the total energy of a system from DFT, ZPE is the zero-point energy, T is the

temperature (298 K), and S is the vibrational entropy.

For AIMD simulations, we model the Au(111) and Pt(111) surfaces with a double-sided

slab with seven layers. The middle three layers of the slab are fixed at the calculated bulk lattice



45

constant for each metal. Au and Pt slabs are separated by 30 and 32 A of water, respectively, in
the z-direction. This water layer contains a total of 68 water molecules for Au and 64 water
molecules for Pt in the absence of adsorbates, leading to a total water density of 1 g/mL. For
models with adsorbates, we model symmetric adsorption on both sides of the unit cell and remove

one water molecule per adsorbate added to maintain a consistent water density.

We perform molecular dynamics simulations using the standard Verlet algorithm to
propagate ionic trajectories with a 1 fs time step. To accelerate convergence, we used the mass of
deuterium for hydrogen. All simulations were performed in the NVT ensemble at 298 K, and we
used a Nosé-Hoover thermostat to control the ionic temperature.*?>!3 To extensively sample the
configuration space within these simulations, we initialize a series of trajectories starting from a
variety of adsorbate coverages and water structure configurations. Each trajectory typically runs
for at least a 2 ps equilibrium period and a production period of 10 ps. For systems containing
multiple adsorbate binding structures, we use up to 150 ps of data consisting of several trajectories.
We calculate the average free energy of a system by calculating the average free energy of the

combined trajectories for a given system as:

G(T) = <E> + 1/B(<exp(BAE)>) (4.2)

where g is 1/ksT (ks is Boltzmann’s constant), E is the potential energy, and 4E is the difference

between the average potential energy and the energy in each step.

4.2.2 Modeling the Oxygen Reduction Reaction
For this study, we assume that the ORR proceeds through either the 4e pathway (overall:

02 + 2H20 + 4e" — 40H)) or the 2e” pathway (overall: O, + 2H,0 + 2 — H20, + 20H").
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ORR on Au(111): Because Au(111) is known to weakly bind oxygenates, we assume that
the ORR proceeds through only an associative mechanism where the 4e” pathway can be described

with the following steps:

Oz + 2H,0 + 4e'— OOH* + H,0 + OH" + 3¢° (1)
OOH* + H,0 + OH + 3" — O* + H,0 + 20H" + 2¢ (2)
O* + H,O + 20H + 26 — OH* + 30H + ¢ 3
OH* + 30H" + & — 40H 4)

Alternatively, O> can be only partially reduced to form hydrogen peroxide in the 2e” pathway,

which is described by:

02 + 2H20 + 4e'— OOH* + H20 + OH" + 3¢ 1)

OOH* + H20 + OH + 3¢ — H0; + 20H + 2¢ ®)

ORR on Pt(111): On Pt(111), we assume that Pt binds oxygenates strongly enough to
proceed primarily though the 4e” pathway, and we consider both an associative and dissociative
mechanism. For the associative mechanism, we assume that the ORR proceeds through the

following pathway:

02 + 2H20 + 4e— OOH* + H,O + OH™ + 3¢ (@8]

OOH* + H,0 + OH + 3e"— O* | OH* + H,0O + OH" + 3¢ (6)
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O* | OH* + H20 + OH" + 3¢" — OH* | OH* + 20H" + 2¢" @

OH* | OH* + 20H" + 2¢'— 40H" (8)

Unlike the 4e” pathway for the associative mechanism on Au(111), we assume that OOH*
dissociates to form O* + OH* rather than O* + OH" due to how strongly Pt(111) binds oxygenates.
We adjust the rest of the reaction mechanism accordingly to allow for this convention. For the

dissociative pathway, we assume that the ORR proceeds through the following pathway:

O2 + 2H,0 + 4e'— O* | O* + 2H,0 + 4¢” 9)

O* | O* + 2H,0 + 4e — O* | OH* + H;0 + OH + 3¢" (10)
O* | OH* + H20 + OH" + 3e" — OH* | OH* + 20H" + 2¢" )
OH* | OH* + 20H" + 2¢'— 40H" (8)

In our static, unsolvated DFT calculations, we use gas-phase Oz, H2O, and H>O; for our
reference states. The energy of each species is calculated in a 14x15x16 A box. In our solvated
AIMD analysis, we reference gas-phase Oz and solvated H2O and H20> energies. To calculate the
solvated energy of H,O and H20,, we run AIMD simulations in a 14.23x14.23x14.23A box

containing 96 water molecules and 97 water molecules plus H20., respectively.

4.2.3 Evaluating the Electrochemical Environment
To account for the chemical potential of a hydroxide/electron pair in our calculations, we

employ the computational hydrogen electrode (CHE).!” Briefly, the CHE assumes that at 0 V
versus the standard hydrogen electrode (SHE) (pH = 0, T=298 K, Px2 = 1 atm), hydrogen in the

gas phase is in equilibrium with protons and electrons:
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YoHy > H" + €
Under these conditions, the chemical potential of a proton/electron pair (uy+ + ue-) is:

1 4.3
i + te- = 5 Gy, — eUsug — kaTIn(10)pH 43)

where Gy, is the Gibbs free energy of Hz in the gas phase, € is the charge of an electron, and Usne
is the applied potential relative to the SHE. We then assume that at a given pH, water is in

equilibrium with a proton and hydroxide pair:
H.0 « (H" +€) + (OH - ¢)

Therefore, the relationship between the chemical potential of a hydroxide/electron pair (uoy- —

He-) ISt

Hor- — Me~ = Gh,0 — %GHZ — eUsyp — kgTIn(10)pH 44
To model the electrochemical environment at the interface between the metal surface and
water in our solvated AIMD simulations, we utilize the double reference method (DRM).8%%¢ The
DRM allows us to evaluate the applied potential across the EDL by adjusting the number of
electrons within the metal slab. A uniform background charge is then used to counterbalance the
excess charge in the slab to maintain a neutral supercell. This method provides a framework to
calculate the workfunction across the solid-liquid interface, which we reference to the

workfunction of the SHE to determine the applied potential, U:
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U= _(Qinterface + ®H2/H+) (4.5)

where @nersace IS the calculated workfunction across the interface in eV and @, /,+ is the work
function of the Ho/H™ couple in eV at standard conditions. The calculated value of @, ,,+ ranges

from 4.4-4.8 eV,®" and we use an average value of 4.6 eV for this study. Because changing the
number of electrons in our simulation changes the potential energy, we correct our calculated

AIMD energies:

L (4.6)
Ecorrected =E+ <Vtot) dQ + qq)interface
0

where E is the potential energy, q is the charge added or removed from the unit cell, and (V,,,) is
the averaged electrostatic potential across the unit cell. Since the applied potential fluctuates as
adsorbates and the solvent restructure during the simulation, we used an average applied potential
calculated using data points collected every 0.1 ps. For each molecular dynamics simulation, we
perform calculations at a range of -2e to +2e with a step size of 1e. We omit data points where we
could find no stable structures for a given adsorbate. We use this data to then fit the time-averaged
energy and applied potentials for each simulation to a quadratic expression that relates the energy

stored in a capacitor to the applied potential and capacitance:

1
EW) = ~5C(0) = Wpee))’ + (B )

where Uy, is the potential of zero charge (pzc), E,,. is the energy at the pzc, and C is the

capacitance formed in the system. The quadratic fits for Au(111) systems are shown in Fig. D.1
(numerical values in Table D.1), and the quadratic fits for Pt(111) systems are shown in Fig. D.2

(numerical values in Table D.2).
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4.3 Results and Discussion
4.3.1 Evaluating the Role of Water in the ORR on Au(111)
Our previous work studying the ORR on Au(100) in alkaline media demonstrated that a

combination of a hexagonal surface reconstruction (Au(100)-hex) and water leads to impressive
ORR activity at low overpotentials and diminished current at high overpotentials. Given that both
the Au(100)-hex and Au(111) surfaces share similar hexagonal reconstructions, at least in the top
Au layer, we might predict that both surfaces share similar activity. However, prior experimental
results have shown that Au(111) does not display the same high ORR activity as Au(100) in
alkaline aqueous environments.®® To further assess the differences between Au(100)-hex and
Au(111), we apply a combination of static DFT calculations and solvated AIMD calculations to

evaluate the catalytic properties of Au(111) with and without water.

We start our analysis by considering the native ORR activity of the Au(111) surface under
a vacuum. To do this, we calculate the energies of 1/9 ML of ORR reaction intermediates (OOH*,
O*, and OH*) on the most stable binding sites on the Au(111) surface. We then employ the
computational hydrogen electrode (CHE) formalism to determine how adjusting the applied
potential impacts the chemical potential of a hydroxide-electron pair.” This allows us to determine
the minimum overpotential that must be applied for all proton-electron transfer steps in a pathway
to occur spontaneously (AG < 0), which we assign as the onset potential for the pathway. At the
beginning of the potential sweep at 1.20 V/RHE (Fig. 4.2a), we find several non-spontaneous steps
in both the 4e” and 2e” pathways, and we do not expect to generate a current. Reducing O to form
OOH* is particularly unfavorable in both pathways, which aligns with the expectation that noble
metals such as Au should have difficulty activating O». In fact, Au(111) binds OOH* so weakly

that the binding energy of OOH* relative to OOH(Qg) is positive under a vacuum. To make this
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step thermoneutral, we must lower the applied potential to -0.57 V/RHE (Fig. 4.2b), making -0.57

V/RHE the calculated onset potential for the ORR on Au(111) for both the 4e” and 2e” pathways.
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Figure 4.2: Free energy diagrams for the ORR on Au(111) at pH = 13 as determined from static, unsolvated
DFT calculations at (a) 1.20 V/RHE and (b) -0.57 V/RHE (the onset potential for the ORR). The yellow
arrows indicate the origin of the overpotential for the ORR (O activation).

As we have shown previously, we expect that the ORR largely proceeds through the 2e
pathway on Au surfaces if all the steps in the 2e~ pathway occur spontaneously. Therefore, our
static DFT results suggest that we should not generate a significant current from the ORR on
Au(111) compared to catalysts that suppress the 2e” pathway due to stronger oxygenate binding,
which is in line with experimental results. However, we expect that the onset potential of the ORR
on Au(111) should be ~0.8 V/RHE on Au(111) according to experiments. Because our calculated
onset potential is over 1.2 V/RHE too negative, this indicates that our model does not capture the

interactions necessary to explain the overall ORR activity on Au(111).

Since water can play a dramatic and sometimes unexpected role in ORR behavior, as is the
case for Au(100), we then investigate the role of interfacial water on catalyzing the ORR on
Au(111). We perform AIMD simulations to capture the structures and energies of water and

adsorbates on electrified Au(111) surfaces. A representative unit cell for these calculations
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containing 68 water molecules within a 30 A water layer is displayed in Fig. 4.3a. To account for
the role of the applied potential on this system, we perform simulations at five potentials (which
vary slightly by system): one at the potential of zero charge (pzc), two below the pzc, and two

above the pzc.

We find that unsolvated static DFT calculations and solvated AIMD simulations predict
different binding structures and binding energies of adsorbates. As is the case with Au(100), we
find that water causes adsorbates to prefer more undercoordinated sites in the presence of water
on Au(111). Representative adsorbate binding structures both with and without water for all ORR
intermediates on Au(111) are shown in Fig. 4.3b (side views of adsorbates shown in Fig. D.3). In
unsolvated DFT calculations, OOH* binds to a top site with the O-O bond laying almost flat on
the surface, OH* binds to a bridge site, and O* binds to an fcc hollow site. To evaluate the average
binding site of each adsorbate in the presence of water, we calculate the radial distribution function
(rdf) between the closest oxygen atom of an adsorbate to the surface and Au from the AIMD
trajectories (Fig. D.4). Integrating the first peak of this rdf gives us the average number of O-Au
bonds formed between an adsorbate and the surface. We find that OOH* forms 1.05 bonds with
Au (binds to top sites) at 0.63 V/RHE and that O* forms 2.36 bonds with Au (binds to hollow
sites) at 0.32 V/RHE, indicating that the site preference for these two species does not change in
the presence of water. However, we see that OH* forms 1.01 bonds with Au (binds to top sites) in
the presence of water at 0.91 V/RHE, showing that the binding preference of OH* changes from
a bridge site to a top site when we include solvation effects. We also note that water stabilizes all
ORR intermediates on Au(111), thus increasing the binding energy of these adsorbates to the

surface over a wide potential range (Fig. 4.3c). This result aligns with our expectation that
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hydrogen bonds should form between adsorbates and water that dramatically stabilize all

intermediates.
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Figure 4.3: (a) Representatlve unit ceII for Au(111) double-sided surface with interfacial water at the pzc.
(b) Representative structures for adsorbates as seen from atop in static, unsolvated DFT and solvated AIMD
simulations on Au(111). Au atoms are shown in gold, O atoms are shown in red, and H atoms are shown
in white. Interfacial water molecules are shown as stick models for clarity. (c) Binding free energy (BFE)
of OOH, OH, and O relative to the gas phase energy of each respective species as a function of applied
potential as calculated from static DFT and solvated AIMD simulations at pH = 13.

We then utilize the potential-dependent energies of ORR intermediates on a solvated
Au(111) surface in conjunction with the CHE formalism to recalculate the onset potential for the
ORR on a solvated Au(111) electrode. At the start of the potential sweep at 1.20 V/RHE (Fig.
4.4a), we find that several steps in both the 4e” and 2e” pathways are non-spontaneous. By moving
to more negative potentials, we reach an onset potential of 0.62 V/RHE for both the 4e” and 2e-
pathways (Fig. 4.4b). At 0.62 V/RHE, the potential-determining step is reducing O2 to form
OOH*, which is the same potential-determining step that we find in our static DFT calculations.

Therefore, we would again expect that we would not generate a significant current from the ORR
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on Au(111) compared to catalysts that suppress the 2e” pathway, in agreement with experiments.
Additionally, the calculated onset potential of 0.62 V/RHE from solvated AIMD calculations is in
close agreement with the experimental onset potential of ~0.8 V/RHE. To further verify our
findings, we compare the relative values of the onset potential for the ORR between Au(100) and
Au(111) in alkaline environments. The experimental onset potential for the ORR on Au(111) is
about ~0.1-0.2 V/RHE more negative than on Au(100) (Fig. 4.1). Given that our calculated onset
potential for the ORR on Au(100) is 0.85 V/RHE using the fully solvated AIMD electrode model
(which is also ~0.2 V/RHE more negative than seen experimentally), our models accurately predict
the relative difference in onset potentials between solvated surfaces despite predicting absolute

onset potentials that are slightly more negative than experimental values.
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Figure 4.4: Free energy diagrams for the ORR on Au(111) at pH = 13 as determined from solvated AIMD
simulations at (a) 1.20 V/RHE and (b) 0.62 V/RHE (the onset potential for the ORR).

Even though Au(111) and Au(100)-hex surfaces share a similar surface structure, we find
that these surfaces do not share the same ability to stabilize ORR intermediates. For Au surfaces
to be effective ORR catalysts, they must bind OOH* strongly enough to activate the 4e” pathway
and to prevent OOH* from desorbing as H20: in the 2e” pathway, which is precisely how Au(100)-

hex catalyzes the ORR at low overpotentials. Without water, neither Au(111) nor Au(100)-hex
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effectively catalyzes the ORR due to weak binding of OOH*; however, OOH* has a binding
energy of -0.23 eV on Au(100)-hex under vacuum, while we predict that OOH* does not bind to
the Au(111) surface. This indicates that electronic differences between Au atoms in the two
surfaces could lead to differences in adsorption strength. To further characterize the electronic
structure of Au(111) and Au(100)-hex, we calculate the average d-band center for Au atoms in the
top layer of each surface. We found that the d-band center for Au(100)-hex is -3.14 eV while the
d-band center for Au(111) is -3.03 eV. This positive shift in the d-band center as we move from
Au(100)-hex to Au(111) agrees with our finding that Au(100)-hex surface binds adsorbates more

strongly.

By adding water, we stabilize all ORR intermediates (most importantly, OOH*) on both
Au(111) and Au(100)-hex. As we have shown previously, the Au(100)-hex surface promotes
increased hydrogen bond formation in water near the surface compared to other Au(100) surface
reconstructions, thus leading to adsorbates being more stabilized on the Au(100)-hex surface. We
therefore compare the water structures between the Au(100)-hex and Au(111) surfaces to
determine the role that hydrogen bonding from water plays in stabilizing these intermediates. Fig.
D.5a shows the average number of hydrogen bonds formed per water molecule as a function of
distance from the surface for Au(111) without adsorbates. We also denote the average distance
from the surface for key adsorbates for comparison. On transition metal surfaces, water near the
surface has a peak in the number of hydrogen bonds formed. Au(111) promotes 2.8 hydrogen
bonds per water molecule at this peak, while Au(111)-hex promotes 2.9 hydrogen bonds per water
molecule. Additionally, we consider the total number of hydrogen bonds formed between key ORR

intermediates and water as a function of applied potential on Au(111) and compare these values to
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the values on Au(100)-hex, as shown in Fig. D.5b. We find that OH* forms more hydrogen bonds
with water on Au(111) than Au(100), but we do not find a clear trend for OOH*. Nevertheless, we
form adsorbate-water clusters on the Au(111) surface that are similar to those on Au(100)-hex, as
shown in Fig. D.5c. Overall, we find that the water structures are comparable between Au(111)
and Au(100)-hex. However, the additional stabilization effects from water cannot overcome the
incredibly weak binding of OOH™* to the Au(111) surface due to the electronic structure of surface

Au atoms, thus rendering Au(111) as a far less active ORR catalyst than Au(100)-hex.

4.3.2 Evaluating the Role of Water in the ORR on Pt(111)
Next, we evaluate the ORR activity of Pt(111) in alkaline media. According to

conventional scaling relationships and the Sabatier principle, Pt(111) should be the most active
monometallic catalyst for the ORR. However, Au(100) is the most active monometallic ORR
catalyst in alkaline media above ~0.9 V/RHE. Because first-principles calculations provided
atomic-level details on what makes Au(100) an active ORR catalyst, our goal is to provide a similar
analysis to identify the driving forces of the ORR on Pt(111) for comparison. We start our analysis
by calculating the energy of 1/9 ML of ORR intermediates on Pt(111) in their most stable binding
sites using static DFT calculations to evaluate the native activity of the Pt(111) surface in the
absence of solvent. We again utilize the CHE formalism to calculate the onset potential for the
ORR on Pt(111). At the beginning of the potential sweep at 1.20 V/RHE (Fig. 4.5a), the only
spontaneous step is reducing O in the dissociative pathway, while all other steps are endergonic.
The onset of the ORR on Pt(111) occurs at 0.20 V/RHE (Fig. 4.5b) when reducing O* to OH*
becomes thermoneutral; furthermore, the dissociative pathway is more energetically favorable than
the associative pathway. Because the experimentally determined onset potential for the ORR in

alkaline media is ~0.90 V/RHE (Fig. 4.1), this calculated onset potential of 0.20 VV/RHE is far too
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Figure 4.5: Free energy diagrams for the ORR on Pt(111) at pH = 13 and 0 ML co-adsorbed OH* as
determined from static, unsolvated DFT calculations at (a) 1.20 V/RHE and (b) 0.20 V/RHE (the onset
potential for the ORR). The yellow arrows indicate the origin of the overpotential for the ORR (O*
reduction). (c) Representative structures for adsorbates in static, unsolvated DFT and solvated AIMD
simulations on Pt(111). Pt atoms are shown in grey, O atoms are shown in red, and H atoms are shown in
white. Interfacial water molecules are shown as stick models for clarity. (d) Binding free energy (BFE) of
OH and O relative to the gas phase energy of each respective species as a function of applied potential as
calculated from static DFT and solvated AIMD simulations at pH = 13 and 0 ML co-adsorbed OH*. Free
energy diagrams for the ORR on Pt(111) at pH = 13 and 0 ML co-adsorbed OH* as determined from

solvated AIMD simulations at (e) 1.20 V/RHE and (f) 0.46 VV/RHE (the onset potential for the ORR).
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Again, these results suggest that we need to consider a fully solvated electrode model to
evaluate the onset potential of the ORR on Pt(111). We therefore performed AIMD simulations to
capture the structures and energies of water and adsorbates on an electrified Pt(111) surface. Like
we did for Au(111), we account for the role of the applied potential on this system by performing
simulations at five potentials (which vary slightly by system): one at the potential of zero charge

(pzc), two below the pzc, and two above the pzc.

Similar to Au(100) and Au(111), adding water changes the structures and energies of
adsorbed intermediates on Pt(111). Most notably, OOH* is not stable in any of our solvated
simulations and dissociates to O* and OH* in the first few steps of our AIMD simulations.
Therefore, we consider a concerted mechanism in the associative pathway where Oz is directly
reduced to O* and OH*. However, unlike Au(100) and Au(111), adding water does not change
the preferred binding sites of reaction intermediates. Representative images of adsorbates shown
in Fig. 4.5c show that OH* prefers to bind to a top site and O* prefers to bind to an fcc hollow site
regardless of the presence of water. Unlike Au surfaces, we find that including water does not
always stabilize reaction intermediates. By considering the binding energy of adsorbates under
vacuum and with water (Fig. 4.5d), we find that OH* is stabilized on the solvated electrode surface
in the potential region relevant for the ORR while O* is destabilized on the solvated electrode
surface. These results demonstrate that solvation effects may not always stabilize oxygenates,

especially on charged surfaces.

Next, we use the potential-dependent energies of ORR intermediates on a solvated Pt(111)
surface in conjunction with the CHE formalism to recalculate the onset potential for the ORR on

Pt(111). At the beginning of the potential sweep at 1.20 V/RHE (Fig. 4.5e), O* is more destabilized
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on the solvated electrode surface than under vacuum, thus preventing O* reduction to OH* from
being the potential-determining step as was seen in our unsolvated, static DFT calculations. We
find that the onset potential for the ORR on a solvated Pt(111) electrode is 0.46 V/RHE (Fig. 4.5f).
Because OH* is highly stabilized on this solvated surface, the potential-determining step for the
ORR is instead reducing OH* to OH". Under these conditions, both the dissociative and associative
pathways are energetically favorable. Since the onset potential for the ORR on Pt(111) is ~0.9
V/RHE, the calculated onset potential of 0.46 V/RHE is still far too negative compared to
experiments. These results indicate that this solvated electrode model does not fully capture all the

interactions that dictate ORR activity on Pt(111).

Pt surfaces are known to strongly bind oxygenates, which we clearly see in our
calculations. This indicates that the Pt(111) surface is likely covered with oxygenates that interact
with adsorbates involved in the ORR. Staszak-Jirkovsky et al. used cyclic voltammetry (CV) to
estimate the coverage of oxygenates on Pt(111) near the onset of the ORR in alkaline media.%
They estimated that ~0.5 ML of OH* populates the surface at these conditions. Therefore, we
considered how 2/9-4/9 ML of co-adsorbed OH* impacts the energies of 1/9 ML O* and 1/9 ML
OH* on the surface. We repeated both our static, unsolvated DFT calculations and our AIMD
solvated electrode simulations with varying coverages of co-adsorbed OH*. We then utilized these
energies to calculate the differential free binding energy of O* and OH* at each coverage of co-

adsorbed OH*. Representative images of the most stable surface configurations of O* and OH*

with and without water are shown in Fig. 4.6.
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O*+ 2/9 ML OH* O™+ 3/9 ML OH* O™+ 4/9 ML OH*

H*+ 2/9 ML OH*  OH*™+3/9 ML OH" OH"+ 4/9 ML OH*

Figure 4.6: Representative structures for adsorbates in statlc unsolvaed 'DFT calculations and solvated
AIMD simulations on Pt(111) with co-adsorbed OH*. Pt atoms are shown in grey, O atoms are shown in
red, and H atoms are shown in white. Interfacial water molecules are shown as stick models for clarity.

The onset potentials for the ORR in the presence of varying OH* coverages are shown in
Fig. 4.7a for both the static DFT model and fully solvated AIMD electrode model. Overall, the
onset potentials as predicted by static DFT are far too negative compared to experimental values.
By looking closer at the potential energy surfaces for OH*-covered surfaces as modeled with static
DFT calculations (Fig. D.6), we find that the potential-determining step for the ORR in the
presence of 2/9-4/9 ML OH* is always reducing OH* to OH". In other words, co-adsorbed OH*
tends to stabilize other OH* species on the surface due to hydrogen bonding interactions, making

the most difficult step removing OH* from the surface. Additionally, because O* is still highly



61

stable on the Pt(111) surface in these static, unsolvated DFT calculations, the dissociative pathway

is always preferred over the associative pathway. Unlike the static DFT calculations without water,

our fully solvated electrode models from AIMD simulations are in much better agreement with

experiments (Fig. 4.1) at all co-adsorbed OH* coverages.
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Figure 4.7: (a) Onset potentials for the ORR on Pt(111) at a range of co-adsorbed OH* coverages from
static, unsolvated DFT calculations (pink bars) and solvated AIMD simulations (purple bars). (b) Binding
free energy (BFE) of OH and O relative to the gas phase energy of each respective species as a function of
applied potential as calculated from static DFT and solvated AIMD simulations at pH = 13 and 4/9 ML co-
adsorbed OH*. Free energy diagrams for the ORR on Pt(111) at pH = 13 and 4/9 ML co-adsorbed OH* as
determined from solvated AIMD simulations at (c) 1.20 V/RHE and (d) 0.81 VV/RHE (the onset potential

for the ORR).

By examining the binding free energy of O* and OH* on OH*-covered surfaces, we can

see why the onset potentials are more positive on a fully solvated electrode surface compared to a
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static model under vacuum. The binding free energy of O* and OH* with 4/9 ML co-adsorbed
OH* using both models is shown in Fig. 4.7b. The corresponding binding free energy figures for
O* and OH* with 2/9 ML and 3/9 ML co-adsorbed OH* are shown in Fig. D.7a and Fig. D.7b,
respectively. For all three co-adsorbate coverages, O* and OH* are almost always more
destabilized in the fully solvated electrode model than in the static DFT model under a vacuum in
the potential region relevant for the ORR. The only exception is OH* in the presence of 2/9 ML
co-adsorbed OH*. This suggests that the high density of adsorbed oxygenates on the surface and
water causes some destabilization effects which help facilitate the reduction and removal of

oxygenates from the surface.

By looking at the free energy diagram for the ORR at the start of the potential sweep (1.20
V/RHE) for the ORR with 4/9 ML spectator OH* species (Fig. 4.7c, corresponding figures for 2/9
ML and 3/9 ML spectator OH* shown in Fig. D.7c and Fig. D.7e, respectively), we can see that
both O* and OH* are far more destabilized compared to clean Pt(111) surfaces (with and without
water) and Pt(111) surfaces with co-adsorbed OH* but no water. In fact, O* is so destabilized on
all solvated electrode surfaces by co-adsorbed OH* and water that the dissociative pathway is less
favored than the associative pathway for all OH* coverages we have considered. At the onset
potential of the ORR on Pt(111) with 2/9 ML co-adsorbed OH* (0.81 V/RHE, Fig. D.7¢), the
potential-determining step is reducing OH* to OH" in the associative pathway. At higher coverages
of OH*, the potential energy diagrams for the ORR (Fig. D.7f for 3/9 ML co-adsorbed OH* at
0.91 V/RHE and Fig. 4.7d for 4/9 ML co-adsorbed OH* at 0.81 V/RHE) show that the potential-
determining step is activating Oz to form O* + OH* in the associative pathway as the surface

becomes more crowded with oxygenates. Nonetheless, the calculated onset potentials for the ORR
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on Pt(111) with 2/9-4/9 ML co-adsorbed OH* are all in good agreement with experimental results
(Fig. 4.1). The question becomes: which coverage of co-adsorbed OH* most accurately describes

a realistic Pt(111) electrode at the onset potential?

While the calculated onset potential for the ORR on Pt(111) with 3/9 ML co-adsorbed OH*
seems to be in best agreement with experiments, we note that the calculated onset potentials for
the ORR from our solvated AIMD electrode models tend to be slightly too negative compared with
experimental results for both Au(100) and for Au(111) by ~0.1-0.2 V/RHE. Furthermore, this OH*
coverage is lower than what was estimated to be on the Pt(111) surface at the onset of the ORR in
CV experiments. Therefore, we can compare the relative onset potentials between each surface we
have studied. For example, the experimental onset potential for the ORR on Au(100) is ~0.9-1.0
V/RHE, and we calculate the onset potential as 0.85 V/RHE using a solvated AIMD electrode
model. Experimentally, we would expect that the onset potential for the ORR on Pt(111) should
be ~0.05 V/RHE more negative on Pt(111). Consequently, the 4/9 ML co-adsorbed OH* model
best captures the relative difference in onset potentials for the ORR on Au(100) and Pt(111) while
also being close to the experimentally estimated coverage of OH* of ~0.5 ML. Furthermore,
experimental results suggest that activating O in the associative pathway is the rate-determining
step for the ORR in alkaline media on Pt(111),'31%2 which is in agreement with the potential-

determining step for the ORR at this coverage of co-adsorbed OH*.

4.3.3 Water Plays a Key Role in Determining ORR Activity
In our work in Chapter 3, we showed that a combination of the Au(100)-hex reconstruction

and interfacial water lead to high ORR activity on Au(100) in alkaline media. The combination of

the binding strength of reaction intermediates on the native Au(100)-hex surface and structure of
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interfacial water templated by Au(100)-hex leads to increased hydrogen bond formation with
adsorbates. Taken together, these effects cause Au(100) to be the most active monometallic
catalyst for the ORR in alkaline media at low overpotentials. In this work, we consider the role
that water plays on Au(111) and Pt(111), and we show that the relative calculated onset potentials
for the ORR on Au(100), Au(111), and Pt(111) in alkaline media can be fully explained using a
solvated AIMD electrode model. We demonstrated that although Au(111) shares a hexagonal
surface structure with Au(100)-hex, the binding strength of OOH* to Au(111) is far weaker than
on Au(100) due to differences in the electronic structure of Au between the two surfaces. Even
though water does indeed stabilize ORR intermediates through hydrogen bonding, these
interactions are not enough to stabilize OOH* on Au(111) to the point that Au(111) is an effective
catalyst. On Pt(111), we showed that a combination of interfacial water, adsorbed OH*, and the
Pt(111) surface all lead to a highly active ORR catalyst. However, the role of water on Pt(111) is
quite different than on Au surfaces. Because Pt(111) binds oxygenates strongly, including water
and co-adsorbed OH* species helps destabilize ORR reaction intermediates to remove them from

the surface.

These results emphasize that water plays a critical role in interacting with ORR
intermediates to determine catalyst reactivity. Nonetheless, we show that the role of water is not
the same on all surfaces: while water stabilizes adsorbed oxygenates on Au(100) and Au(111),
water destabilizes adsorbed oxygenates on Pt(111). Therefore, we speculate that water does not
serve a universal role in electrocatalysis and that water does not apply a constant
stabilization/destabilization effect on adsorbates on all surfaces. Based on these results, we believe

that the combination of a catalyst structure, composition, and water produce different interactions
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with reaction intermediates on the catalyst surface. Furthermore, if the catalyst composition or
structure tends to bind adsorbates strongly, then we also need to evaluate the role of co-adsorbates
in determining the complex interactions at the solid/liquid interface. Although beyond the scope
of this investigation, we believe that future work can expand on the role of water, surface coverage,
and solvated ions within the EDL and their impact on electrocatalytic reactions. Furthermore, these
results can be utilized in tandem with kinetic modeling, such as microkinetic modeling, to create

in-depth analyses of the kinetics of solvated electrode surfaces.

4.4 Conclusions
In this work, we investigated the role of potential-dependent interfacial water structures on

ORR activity on Au(111) and Pt(111) in alkaline environments using AIMD simulations of
solvated electrode surfaces. For Au(111), we find that the activity of the native, unsolvated
Au(111) surface is far lower than that of the native, unsolvated Au(100)-hex surface. By
considering the role of water, we again find that the overpotentials required to drive the ORR on
Au(111) are far higher than on Au(100), in agreement with experiments. By examining the native
activity of unsolvated Pt(111), we find that Pt(111) over-binds oxygenates which leads to high
ORR overpotentials. When we considered the role of water on ORR activity on Pt(111), we still
could not explain the experimental results. However, by including experimentally relevant
coverages of co-adsorbed OH* ranging from 2/9 ML to 4/9 ML, we find a that a combination of
spectator OH* and water destabilize oxygenates to produce an effective ORR catalyst and captures
the experimental onset potentials at the experimentally-determined OH* coverage. For both
Au(111) and Pt(111), we find that by including relevant interactions from water and OH*, we can
replicate the experimentally-determined onset potentials for the ORR on both surfaces and can

explain the trends in activity between the Au(100), Au(111), and Pt(111) surfaces.
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Chapter 5: Evaluating Interfacial Water Structures on Clean
and Hydroxyl-covered Electrified Au(100) Surface
Reconstructions with Ab Initio Molecular Dynamics
Simulations’

5.1 Introduction
The structure and orientation of water has broad consequences in controlling many

phenomena in nature. For example, as we show in Chapters 3 and 4, the complexities of how water
in the electric double layer (EDL) interacts with electrodes at solid-liquid interfaces can play a role
in modulating reactions occurring at the interface.®3” The overall structure of water at a solid
surface is governed by the structure and composition of the solid phase and by the applied potential
across the interface. Therefore, the hydrogen bonding interactions between water and adsorbed
reaction intermediates will also be affected by both the catalyst surface and the applied potential.
The shear complexity of measuring and evaluating the atomic structures at the water-solid interface
and how they respond to changing potentials has limited detailed atomic-level insights into the
structure of water at electrode surfaces. While researchers have made significant efforts both
experimentally and computationally in elucidating these structures,3"88-% there are still many gaps

in our knowledge.

Much of our understanding of water structures at electrified interfaces comes from studies
on noble metal surfaces. For example, Toney et al. used X-ray scattering to determine the water
density distribution profile in the first water layer on Ag.'*® Velasco-Velez et al. utilized a
combination of X-ray absorption spectroscopy and ab initio molecular dynamics calculations to

show that a significant portion of water on Au surfaces forms dangling bonds and that the number
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of dangling bonds increases with more negative bias.*® The structure of water on the Au(111)
surface has been characterized by Li et al., who used a combination of shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS) and AIMD calculations to show that interfacial water
sequentially shifts from a ‘parallel’ orientation at the point of zero charge (pzc) to a ‘one-H-down’
orientation and then to a ‘two-H-down’ orientation at as the potential becomes more negative.®

Despite these advances, little is known about the structure of water on electrified Au(100) surfaces,

which arguably is one of the most consequential interfacial systems in electrochemistry.

According to theoretical predictions, Au surfaces should be poor catalysts for the oxygen
reduction reaction (ORR).}” However, experiments show that the Au(100) surface is the most
active monometallic catalyst for the ORR in alkaline conditions, a result that has puzzled scientists
for decades.1%6127:134 Mysteriously, this high activity can only be found at lower overpotentials,
and the overall activity significantly decreases at higher overpotentials. The onset potential for the
more desirable 4e” pathway (O2 + 2H20 + 4e” — 40H") on Au(100) is ~0.9 V vs the reversible
hydrogen electrode (RHE) (i.e. 0.13 V vs the standard hydrogen electrode (SHE)), but the
generated current markedly decreases at ~0.6 V vs RHE (-0.17 V vs RHE) when the 2e” pathway
(02 + 2H20 + 26 — H202 + 20H") becomes preferred. A key break in the mystery came when
Staszak-Jirkovsky et al. showed that the ORR is structure-sensitive on Au catalysts only in the
presence of water, indicating that the reaction is mediated by a combination of the Au(100) surface
and water at the solid/electrolyte interface.®® The authors proposed that structure-sensitive
“activated complexes” between water and adsorbed hydroxyl (OH*) on the surface lead to high
ORR activity from ~0.9 V/RHE to ~0.6 V/RHE because the shift from the 4e” pathway to the 2e

pathway at ~0.6 V coincides with OH* desorbing from the surface. However, little is known about
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how water interacts with the Au(100) surface, let alone Au(100) covered with OH*.

In addition to the coverage of OH* species on the surface changing as the potential
decreases, the Au(100) surface also undergoes a well-known reconstruction from a (1x1) to
hexagonal (hex) surface during anodic sweeps that we described in Chapter 3.11%!! Theoretical
calculations have shown that the (1x1) reconstruction is more energetically favorable when the
Au(100) surface is positively charged, while the hex surface becomes more stable when the surface
is negatively charged.'*® During this reconstruction, the Au(100) surface (Au(100)-(1x1)) first
forms a Au(100) surface with additional rows of Au atoms (Au(100)-AR) before forming a
hexagonal structure only in the top layer of the surface (Au(100)-hex).!'® Because this
reconstruction occurs over a broader potential range than the change in ORR Kinetics, this
transition alone cannot account for the change in ORR activity.'% However, this means that any
discussion of water structures on Au(100) must include a thorough analysis of water structures on

each of these Au(100) surface reconstructions.

In this work, we utilize AIMD simulations to evaluate the structure of water on Au(100)
surface reconstructions as a function of applied potential. We consider how the arrangement of
surface atoms within each of these surface reconstructions impacts the overall distribution and
orientation of water within the EDL. Furthermore, we study the impact of experimentally
relevant3® coverages of hydroxyl on impacting interfacial water structures, namely 1/10 monolayer
(ML) and 1/5 ML of OH*. Our findings show that although OH* can make small modifications to
water structures at the interface compared to on clean surfaces, Au(100) surface reconstructions

play the predominant role in determining the overall structure of water at the Au(100) surface.

5.2 Methods
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We perform density functional theory (DFT) calculations using the Vienna Ab Initio
Simulation Package (VASP).8182 These calculations use the revised Perdew-Burke-Ernzerhof
functional with the Pade Approximation (RPBE)®’ form of the generalized-gradient approximation
(GGA)”® with D3 van der Waals dispersion corrections.*'® Projector augmented wave (PAW)
pseudo-potentials are used to describe electron-ion interactions,*?%!2! and the valence electron
wavefunctions are expanded using a plane-wave basis set with a 400 eV cutoff energy. The surface
Brillouin zones of the p(2x5) Au(100) surfaces were sampled via a 4x2x1 Monkhorst-Pack k-
point mesh.'?> The Au(100)-(1x1) surface is modeled as a pristine Au(100) surface. For the
Au(100)-AR surface model, we add 1/5 ML of Au atoms to form a continuous, periodic row of
Au atoms atop a (100) faceted surface. The Au(100)-hex surface is an ‘isomer’ of the Au(100)-
AR surface where the additional row atoms are pushed into the surface, leading to the top Au

surface layer having a hexagonal structure on top of a (100) lattice.

In our calculations, we model the Au(100) surface with a five-layer double-sided slab with
the middle layer fixed at the bulk lattice constant of 4.173 A (found to be 4.08 A experimentally*?3).
Each slab is separated by ~36.9 A of space in the z direction containing 102 (Au(100)-(1x1) and
Au(100)-hex) or 100 water molecules (Au(100)-AR) for a water density of 1 g/mL. For models
with adsorbates, we modeled symmetric adsorption on equivalent sites on both sides of the unit

cells and removed one water per adsorbate added to maintain a consistent water density.

We perform molecular dynamics simulations using the standard Verlet algorithm to
propagate ionic trajectories with a 1 fs time step. To accelerate convergence, we use the mass of
deuterium for hydrogen. All simulations were performed in the NVT ensemble at 298 K, and we

used a Nosé-Hoover thermostat to control the ionic temperature.*?>!% To extensively sample the



70

configuration space within these simulations, we initialize a series of trajectories starting from a
variety of adsorbate-coverage and water-structure configurations. Each trajectory is typically run
for at least a 2 ps equilibrium period and a production period of 10 ps. For systems containing
multiple configurations for the adsorbate arrangements, we use up to 130 ps of data consisting of

many trajectories that sample all of these configurations in our calculations.

To model the electrochemical environment at the interface between Au and water, we
utilize the double reference method (DRM).85% The DRM allows us to evaluate the applied
potential across the EDL at a range of potentials by adjusting the number of electrons within the
Au slab. A uniform background charge is then used to counterbalance the excess charge in the slab
and maintain a neutral supercell. This method allows us to calculate the workfunction across the
solid-liquid interface, which we reference to the workfunction of the SHE to determine the applied

potential, U:

U= _(Qinterface + ®H2/H+) (2)

where @nersace IS the calculated workfunction across the interface in eV and @, /+ is the work
function of the Ho/H* couple in eV at standard conditions. The calculated value of @, ,,+ ranges

from 4.4-4.8 eV,¥” and we take the average value of 4.6 eV for our calculations. Because the
applied potential fluctuates as adsorbates and the solvent restructure during the simulation, we
used an average applied potential calculated using data points collected every 0.1 ps. Unless stated
otherwise, all potentials in this work are reported relative to the SHE. For each system, we perform
calculations where we add/remove 2e, 1e", or 0 e” from the surface to capture two potentials below

the pzc, the pzc, and two potentials above the pzc. We calculate the pzc to be -0.13 V for Au(100)-
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(1x1), 0.15 V for Au(100)-AR, and 0.08 V for Au(100)-hex without adsorbed hydroxyl.

5.3 Results and Discussion
5.3.1 Water Distribution on Au(100) Surface Reconstructions
The structure of interfacial water is often characterized by the density of water relative to

a surface and the orientation of water near the surface. First, we consider the density of oxygen in
water molecules, po, along the surface normal for the Au(100)-(1x1) (Fig. 5.1a), Au(100)-AR (Fig.
5.1b), and Au(100)-hex (Fig. 5.1c) surface reconstructions in the absence of adsorbed OH* over a
range of applied potentials. On all surfaces, we find there is a peak ~3.0-3.5 A from the surface
where there is a sub-layer of water with the highest density at all potentials. Representative images
of water on each surface, including water in this sub-layer (within 4 A of the surface) as seen from
above, are shown in Fig. 5.1d. Overall, the water density of this sub-layer is highest on Au-hex,
followed closely by Au(100)-(1x1). Unsurprisingly, the additional row atoms on Au(100)-AR,
which are located 1.7 A from the Au(100) surface, reduce the overall density of water within this
sublayer. Additionally, we find that increasing the applied potential to more positive values (i.e.
shifting the charge of the surface from more negative to more positive) shifts the water density

profiles so that water is closer to all of the surfaces.
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Figure 5.1: Density of oxygen atoms (po) in water as a function of distance from the surface for (a)
Au(100)-(1x1), (b) Au(100)-AR, and (c) Au(100)-hex surfaces without OH*. The zero coordinate
corresponds to the average position of Au atoms on the top surface layer of each model (excluding AR
atoms on Au(100)-AR). Position of AR atoms is denoted with a line. (d) Representative images of water
on Au(100) at the point of zero charge (pzc) for each system (red: O, blue: O (within 4 A of the surface)
white: H, gold: Au, dark gold: additional row (AR) Au). Top views of Au(100) surfaces are 4 A from the
surface and include water in the high-density sub layer closest to the surface. (e) Total oxygenate coverage
(OH* and water) on the Au(100) surface reconstructions within 4 A of the surface as a function of applied
potential. All potentials are reported relative to the SHE.

Next, we consider how adsorbed OH* on the surface impacts the relative distribution of
water along the surface normal of each of the Au(100) surface reconstructions. Cyclic voltammetry
(CV) measurements estimate that the coverage of hydroxyl is ~0.25 ML between 0.65-1.15 V vs
RHE (-0.12-0.38 V vs SHE).% Therefore, we consider how 1/10 ML and 1/5 ML of OH* impact
the structure of water on each surface reconstruction. Representative images of the OH-covered

Au(100) surfaces are shown in Fig. E.1. In this work, we define the coverage as the number of
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species per surface Au atom on the Au(100)-(1x1) surface. Fig. E.2 shows the density of oxygen
in water molecules (i.e., excluding oxygen in OH*) for all OH* coverages on each of the Au(100)
surface reconstructions. As the coverage of OH* increases, the density of water in the sub-layer
closest to the surface decreases, and the rest of the oxygen density profile farther from each surface
remains largely unchanged for all reconstructions. Thus, adsorbed hydroxyl only alters the density
of water within ~4 A of each surface. Therefore, we consider the total coverage of all oxygenates
(OH* and water) within this sub-layer close to the surface, which is shown in Fig. 5.1e. Although
the density of water decreases as the coverage of OH* increases, the total coverage of oxygenates
only slightly increases by ~0.0-0.1 ML as the coverage of OH* increases from 0 ML to 1/5 ML,
regardless of potential. This indicates that as we add OH* to the surface, we generally remove

water molecules to maintain a roughly constant oxygenate coverage on Au(100) surfaces.

5.3.2 Water Orientation on Au(100) Surface Reconstructions
In addition to considering the distribution of water on electrified Au(100) surface

reconstructions both with and without adsorbed OH*, we also examined the orientation of water
on the Au(100) surface reconstructions. We start by calculating the dipole orientation of water
(pocose, where po is the density of oxygen in water and ¢ is the angle between the water bisector
and the surface normal) along the surface normal of the Au(100)-(1x1) (Fig. 5.2a), Au(100)-AR
(Fig. 5.2b), and Au(100)-hex (Fig. 5.2c) surface reconstructions in the absence of adsorbed OH*
at a range of applied potentials. Analyzing pocose tells us the average orientation of water as a
function of distance from the surface and gives us information on the general orientation of water
as we change the surface structure and applied potential. We expect pocose to be zero if the water
density is zero, the water bisector is oriented perpendicular to the surface normal, or if there is no

average net dipole orientation. Positive values of pocos¢ indicate that the water bisector is oriented
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in the same direction as the surface normal, while negative values of pocose indicate the opposite.
On all three reconstructions, we find that there is a strong orientational preference for water in the
closest sub-layer within ~4 A of the Au surface. Nonetheless, water farther from the surface tends
to assume a weak orientational preference that depends on the applied potential. At more negative
applied potentials, water tends to orient itself so that the water bisector points in the opposite
direction of the surface normal. As the potential becomes more positive, the water bisector turns
until it is aligned with the surface normal. Despite these similarities, we do find that there are
differences in the preferred orientation of water between the Au(100) surface reconstructions. On
Au(100)-(1x1) and Au(100)-hex, water in the sub-layer closest to the surface has one preferred
orientation except at the pzc (0.13 V for Au(100)-(1x1) and 0.08 V for Au(100)-hex). Below the
pzc, the water bisector points towards the surface, and above the pzc, the water bisector points
away from the surface. At the pzc, water has two different preferred orientations within this sub-
layer: one where pocose is positive closest to the surface, and one where pocose is negative farther
from the surface. These results align with previously reported findings from Le et al., who found
that similar “bilayer” structures form on Pt(111), Au(111), Pd(111), and Ag(111) at the pzc*3® (we
note that while we refer to this structure as a bilayer, this structure is entirely separate from a
honeycomb bilayer structure that is a popular model for water adsorption on (111) facets). On
Au(100)-AR, water also forms a “bilayer” structure within the closest sub-layer, but we find that
this structure forms at a more positive potential relative to the pzc (at 0.70 V) rather than at the
pzc. Below 0.70 V, the water bisector points towards the surface, and above 0.70 V, the water

bisector points away from the surface.



75

poCose (glcm®)

&
£
o
o
I+] ] \-/'/'
S 4 J—-o7sV \
< -0.38V J
015V
0.70 vV
— 117V
-2+ T
) 1
2
o
w
8
£
067V
— 136V
-2 T T
o] 1 2 3 4 5 6 7 8 9 10

Distance from Surface (A)

Figure 5.2: Water-dipole orientation distribution along the surface normal for (a) Au(100)-(1x1), (b)
Au(100)-AR, and (c) Au(100)-hex surfaces at a range of potentials. The water-dipole orientation, @,
corresponds to the angle between the water bisector and the surface normal as shown in the inset of (a).
The zero coordinate corresponds to average position of Au atoms on the top surface layer of each model
(excluding AR atoms on Au(100)-AR). All potentials are referenced with respect to the SHE.

Because water in the closest sub-layer to the surface has a strong orientational preference,
we further characterize the structures and orientations of water in this layer. We calculate the
distribution of the angle between the water bisector and the surface normal, ¢, for the water within
4 A of the surface on the Au(100)-(1x1) (Fig. 5.3a), Au(100)-AR (Fig. 5.3b), and Au(100)-hex
(Fig. 5.3c) surface reconstructions in the absence of adsorbed hydroxyl. We also calculate the
distribution of the angles between the O-H bonds of water and the surface normal, 6, for water on

the Au(100)-(1x1) (Fig. 5.3d), Au(100)-AR (Fig. 5.3e), and Au(100)-hex (Fig. 5.3f) surface
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reconstructions at the same conditions.
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Figure 5.3: Orientation of water on clean Au(100) surface reconstructions. Distribution of the angle
between the water bisector and the surface normal, ¢, within 4 A of the (a) Au(100)-(1x1), (b) Au(100)-
AR, and (c) Au(100)-hex surfaces at a range of potentials. Distribution of the angle between the O-H bonds
of water and the surface normal, 0, within 4 A of the (d) Au(100)-(1x1), () Au(100)-AR, and (f) Au(100)-
hex surfaces at a range of potentials. Inset of (a) illustrates ¢, while the inset of (d) illustrates 6. All
potentials are referenced with respect to the SHE.

On Au(100)-(1x1) at -1.24 V, there is a sharp peak in the ¢ distribution at ~140° and peaks
in the 0 distribution at ~100° and ~150°, which corresponds to a water structure with one O-H bond
pointed parallel to the surface and the other O-H bond pointed directly down the surface (known
as ‘one-H-down’ water). As the potential becomes more positive, the orientation of water shifts.

At 0.83 V, there is a peak in the ¢ distribution at ~70° and a peak in the 0 distribution at ~80°,
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which corresponds to a structure where the molecular plane of water shifts so that water lies
roughly parallel on the Au(100)-(1x1) (known as ‘parallel’ water) with the O-H bonds tilted
slightly away from the surface. We find that water undergoes a similar transition on Au(100)-AR,
where at more negative applied potentials water forms a ‘one-H-down’ structure that shifts to a
‘parallel’ orientation as the potential becomes more positive; however, the potentials at which this
shift occurs are more positive than on Au(100)-(1x1). On Au(100)-hex at -1.26 V on Au, there
again is a sharp peak in the ¢ distribution at ~140° and peaks in the 6 distribution at ~100° and
~150°, which corresponds to ‘one-H-down’ water like what is seen on the other two Au(100)
surfaces. However, as the potential becomes more positive, the orientation of water on Au(100)-
hex shifts to a different configuration from the other two structures. At 1.36 V, there is a peak in
the ¢ distribution at ~60° and peaks in the 0 distribution at ~20° and ~90°, corresponding to a water
orientation where one O-H bond points parallel to the surface and the other O-H bond points up
away from the surface (known as ‘one-H-up’ water). Scheme 5.1 summarizes the general trends
in how the orientation of interfacial water near the surface changes as we change the applied

potential on Au(100) surface reconstructions based on results shown in Fig. 5.2 and 5.3.
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Scheme 5.1: Generalized trends in water structures formed on clean Au(100) electrodes. At more negative
potentials (state 1), water adopts a ‘one-H-down’ orientation. At intermediate potentials (near the pzc for
Au(100)-(1x%1) and Au(100)-hex or ~0.5 V more positive than the pzc for Au(100)-AR), water adopts two
orientations depending on the proximity of water from the surface (state 2). At more positive potentials,
water adopts a ‘parallel” orientation on Au(100)-(1x1) and Au(100)-AR (state 3a) or a ‘one-H-up’
orientation on Au(100)-hex (state 3b). O atoms are shown in red, H atoms are shown in white, and the Au
surface is shown in gold.

Next, we consider how either 1/10 ML or 1/5 ML OH* impacts the orientation of water
within 4 A of the Au(100) surface reconstructions. We show the distribution of ¢ for water within
4 A of the surface in the presence of 1/5 ML OH* on the Au(100)-(1x1) (Fig. 5.4a), Au(100)-AR
(Fig. 5.4b), and Au(100)-hex (Fig. 5.4c) surface reconstructions. We also calculate the distribution
of 8 for water on the Au(100)-(1x1) (Fig. 5.4d), Au(100)-AR (Fig. 5.4e), and Au(100)-hex (Fig.
5.4f) surface reconstructions at the same conditions. The corresponding figures for the orientation
of water in the presence of 1/10 ML of OH* are shown in Fig. E.3. We find that adsorbed hydroxyl
alters the orientation of water in two ways: 1) As the coverage of OH* increases, water no longer
forms a ‘one-H-down’ configuration at the most negative potentials that we studied on every
reconstruction. Instead, water tends to adopt a planar orientation (we do note, however, that at

potentials below ~-0.15 V/, OH* should not be stable on any Au(100) surface®). 2) As the potential
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becomes more positive, we find that increasing OH* coverage causes water on Au(100)-(1x1) to
shift from a planar orientation to a ‘one-H-up’ orientation. However, we only see this configuration
with 1/5 ML OH* at the highest potential studied, 1.12 V. Besides these small differences, we find
that increasing the OH* coverage on the Au(100) surface reconstructions does not substantially
alter the orientation of water near the surface. This is particularly true in the potential range
relevant for the ORR (from ~-0.2 to 0.2 V vs SHE), where the orientation of water does not
considerably change due to the presence of OH* on all surfaces. Therefore, we do not find strong
evidence to suggest that OH* significantly alters interfacial water structures so as to enhance

charge transfer from water to ORR intermediates.
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Figure 5.4: Orientation of water on Au(100) surface reconstructions with 1/5 ML OH*. Distribution of the
angle between the water bisector and the surface normal, ¢, within 4 A of the (a) Au(100)-(1x1), (b)
Au(100)-AR, and (c) Au(100)-hex surfaces at a range of potentials. Distribution of the angle between the
O-H bonds of water and the surface normal, 0, within 4 A of the (d) Au(100)-(1x1), () Au(100)-AR, and
(f) Au(100)-hex surfaces at a range of potentials. Inset of (a) illustrates ¢, while the inset of (d) illustrates
0. All potentials are referenced with respect to the SHE.

5.3.3 Hydrogen Bonding Properties of Water on Au(100) Surface Reconstructions
As the orientation of water near Au(100) shifts as the applied potential changes, the

hydrogen bonding properties of water will also change in turn. For example, at more negative
potentials, water in a ‘one-H-down’ orientation can only donate up to one hydrogen bond to other
species, reducing the overall number of hydrogen bonds formed within interfacial water. As the
potential becomes more positive and water starts to adopt a ‘planar’ orientation or ‘one-H-up’

orientation, water gains the ability to donate up to two hydrogen bonds. To analyze the hydrogen
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bonding properties of interfacial water, we first calculate the average number of hydrogen bonds

(NH-bonas/H20) accepted and donated by water within 4 A of the surface (Table 5.1) on clean

Au(100) surface reconstructions. In this analysis, we defined a hydrogen bond with a cutoff of 3.5

A for the O-O distance and a H-O-O angle less than 30°.1% For reference, we expect bulk water

accept two Nu-bonds/H20 and donate two Ny-ponds/H20.1%

Table 5.1: Average number of hydrogen bonds accepted and donated by water on each Au(100) surface

reconstruction within 4 A of the surface as a function of applied potential.

Applied Potential NH-bonds/ H20 NH-bonds/ H20
Surface (V) (Accepted) (Donated)

-1.24 141 1.08

-0.71 1.32 1.15

(1x1) -0.13 1.29 1.29
0.33 1.25 1.44

0.83 1.24 1.60

-0.75 1.29 0.90

-0.38 1.31 1.03

AR 0.15 1.27 1.16
0.70 1.28 1.36

1.17 1.23 1.54

-1.26 141 1.10

-0.51 1.37 1.20

hex 0.08 1.33 1.35
0.67 1.28 1.43

1.36 1.24 1.52

Overall, we find that the number of hydrogen bonds accepted by water is far less sensitive

to changes in applied potential than the number of hydrogen bonds donated by water. In other

words, interfacial water can usually accept hydrogen bonds from other interfacial water molecules

and from water molecules farther from the surface at a wide range of potentials. However, the

dangling bonds that water forms in the ‘one-H-down’ orientation at more negative potentials
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inhibits the ability of interfacial water to donate hydrogen bonds. As the applied potential becomes
more positive, the number of hydrogen bonds accepted by interfacial water slightly decreases,
most likely due to the hydrogen in O-H bonds of water pointing away from the surface and any
interfacial water on the surface. Overall, the number of hydrogen bonds accepted by interfacial
water is similar on all three Au(100) reconstructions. In agreement with Velasco-Velez et al., we
find that water donates more hydrogen bonds towards more positive potentials,®® resulting in less
dangling bonds and more bulk-like water at more positive potentials. Based on this analysis, we
also find that water on Au(100)-(1x1) and Au(100)-hex generally donate similar numbers of
hydrogen bonds as a function of applied potential, while water on Au(100)-AR donates less
hydrogen bonds at the same potentials compared to the other two surfaces. These results align with
the expectation that the additional row of Au atoms on Au(100)-AR act as a boundary that

interrupts hydrogen bonding.
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Figure 5.5: Hydrogen bond density (Nu-honas/H20) along the surface normal direction on clean Au(100)
surface reconstructions at a range of potentials. The zero coordinate corresponds to average position of Au
atoms on the top surface layer of each model (excluding AR atoms on Au(100)-AR)). All potentials are
referenced with respect to the SHE.

To further analyze the hydrogen bonding properties of water on each Au(100) surface
reconstruction, we calculated the number of donated, accepted, and the total number of hydrogen
bonds formed on each surface as a function of distance from the surface (we provide corresponding
figures for water in the presence of 1/5 and 1/10 ML OH* in Fig. E.4 and E.5, respectively, which
show similar trends to clean surfaces). Here, we find far more differences between the three
surfaces than what was previously shown by looking at the population average for water within 4
A of the surface. On Au(100)-(1x1), there is a sharp peak in the number of hydrogen bonds donated
by water at a distance of 2 A from the surface at potentials at and more positive than -0.17 V.

Between 2-4 A from the surface, water donates more hydrogen bonds as the potential becomes
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more positive. At potentials at and above 0.33 V, there is a peak in the density of accepted
hydrogen bonds on Au(100)-(1x1) at a distance of 2 A from the surface. Overall, the total number
of hydrogen bonds peaks on Au(100)-(1x1) at a distance of 2 A from the surface, and this peak
increases as the potential becomes more positive. On Au(100)-AR, the peak in number of hydrogen
bonds donated by water shifts to distances closer to the surface and becomes larger as the potential
becomes more positive. Because there are not substantial differences in the accepted hydrogen
bonds from water as the potential changes, this means that a similar trend is seen for the total
number of hydrogen bonds on Au(100)-AR. On Au(100)-hex, the peak in donated hydrogen bonds
also shifts closer to the surface and becomes larger as the potential becomes more positive.
However, when combined with accepted hydrogen bonds, water on the Au(100)-hex surface forms
a peak in the total number of hydrogen bonds at potentials near the potential of zero charge, 0.08
V. As the potential becomes more positive or more negative, this peak diminishes. Therefore, the
total hydrogen bond density closest to the surface becomes greater as the potential becomes more
positive on Au(100)-(1x1) and Au(100)-AR or as the potential becomes more positive or negative

than the potential of zero charge on Au(100)-hex.

5.4 Conclusions
In this work, we utilized AIMD simulations to elucidated interfacial water structures that

form on potential-dependent Au(100) surface reconstructions with and without the presence of
adsorbed hydroxyl. First, we considered the density of water near the Au(100) surfaces. We found
that water forms a dense layer within 4 A of the surface, regardless of the identity of the surface
reconstruction. By including 1/10 or 1/5 ML of OH* , we found that the density of water within 4
A of the surface decreases due to lateral interactions between water and OH*, but the total coverage

of oxygenates (OH* + water) stays relatively constant at the same potential. Next, we evaluated
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the orientation of water near the Au(100) surface. At the most negative potentials, water forms a
‘one-H-down’ structure. As the potential becomes more positive, water then adopts two distinct
orientations depending the proximity of the molecules to the surface, forming a bilayer structure.
We find this bilayer structure near the pzc on Au(100)-(1x1) and Au(100)-hex and ~0.5 V more
positive than the pzc for Au(100)-AR. At even more positive potentials, water adopts a ‘parallel’
orientation on Au(100)-(1x1) and Au(100)-AR or a ‘one-H-up’ orientation on Au(100)-hex (state
3b). Adding 1/10 or 1/5 ML of OH* on the Au(100) surfaces did not substantially alter the
orientation of water near the surface. This finding suggests that while OH* is present during peak
ORR activity on Au(100), adsorbed OH* does not alter the structure of water in a manner that
would lead to increased charge transfer Kinetics relative to a clean Au(100) surface. However, this
finding does not rule out the possibility that OH* could play other roles in influencing ORR

kinetics on Au(100).

Finally, we analyzed the hydrogen bonding properties of water on each Au(100) surface
reconstruction. On Au(100)-(1x1) and Au(100)-AR, water directly above the surface forms more
hydrogen bonds at more negative potentials, while on Au(100)-hex, water directly above the
surface forms the maximum number of hydrogen bonds near the pzc. This work provides new
insights into the structure of interfacial water on Au(100) electrodes and serves as the basis for

including relevant water structures in simplified models of Au(100) electrodes.
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Chapter 6: Evaluating Interfacial Water Structures on
Electrified Hydroxyl-covered Pt(111) through Ab Initio
Molecular Dynamics Simulations

6.1 Introduction
The interactions between solids and liquids are ubiquitous throughout nature, and knowing

the detailed atomic structures of solid/liquid interfaces can help us evaluate the properties of these
interfaces. More specifically, these interactions can play a substantial role in altering chemical
reactions that occur at electrified interfaces within the electric double layer (EDL). Most solvents
used in electrochemical applications typically contain a significant amount of water, which forms
potential-dependent structures at solid/liquid interfaces. Therefore, a significant amount of
experimental and theoretical research has been devoted to elucidating water structures at the
interfaces with well-defined electrified surfaces.3"8-°* A large portion of this work has focused on
evaluating water structures on Pt surfaces, as Pt catalysts are broadly used in many electrochemical
applications and often serve as a benchmark when evaluating new catalysts. By evaluating how
water interacts with Pt surfaces as well as common adsorbates and reaction intermediates on the

surface, we can better determine and tailor the properties of the water/Pt interface.

By knowing all of the structural information about the location of water relative to a surface
and how water orients itself at the solid interface at relevant conditions, we can make many
predictions about how water might impact a multitude of processes, such as corrosion or
electrochemical reactions, that occur on the surface. However, we cannot easily gain atomic-level

structural details of an infinitesimally small portion (relative to the bulk) of dynamic, fluid water
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molecules at an interface using experiments alone. Therefore, most of our knowledge of water
structures from experiments comes from cryogenic ultra-high vacuum (UHV) experiments where
we can remove any signals from water in the bulk and slow down the movement of atoms on the
surface to obtain clear structural information. The earliest UHV experiments that probed the
structure of water on flat metal surfaces utilized low energy electron diffraction (LEED)*71%
patterns and later used scanning tunneling microscopy (STM)**14! images to evaluate the
structure of a layer of water on Ru(0001). Initially, these studies concluded that water formed a V3
x V3 honeycomb “bilayer” structure covering 2/3 of the metal surface atoms; the term “bilayer”
refers to the fact that water seemed to form a corrugated structure where molecules adsorbed at
two different distances relative to the surface. Additionally, density functional theory (DFT)
calculations appeared to corroborate this perspective that water formed a V3 x 3 honeycomb
bilayer structure on the close-packed facet of metal surfaces.'*>6 The honeycomb bilayer model
proved to be simple and intuitive— to this day, the honeycomb bilayer model is widely utilized to
describe interfacial water on metallic surfaces despite the fact that most water/solid surfaces of

interest do not exist at UHV conditions.

Even worse, very little experimental evidence exists that water forms a honeycomb bilayer,
even under UHV conditions. A later LEED I-V study from Held and Menzel found that all oxygen
atoms within the water “bilayer” were actually co-planar with the surface on Ru(0001) in UHV
and cryogenic conditions, which should not be possible if water forms a buckled bilayer
structure.!*’ Feibelman realized that these new LEED results contradicted previous experiments
and utilized DFT calculations to demonstrate that the water “bilayer” seen in earlier UHV

experiments was actually a mixture of H.O and OH* from H>O that had dissociated, thus creating
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a3 x V3 honeycomb structure.'*® The honeycomb bilayer never existed on Ru(0001). Even metals
that do not readily dissociate water do not form honeycomb water bilayers, but they form a diverse
array of other 2D structures.** In the case of Pt(111), x-ray photoelectron spectroscopy (XPS)
measurements have shown that Pt is too noble to dissociate water and is therefore unlikely to form
a mixture of OH* and water that would lead to a honeycomb H>O + OH* structure under UHV
conditions.’*® High-resolution STM and DFT calculations have revealed that water forms a
periodic structure consisting of pentagons, hexagons, and heptagons that form a V37 x \/39 periodic

arrangement on Pt(111) in UHV experiments.t>0:*%!

While electron spectroscopies carried out under UHV conditions have provided some
insights into the structure of water on metal surfaces, they lack the ability to probe the combined
interactions between the surface, interfacial water, and bulk water. Furthermore, these experiments
cannot evaluate the dynamic and disordered nature of liquid water. Although some electron
spectroscopies are able to assess interfacial structures in electrochemical environments, including
infrared reflection absorption spectroscopy (IRAS),'%271% surface-sensitive infrared-visible sum
frequency generation spectroscopy (SFG),**1%8  surface-enhanced infrared absorption
spectroscopy in the attenuated total reflection mode (ATR-SEIRAS),%%0 surface X-ray
scattering (SXS),*6%162 or in situ STM,63164 these techniques still struggle with assessing the
structure of water on the surface due to water’s high mobility and complex hydrogen bonding
network. Using shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS), Li et al.
have shown that the O-H stretching mode in interfacial water is correlated with the number of
hydrogen bonds donated by water.®¢ However, detailed evaluations of the structures of water at

the solid/liquid interface using experimental techniques have eluded researchers. Additionally,



89

very little is known about the combined structures formed between water and adsorbates present
on Pt(111) electrodes at experimental conditions. Therefore, computational methods provide a
unique perspective on evaluating interfacial water structures on Pt(111) electrodes. In particular,
ab initio molecular dynamics (AIMD) simulations can provide atomic-level insights into
interfacial water structures on electrode surfaces. Previous work in this area has focused on
analyzing water structures at the potential of zero charge!®>®® or evaluating the role of H3O* or

OH- in the liquid phase on altering water structures at the interface.6®

In this study, we use ab initio molecular dynamics (AIMD) to probe interfacial water
structures on electrified Pt(111) with and without adsorbed hydroxyl, which can be present
depending on the applied potential and pH of the system. For clean Pt(111), we find that water
forms an interfacial bilayer structure on the Pt(111) surface (distinct from a honeycomb bilayer
structure). At more negative potentials, water in both layers of the bilayer form ‘one-H-down’
structures. As the potential becomes more positive, water in the bottom layer forms a ‘parallel’
structure while water in the top layer forms a ‘one-H-up’ structure. However, there are no
conditions where a honeycomb water bilayer forms on the Pt(111) surface. Additionally, we study
OH* coverages ranging from 0-6/9 ML. By including OH* on the Pt(111) surface, we find that
honeycomb water + OH* bilayers form at intermediate OH* coverages, especially 3/9 ML OH*.
Additionally, water tends to orient in a ‘parallel’ structure in the presence of OH*. However, we
show that a honeycomb bilayer model for water predicts different hydrogen bonding structures
and OH* binding energies than a fully solvated model of water within the EDL at the solid/liquid
interface of a Pt(111) electrode surface. These findings show that water structures are drastically

altered by changing the applied potential or coverage of OH*, which can lead to differences in
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interactions between adsorbates on a catalyst surface and water at a range of conditions. These
differences can alter the stability of adsorbates on a catalyst surface, which have implications in
catalysis research where these interactions are critical for optimizing the performance of

electrocatalysts.

6.2 Methods
We performed DFT simulations using the Vienna Ab Initio Simulation Package

(VASP).8182 Our calculations utilized the revised Perdew-Burke-Ernzerhof functional with Pade
Approximation (RPBE)® form of the generalized gradient approximation (GGA) with D3 van der
Waals dispersion corrections.'® We described electron-ion calculations using projector augmented
wave (PAW) pseudo-potentials, and valence electron wavefunctions were expanded using a plane-
wave basis set with a cutoff energy of 400 eV.12%12! The surface Brillion zone of the 3x3 unit cell

was sampled using a 4x4x1 gamma-centered k-point mesh.

To model a honeycomb bilayer water model on Pt(111), we utilized a 3x3 unit cell with a
four-layer slab. The bottom two layers were fixed at the bulk lattice constant of 3.950 A, which is
in good agreement with the experimental value of 3.924 A .12 Repeated images of each slab were
separated by at least 20 A of a vacuum layer. We modeled adsorption on one side of the slab and
applied dipole corrections in the z direction.??* Each structure was relaxed until the forces acting
upon each atom were < 0.01 eV/A. We calculated the vibrational frequencies of species using a
numerical differentiation of forces using a second-order finite difference approach as determined
from diagonalizing the mass-weighted Hessian matrix. All metal atoms in the surface were fixed

for vibrational frequency calculations. We calculated the free energy of a species as:
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G = Eprr + ZPE -TS (6.1)

where Eper is the total energy of a system from DFT, ZPE is the zero-point energy, T is the

temperature (298 K), and S is the vibrational entropy.

To study the structures of a fully solvated Pt(111) electrode surface, we utilized a double-
sided 3x3 slab model with seven layers. The middle three layers of the slab were fixed at the
calculated Pt bulk lattice constant. Slabs were separated by 31.6 A of water in the z direction. This
water layer contained a total of 64 water molecules in the absence of OH*, leading to a total water
density of 1 g/mL. For models with OH*, we modeled symmetric adsorption on both sides of the
unit cells and removed one water molecule per adsorbate added to maintain a consistent water
density for coverages ranging from 1/9-6/9 ML OH*. We determined the chemical potential of

bulk water, p,0, by simulating 96 water molecules in a 14.23x14.23x14.23 A box.

We performed molecular dynamics simulations using the standard Verlet algorithm to
propagate ionic trajectories with a 1 fs time step. To accelerate convergence, we used the mass of
deuterium for hydrogen. All simulations were performed in the NVT ensemble at 298 K, and we
used an a Nosé-Hoover thermostat to control the ionic temperature.!?13° To extensively sample
the configuration space within these simulations, we initialized a series of trajectories starting from
a variety of adsorbate coverages and water structure configurations. For calculations with OH*,
trajectories include every permutation of possible adsorbate configurations possible within the 3x3
unit cell. Each trajectory was typically run for at least a 2 ps equilibrium period and a production
period of 10 ps. For systems containing multiple adsorbate binding structures or configurations,
we used up to 55 ps of molecular data consisting of several trajectories. We calculated the average

free energy of a system by calculating the average free energy of the combined trajectories for a
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given system as:

G(T) = <E> + 1/B(<exp(BAE)>) (6.2)

where S is 1/ksT (ks is Boltzmann’s constant), E is the potential energy, and AE is the difference

between the average potential energy and the energy in each step.

To model the electrochemical environment at the interface between Pt(111) and water, we
utilized the double reference method (DRM).8% The DRM provides a framework to evaluate the
applied potential across the EDL at a range of potentials by adjusting the number of electrons
within the Pt slab. A uniform background charge is then used to counterbalance the excess charge
in the slab to maintain a neutral supercell. This method provides a framework to calculate the
workfunction across the solid-liquid interface, which we reference to the workfunction of the SHE

to determine the applied potential, U:

U= _((Z)interface + QHZ/H*') (6.3)

where @interrace 1S the calculated workfunction across the interface in eV and @y, /+ is the work
function of the Ho/H™ couple in eV at standard conditions. The calculated value of @, ,,+ ranges
from 4.4-4.8 eV,®" so we take the average value of 4.6 eV for this study. Unless stated otherwise,
all values of U reported in this study are relative to the SHE. Since changing the number of
electrons in our simulation changes the energy in the double reference formalism, we also correct

our AIMD calculated energies:
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i (6.4)
Ecorrected = E+ <Vtot) dQ + qq)interface
0

where E is the potential energy, g is the charge added or removed from the unit cell, and (V) is
the averaged electrostatic potential across the unit cell. Because the applied potential fluctuates as
adsorbates and the solvent restructure during the simulation, we used an average applied potential
calculated using data points collected every 0.1 ps. For each MD simulation, we performed
calculations at a range of -2e to +2e with a step size of le. This gave us structural information at a
range of applied potentials for each system. We used this data to then fit the time-averaged energy
and applied potentials for each simulation to a quadratic expression that relates the energy stored

in a capacitor to the applied potential and capacitance:

EU) = —%c(w)— Unse))” + (Epge) (6.5)

where U,,. is the potential of zero charge (pzc), E,,. is the energy at the pzc, and C is the

capacitance formed in the system.

To determine the most stable OH* adsorbate coverages at a range of relevant applied
potentials and pH values, we constructed a Pourbaix diagram based on the AIMD-determined
energetics. To do this, we used a similar method as outlined by Hansen et al. for generating
Pourbaix diagrams from static DFT calculations.'®” We start by assuming that OH* on the surface

is in equilibrium with protons and liquid water at 298 K:
H,0(l) + *o OH * + H*(aq) + e~

where * denotes a free site. To evaluate the effect of applied potential and pH on the most stable
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phase, we then use the computational hydrogen electrode formalism®’ to describe the chemical

potential of a proton-electron pair, py+ + pe-:

1
=Gy, —elU — kgTIn(10)pH (6:6)

MH+ +|Ll€_ = 2

where Gy, is the Gibbs free energy of H: in the gas phase, e is the charge of an electron, U is the
applied potential relative to the SHE, and T is the temperature (298 K). Therefore, we can

determine the most stable coverage of a phase at a given U and pH by determining the coverage

that minimizes AG of reaction (5):

AG = Gslab+x0H*+yH20 —(x + y)ﬂHZO + x(uUy+ + Ue-) (6.7)

where x refers to the number of OH* on a surface, and y refers to the number of water molecules

in a calculation or simulation.

6.3 Results and Discussion
6.3.1 Water Structures on Clean Pt(111)
We begin our analysis by analyzing the geometry of water on a clean Pt(111) surface in

the absence of adsorbed hydroxyl. Because the honeycomb water bilayer structure still serves as a
popular motif utilized to model solvated metal surfaces, we start by briefly noting the key
differences between the honeycomb water bilayer model and the water structures predicted by a
fully solvated electrode surface model. The lowest energy structure of a honeycomb bilayer model
and a representative image from the solvated electrode model at 1.51 V are shown in Fig. 6.1.
Afterwards, we then focus on characterizing water structures found on fully solvated Pt(111)

electrode surfaces.
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Figure 6.1: Water structures on Pt(111) modeled using a honeycomb bilayer model with static DFT versus
a fully solvated electrode model (at 1.51 V vs SHE) modeled with AIMD. The top images show the solvated
surfaces as seen from above, while the bottom images provide a cross-sectional view. Pt atoms are shown
in gray, O atoms are shown in red, and H atoms are shown in white. For the solvated electrode model, O
atoms within the bottom of the interfacial bilayer (within 3.0 A of the surface) are shown in orange and O
atoms within the top of the interfacial bilayer (within 3.0 and 4.5 A of the surface) are shown in blue.

We start by analyzing the geometry of water on Pt(111) in the absence of adsorbed
hydroxyl. Two of the most fundamental properties for describing the geometry of interfacial water
at a metal surface are the location of the molecules and how the molecules orient themselves
relative to the surface. This first piece of information is encoded in the water oxygen density profile
relative to the surface normal. The water oxygen density profiles for interfacial water adsorbed to
Pt(111) at a range of applied potentials are shown in Fig. 6.2a. At all potentials, there is higher
density of interfacial water (compared to the bulk density of 1 g/cm®) between ~2-4 A of the
Pt(111) surface. Depending on the applied potential, interfacial water forms two separate sub-
layers: the bottom layer (within ~3 A from the surface, shown in orange in Fig. 6.1) and the top

layer (between ~3 and ~4.5 A from the surface, shown in blue in Fig. 6.1). Although these two
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layers are also form a “bilayer”, we emphasize that these bilayer structures are distinct from the
honeycomb bilayer that was postulated in early UHV experiments. We distinguish between the
two in this work by calling the hexagonal water structure under vacuum a “honeycomb bilayer”
and the fully solvated electrode model with two peaks in the water oxygen density profile an
“interfacial bilayer”. We also note that oxygen in water within a honeycomb bilayer has a
calculated maximum distance of 3.1 A from the Pt(111) surface, meaning that water in a
honeycomb bilayer falls in approximately the same distance range from the surface as water within
the bottom layer of the interfacial bilayer. In our fully solvated Pt(111) electrode model, starting
from a potential of -0.75 V, water is almost exclusively found in the top layer of the interfacial
bilayer. As the applied potential increases to more positive values, the density of water in the top
layer of the interfacial bilayer decreases, and the density of water within the bottom layer of the
interfacial bilayer close to the surface increases. At a potential of 1.51 V, the density of water in

each portion of the interfacial bilayer is roughly equivalent.
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Figure 6.2: Water structures on clean electrified Pt(111) surfaces. (a) Density of oxygen in water (po) along
the surface normal direction, where zero distance corresponds to the center of the top layer of Pt. Probability
distribution of angle 6 between the O-H bonds of water and the surface normal for interfacial water (b)
within 3.0 A of the surface and (c) within 3.0 and 4.5 A of the surface. Probability distribution of angle ¢
between the water bisector and the surface normal of interfacial water (d) within 3.0 A of the surface and
(e) within 3.0 and 4.5 A of the surface. (f) Representative images of interfacial water within 3.1 A of the
surface from AIMD simulations. Coverages refer to the average total coverage of water within 3.1 A of the
Pt(111) surface. Pt atoms are shown in gray, O atoms are shown in red, and H atoms are shown in white.
All potentials are referenced with respect to the SHE.
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In addition to examining the relative location of water with respect to the Pt(111) surface,
we also analyze the overall orientation of water within the interfacial bilayer of the fully solvated
electrode model. We consider the orientation of water within the bottom and top layers of the
interfacial bilayer. The orientation of water is fully defined by 1) the angle between the O-H bonds
in water and the surface normal (0) for water within the bottom layer (Fig. 6.2b) and top layer (Fig.
6.2c) of the interfacial bilayer and 2) the angle between the water bisector (¢) and the surface
normal for water within the bottom layer (Fig. 6.2d) and top layer (Fig. 6.2e) of the interfacial

bilayer.

First, we consider water structures within the bottom layer of the bilayer. At -0.75 V, the
distribution of 6 peaks at ~90° and ~160°, while the distribution of ¢ peaks around ~140°. These
features correspond to a water molecule with one O-H bond pointed almost directly downwards
towards the surface and one O-H bond oriented parallel to the surface, otherwise known as ‘one-
H-down’ water. Given that the Pt surface is negatively charged at this potential, we would expect
that water would align itself so that hydrogen can point towards the surface. As the potential
increases to more positive potentials, peaks form around ¢ = 60° and 6 = 75°. In this orientation,
the water molecules lie almost flat on the Pt(111) surface, and both O-H bonds within the molecule
are pointed slightly upward at the same angle with respect to the surface. Therefore, we classify
these water molecules as having a ‘parallel’ orientation. Again, these results align with the
expectation that water will prefer to orient itself so that oxygen can face the surface while hydrogen
faces away from the surface as the Pt surface becomes more positively charged at higher potentials.
Furthermore, the probability of finding water in this position increases as the applied potential

becomes more positive from -0.26 V to 1.51 V.
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Next, we consider water structures within the top layer of the bilayer. At -0.75 V, the
probability distributions for 6 and ¢ in the top layer are similar to those at the same potential in the
bottom layer. At a potential of -0.75 V, water in both layers of the bilayer orient in a ‘one-H-down’
position. As we move to more positive potentials, the applied potential has less of an effect on the
orientation of water within the top layer compared to water within the bottom layer of the
interfacial bilayer. Nevertheless, the water bisector orients itself from pointing towards the surface
to pointing away from the surface due to the changing charge of the surface as the potential
becomes more positive. Only at a highly positive potential of 1.51 V does water adopt a more
consistently oriented structure. At this potential, 6 peaks at ~20° and ~110°, while ¢ peaks around
~70°. These features correspond to a water molecule with one O-H bond pointed almost directly
up away from the surface and one O-H bond pointed roughly parallel to the surface, which we can

classify as ‘one-H-up’ water.

Oftentimes, DFT studies assume that water forms a 2/3 ML honeycomb water bilayer
structure based on the original misinterpretation of water structures in UHV experiments. As stated
previously, water in this configuration has a calculated maximum distance of 3.1 A from the
Pt(111) surface. Therefore, we examine representative images of water structures within 3.1 A of
the surface in our solvated electrode model (i.e., in the bottom layer of the interfacial bilayer
structure) in Fig. 6.2f to directly compare these structures to the honeycomb bilayer model. As
confirmed from our water oxygen density profiles in Fig. 6.2a, we find that moving to more
positive applied potentials increases the density of water and the total coverage of water on the
bottom layer of the interfacial bilayer. Within the potential range we studied for this work, we do

not find any states where a honeycomb-bilayer-type structure forms on the surface, even at
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potentials of 1.51 V. By increasing the applied potential beyond this point, we would expect Pt to
dissolve in acidic conditions.®” Furthermore, the average water coverage at 1.51 V is 0.42 ML,
which is far below the 2/3 ML of water we would expect for a honeycomb bilayer structure. These
findings confirm that in the absence of adsorbates, the honeycomb bilayer model is a poor

representation of fully solvated Pt(111) electrode interfaces.

Because the density and orientation of interfacial water change on Pt(111) as the applied
potential changes, we expect that the number of hydrogen bonds formed by water will also change
as the applied potential changes. The local hydrogen bonding environment could play a substantial
role in charge-transfer kinetics. For example, Ledezma-Yanez et al. have suggested that pH-
dependent water reorganization can explain why the hydrogen oxidation reaction (HOR) and
hydrogen evolution reaction (HER) are two orders of magnitude slower in alkaline versus acidic
solutions despite the binding energy of hydrogen (a key descriptor for these reactions) not
changing between the two conditions.*” This finding is bolstered by the fact that the HOR and
HER are far slower in alkaline versus acidic media on all platinum group metals, suggesting the
structure of the solvent plays a role in the in the overall kinetics.'®® They proposed that water can
form more favorable configurations for transferring protons (i.e. forming hydrogen bonds in the
desired direction for charge transfer) near the potential of zero charge and that water can more
easily reorient to transfer protons due to the reduced electric field. Typically, these experiments
are performed relative to the reversible hydrogen electrode (RHE), which is related to the SHE by

the following:

URHE == USHE + kBTln(lo)pH/e (68)

Because the onset of the HER at ~0 V vs RHE regardless of pH, this means that the applied
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potential relative to the SHE (which is essentially a measure of the potential drop across an
electrochemical interface) must change as the pH changes. Therefore, the local potential drop near
the surface at the onset potential of the HER (i.e., on the SHE scale) is closer to the potential of
zero charge in acidic conditions versus alkaline conditions. Because the hydrogen bonding
properties change as the potential drop across the interface changes, these findings suggest that
interfacial water environments that form a higher density of hydrogen bonds may also facilitate

charge transfer Kinetics.

We examine the number of hydrogen bonds (nh-bonds/H20) accepted by water, donated by
water, and accepted + donated (total) by water as a function of distance from the surface for each
of the applied potentials considered in this study in Fig. 6.3 (we define a hydrogen bond with a 3.5
A cutoff for the O-O distance and an H-O-O angle less than 30° *%6). For comparison, the onset
potential of the HER is 0 V vs SHE at pH = 1 and -0.8 V vs SHE at pH=13. For accepted nu-
bonds/H20, there is no clear trend in Nu-ponas/H20 values as a function of potential below ~3.0 A
from the surface. Between ~3.0-4.0 A, the accepted ni-ponas/H20 increases as the applied potential
becomes more positive. For donated nH-nonds/H20, there are much clearer trends. Near the surface,
there is a peak in donated Nr-bonas/H20; At -0.36 V and below, this peak occurs ~2.4 A from the
surface. At more positive potentials, this peak shifts closer to the Pt(111) surface, centered at ~2.0
A. The shift in this peak can be rationalized by the transition of water within the bottom of the
interfacial bilayer from a ‘one-H-down’ to ‘parallel” water structure as the potential increases. In
‘one-H-down’ water, hydrogen bonds are formed with hydrogen in water that is farther from the
Pt(111) surface (i.e. with the O-H bond running parallel to the surface rather than the O-H bond

pointed towards the surface), while in ‘parallel” water both O-H bonds are closer to the surface.
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From ~2.5-4.0 A, the donated nu-nonas/H20 behaves similarly to accepted nu-ponds/H20, where the
donated nH-honds/H20 increases as the applied potential becomes more positive. Overall, the total
N-bonds/H20 generally increases below ~4.0 A from the surface as the potential becomes more
positive. In the context of the HOR/HER, this would indicate that more hydrogen bonds form
within interfacial water near the interface in more acidic conditions (more positive potentials)
versus alkaline conditions (more negative potentials). Given that hydrogen bonding is a precursor
for proton transfer reactions,*%® we suggest that the local hydrogen bonding near the interface could
also play a role in influencing the different HOR/HER activities as a function of pH. However,
more detailed analyses of water structures on other metals and analyses of how hydronium and
hydroxide molecules impact these hydrogen bonding networks are necessary to fully evaluate the

role of local hydrogen bonding environments on HOR/HER Kinetics.
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Figure 6.3: Hydrogen bond density (nH-bonas/H20) along the surface normal direction, where zero distance
corresponds to the center of the top layer of Pt. All potentials are referenced with respect to the SHE.

6.3.2 Water Structures on Hydroxyl-Covered Pt(111)
Depending on the applied potential and pH, the Pt(111) surface will not only be covered in

water but will also be covered in oxygenates. Here, we focus on the role that adsorbed hydroxyl,
OH*, plays in altering the structure of water within the EDL on Pt(111). Additionally, OH* is a
key reaction intermediate in many electrocatalytic reactions, particularly the oxygen reduction
reaction (ORR). We repeat our structural analysis of water to evaluate how OH* alters the local

water structure around the solvated Pt(111) electrode interface.

We studied a range of hydroxyl coverages from 1/9 ML to 6/9 ML (considering all possible

combinations of hydroxyl coverage configurations), which allowed us to calculate the potential-
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dependent energy and structures of hydroxyl at each coverage. To determine at what conditions
each of these structures would be the most stable, we constructed a Pourbaix diagram based on our
calculated AIMD energetics, which is shown in Fig. 6.4. Although there is not experimental
evidence to corroborate the entirety of the Pourbaix diagram, we can validate this diagram by
comparing the most stable phases with cyclic voltammetry (CV) data from Stamenkovic et al.}"
Their measurements at pH=1 indicate Pt(111) should not adsorb oxygenates below 0.6 V vs RHE.
From ~0.6 to ~0.8 V vs RHE, the coverage of oxygenates increases from 0 ML to 0.4 ML before
plateauing at 0.4 ML at more positive potentials. Our calculated Pourbaix diagram indicates that
at pH=1, oxygenates should start to adsorb at ~0.2 VV/RHE in an anodic sweep and reach a coverage
of 3/9 ML at ~1.0 V/RHE before plateauing at 3/9 ML at more positive potentials. This indicates
that 2/9 ML OH* structures are over-stabilized on Pt(111) in our AIMD models, even though we
do capture similar coverages of OH* as seen experimentally. Nonetheless, within our Pourbaix
diagram, we find that 2/9 ML, 3/9 ML, and 6/9 ML of OH* are stable depending on the applied

potential and pH.
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Figure 6.4: Pourbaix diagram showing most stable coverages of OH* on the Pt(111) surface. Yellow lines

indicate 0 V/RHE, the approximate onset potential for the HER on Pt(111), and 0.9 V, the approximate
onset potential for the ORR on Pt(111) for reference.

Next, we can examine how interfacial water structures are impacted by adsorbed hydroxyl
on Pt(111). Here in the main text, we focus on the most stable structures as seen in our Pourbaix
diagram. We start by examining how the density of water at the interface changes as we change
both the applied potential and the hydroxyl coverage on the surface, which we show in Fig. 6.5
(OH* coverages not present in Pourbaix diagram are shown in Fig. F.1). Similar to the clean
Pt(111) surface, we again find that there is a higher density of interfacial water between ~2-4 A
that forms an interfacial bilayer consisting of the bottom layer (less than 3.0 A from the surface)
and the top layer (between 3.0 and 4.5 A from the surface). We also find that increasing the
hydroxyl coverage increases the ratio of water in the bottom layer to water in the top layer of the
interfacial bilayer within a given potential range. This effect becomes so pronounced that at 6/9
ML of OH*, there is almost no water in the top layer of the bilayer at potentials more positive than

-0.72 V.
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Figure 6.5: Density of oxygen in water (po) along the surface normal direction on hydroxyl-covered,
electrified Pt(111) surfaces, where zero distance corresponds to the center of the top layer of Pt. All
potentials are referenced with respect to the SHE.

Next, we consider the orientation of water within this interfacial water bilayer when OH*
is present. Again, we analyze the orientation of water within the bottom and top layers of the
interfacial bilayer. We describe the orientation of the water by calculating 1) the angle between
the O-H bonds in water and the surface normal (0) for water within the bottom layer and top layer
of the bilayer (Fig. 6.6, OH* coverages not present in Pourbaix diagram are shown in Fig. F.2) and
2) the angle between the water bisector (¢) and the surface normal for water within the bottom
layer and top layer of the bilayer (Fig. 6.7, OH* coverages not present in Pourbaix diagram are

shown in Fig. F.3).
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Figure 6.6: Probability distribution of angle 0 between the O-H bonds of water and the surface normal for
interfacial water for the most stable OH* coverages within 3.0 A of the surface and within 3.0 and 4.5 A of
the surface. All potentials are referenced with respect to the SHE.

We first analyze water within the bottom layer of the interfacial bilayer. For all OH*
coverages, we find that there is a sharp peak in 0 at ~80°, indicating that water within this layer is
oriented ‘parallel’ to the surface. At 2/9 ML OH*, increasing the applied potential to more positive
values increases the probability of finding 6 at ~80°. As the coverage of OH* increases, changing
the applied potential has little effect on the probability of finding 6 in a given state as the O-H bond
angle is entirely fixed by the coverage of OH*. When we examine ¢, we find that water in the
bottom of the bilayer orients itself so that there is a peak in ¢ from 65-70° depending on the

coverage and applied potential, again showing that water within this layer adopts a ‘parallel’



108

orientation. At 2/9 ML OH*, the peak in ¢ grows as the peak shifts from 75° at -0.81 V to 65° at
1.56 V. In other words, water orients ‘parallel’ on the surface, and as the charge of the surface
increases as the applied potential increases, hydrogen in water tilts farther away from the surface.
As the OH* coverage increases, changing the applied potential has little effect on the probability
of finding ¢ in a given state, similar to the case with 0. Overall, we find that water within the
bottom layer of the interfacial bilayer forms a parallel orientation on the Pt(111) surface in the

presence of OH*.
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Figure 6.7: Probability distribution of angle ¢ between the water bisector and the surface normal of
interfacial water for the most stable OH* coverages within 3.0 A of the surface and within 3.0 and 4.5 A of
the surface. All potentials are referenced with respect to the SHE.

Next, we consider the orientation of water within the top layer of the interfacial water

bilayer in the presence of OH*. At all OH* coverages, we find similar trends for the probability of
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finding 6 in a given orientation. At more negative potentials, water orients itself so that both O-H
bonds point slightly towards the surface. As more positive potentials, both O-H bonds in water tilt
away from the surface. When we examine ¢ at 2/9 ML OH?*, there is not a strong correlation
between the applied potential and the orientation of @ until 0.91V. At 0.91 V, there is a broad peak
centered around the probability of finding ¢ at ~70 °, indicating that the water bisector is oriented
slightly away from the surface. At 2/9 ML OH* and 0.91 V, water roughly adapts a ‘parallel’
orientation. As the potential increases to 1.56 V, the water bisector orients so that it points away
from the surface, and water orients in a ‘two-H-up’ orientation. At higher OH* coverages, the little
water in the top layer of the interfacial bilayer generally shifts so that the water bisector shifts from
tilting towards the surface at low potentials to tilting away from the surface at higher potentials.
Nevertheless, the amount of ‘noise’ in the probability of finding 6 or ¢ increases as the coverage
increases because the density of water within the top layer of the interfacial bilayer becomes almost

zero as the OH* coverage increases.

Finally, we show representative images of interfacial water structures within the bottom
layer of the bilayer (within 3.1 A of the Pt(111) surface) and the associated average coverage of
oxygenates (OH* + H,O*) in Fig. 6.8. OH* coverages not present in Pourbaix diagram are shown
in Fig. F.4. For these surfaces, we do find conditions where the oxygenate coverage is close to the
2/3 ML required for a honeycomb structure. Through inspecting these structures, we find that
honeycomb overlayer structures form at some conditions on the Pt(111) surface, which is in
accordance with the results from OH*/H.O* co-adsorbed structures seen in UHV experiments. In
particular, we find these types of honeycomb structures at some potentials for 2/9 ML OH* and a

large range of potentials for 3/9 ML OH*. When the surface has 6/9 ML of OH*, the surface is
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almost entirely covered in oxygenates at all potentials, suggesting that the Pt(111) surface oxidizes

at these conditions rather than forming a OH*/H>O* co-adsorbed structure.
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Figure 6.8: Representative images of interfacial water within 3.1 A of the Pt(111) surface from AIMD
simulations. Coverages refer to the average total coverage of oxygenates (OH* + H20). Pt atoms are shown
in gray, O atoms from water are shown in red, O atoms from OH* are shown in dark red, and H atoms are
shown in white. All potentials are referenced with respect to the SHE.
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6.3.3 Trends in Water Structures on Pt(111) Electrodes
We summarize the water structures seen on Pt(111) at a range of applied potentials and

OH* coverages in Scheme 6.1. Overall, water on Pt(111) forms an interfacial bilayer structure on
the surface with an increased density of water relative to the bulk. At more negative potentials,
water in both layers of the bilayer form ‘one-H-down’ structures, and the density of water is
concentrated in the top layer of the interfacial bilayer. As the potential becomes more positive,
water in the bottom layer forms a ‘parallel’ structure while water in the top layer forms a ‘one-H-
up structure’. The ratio of water in the top layer to the bottom layer approaches one. Adding OH*
to the Pt(111) surface shifts the balance of water in the interfacial water bilayer from the top layer

to the bottom layer. Additionally, water tends to be oriented in a ‘parallel’ structure in the presence

08080308 _.Oo”3 co™®

of OH*.

+OH*

“0-@ “Ocg

Scheme 6.1: Generalized trends in water structures formed on Pt(111) electrodes. O atoms within the
bottom of the interfacial bilayer (within 3.0 A of the surface) are shown in orange, O atoms within the top
of the interfacial bilayer (within 3.0 and 4.5 A of the surface) are shown in blue, O atoms in OH* are shown
in dark red, H atoms are shown in white, and the Pt surface is shown in gray.

6.3.4 Comparing OH* Structures Between a Honeycomb Bilayer and Full Interfacial Water
Layer

Considering that honeycomb structures form on the Pt(111) at some potentials and OH*
coverages, one might expect that interfacial water structures could be approximated by a

honeycomb bilayer structure where water molecules are replaced with adsorbates on Pt(111).
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Furthermore, this approach is often used to approximate interfacial water structures in DFT
calculations. Therefore, we compare how OH* interacts with water in a simplified honeycomb
bilayer and a fully solvated electrode model. The minimum energy structures for 1/9-6/9 ML of

OH* adsorbed on Pt(111) with a honeycomb water bilayer are shown in Fig. F.5.

We start by comparing the number of hydrogen bonds formed between OH* and water
molecules or other OH* molecules. The total number of hydrogen bonds (donated and accepted)
by OH* at each coverage studied is shown in Fig. 6.9. At all coverages of OH* above 1/9 ML, we
find that OH* forms more hydrogen bonds in the full interfacial water model than the simplified
honeycomb bilayer model. Because OH* forms more hydrogen bonds, we then evaluate whether

these hydrogen bonds lead to more stabilized OH* species on the Pt(111) surface.
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Figure 6.9: Number of hydrogen bonds formed between OH* and water or other OH* species within a
simplified honeycomb water bilayer structure (dashed lines) and a full electrified interfacial water structure
(points connected by solid lines to guide the eye) as a function of applied potential.

We calculate the differential free binding energy of hydroxyl with both a honeycomb
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bilayer and a full interfacial water layer. We calculate the differential binding energy, AGoH,diff, Of

OH* in each system as:

AGOH,diff = Gslab+x0H*+yH20 - Gslab+(x—1)0H*+(y+1)H20 + U0 — GOH(g) (6-9)

where G is the free energy, x refers to the number of OH* on a surface, and y refers to the number
of water molecules in the system. For a fair comparison between the two water models, we use the
free energy of OH in the gas phase as our reference state. The differential binding energy as a

function of applied potential for both water models is shown in Fig. 6.10.
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Figure 6.10: Differential free binding energy of hydroxyl (AGon,qir) within a simplified honeycomb water
bilayer structure (dashed lines) and a full electrified interfacial water structure (points connected by solid
lines to guide the eye) as a function of applied potential.

The first thing to note is that AGowqitf is always constant for the honeycomb bilayer model,
while AGon,gifr changes as a function of potential for the full interfacial bilayer model. This is due
to the fact that for the honeycomb bilayer model, we cannot calculate how the energy of the system

changes as we change the applied potential across the water/electrode interface; however, for the
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full solvated electrode model, Gsiab+xoH++yH,0 aNd Gslab+(x-1)oH*+(y+1)H,0 are a function of the applied

potential and incorporate how the charge of the Pt(111) surface and the orientation and density of
water molecules impact the binding energy of OH*. For 1/9 ML OH*, we find that even though
OH* forms less hydrogen bonds in the fully solvated electrode model, OH* binds stronger on the
surface in the fully solvated electrode model than in a honeycomb bilayer. In fact, OH* always
binds stronger to the surface in a fully solvated electrode model than in a honeycomb bilayer model
for all OH* coverages except 3/9 and 4/9 ML OH*. For these coverages, OH* can bind weaker in

the fully solvated electrode model at more positive potentials.

These results indicate that while hydrogen bonds are critical for stabilizing OH* species,
other factors, like the charge of the surface, the applied potential, and repulsive interactions within
high densities of oxygenates can also impact the stability of OH* on a Pt(111) surface.
Furthermore, we only expect to see honeycomb-bilayer-like structures consistently with 3/9 ML
OH* in the fully solvated electrode model, so the honeycomb bilayer model cannot accurately
depict the water structures that form at other coverages. However, a fully solvated electrode model
that utilizes AIMD can take all of these factors into account to provide a holistic view of OH*
bonding strength within the EDL. These results indicate that the binding properties of adsorbates
on electrode surfaces are highly influenced by interactions with water molecules and charged
electrode surfaces. More detailed models of adsorbates at electrocatalytic active sites that include
surface charge, applied potential, and solvent interactions can help us better understand and tailor

these interactions so that we can design improved electrocatalysts.

6.4 Conclusions
In this work, we examine interfacial water structures on Pt(111) and evaluate how the
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applied potential and OH* surface coverage impacts interfacial water structures. Because these
structures are nearly impossible to probe experimentally, we utilized AIMD models to elucidate
these water structures. On clean Pt(111) surfaces, the density and orientation of water at the
solid/liquid interface strongly depend on applied potential. However, there were no conditions
where a honeycomb water bilayer, a popular method for evaluating solvent effects in theoretical
models, forms at the Pt(111) surface. By including OH* on the Pt(111) surface, we find that
honeycomb water bilayers form at some OH* coverages (around 3/9 ML OH*) and applied
potentials on the surface. We then show that a simple water honeycomb bilayer model predicts
different hydrogen bonding networks and OH* binding energies than a full model of water within
the electric double layer at the solid/liquid interface. These findings show that water structures are
drastically altered by changes in the applied potential and coverage of OH*. In turn, these structural
changes can lead to differences in interactions between adsorbates on a catalyst surface and water
under a range of conditions. These differences can alter the stability of adsorbates on a catalyst
surface, which have implications in catalysis research where these interactions are critical for

optimizing the performance of electrocatalysts.
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Chapter 7: First-Principles Trends of Formic Acid Electro-
oxidation on Transition Metals Alloyed with Platinum and
Palladium

7.1 Introduction

Although fossil fuels played a critical role in increasing living standards across the globe,
rising greenhouse gas emissions continue to introduce widespread consequences to society and the
environment. We must therefore find new ways to generate energy that utilize sustainable fuel
sources to shift the focus of our energy economy away from fossil fuels. Low-temperature polymer
electrolyte membrane (PEM) fuel cells are a promising alternative-energy solution in the
transportation and mobile power sectors.!’* Unlike combustion engines, fuel cells are not limited
by Carnot efficiencies'’? and can utilize a wide array of fuels that are carbon-neutral or are

produced using renewable energy sources,383950.52173-176

Hydrogen is a popular potential fuel for use in PEM fuel cells because oxidizing hydrogen
results in water as the sole product. However, there is limited technology available to efficiently
and safely transport and store hydrogen, and there would need to be a massive change in
infrastructure to support a hydrogen fuel economy. Such limitations do not exist for liquid fuels,
making them a more attractive alternative to hydrogen. Because many liquid fuels are carbon
based, they ideally should be produced from renewable sources like carbon dioxide!”” or
biomass.'’® Formic acid (FA) has emerged as a viable potential liquid fuel source due to its facile
oxidation kinetics at room temperature,'’®-18 low crossover through Nafion membranes,*® and
easy sourcing through biomass conversion through levulinic acid.'8 Additionally, FA has a higher

equilibrium cell voltage (1.40 V) compared other potential fuels such as hydrogen (1.23 V),
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dimethyl ether (1.20 V), and methanol (1.21 V).*®" For these reasons, direct formic acid fuel cells
(DFAFCs) have emerged as a promising technology for generating clean energy for transportable

power.

Platinum and palladium are the most widely studied catalysts for formic acid oxidation
(FAO) due to their relatively high activity.'®” However, these metals are easily poisoned by CO,
require prohibitively large overpotentials to oxidize FA, and are unstable in acidic conditions
found in DFAFCs. One way to address these shortcomings by alloying Pt and Pd with other metals.
Indeed, DiSalvo and coworkers developed PtBi and PtPb catalysts that have superior activity
towards FA electro-oxidation compared to Pt, PtRu, and Pd catalysts.>>>® Additionally, PtAu®>*
and PtlIr'®® catalysts have been shown to have superior activity towards methanol and FA electro-
oxidation. Because Pd in particular has the highest electrocatalytic activity of any of the transition
metals for oxidizing formic acid, there have been several successful efforts to improve the activity

of Pd by alloying it with Au,%” Cu,%® Ni %6 Co,%° Ru,®* Fe,® Ti,50 /.

Due to the large combination of potential alloys, experimental efforts in synthesizing new
catalysts for FAO remains a challenge. Therefore, ab initio screening methods are an invaluable
tool for identifying potentially more active catalysts that can then be further explored
experimentally and theoretically to further assess their activity, selectivity, and stability. In this
work, we use periodic density functional theory (DFT) calculations to examine the reactivity of
alloyed catalysts that consist of transition metal solutes (Au, Ag, Cu, Ir, Pd, Pt, Ir, Rh, Ru, and Re)
alloyed with Pt or Pd solvents. Based on our previous work studying trends in FA oxidation on
transition metal surfaces, we believe that these transition metal solutes provide a wide array of

properties that could be of benefit in FA electro-oxidation when alloyed with Pt or Pd.*"48 |n this
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work, we calculate the free energies of key surface intermediates involved in FA electro-oxidation
on the (111) facet of Pt- and Pd-based bimetallic alloys to study key reactivity trends and identify

promising candidates for new catalysts for FA electro-oxidation.
7.2 Methods

7.2.1 DFT Calculations
We performed periodic DFT calculations as implemented in the Vienna Ab Initio

Simulation Package (VASP)®82 to calculate the free energies of critical adsorbed intermediates in
FA electro-oxidation. Core states were represented by projector augmented wave (PAW)
pseudopotentials, 212! and valence states were expanded in a plane wave basis set with a cutoff
energy of 400 eV. We utilized the PW-91 form of the generalized gradient approximation
(GGA).” Our analysis focuses on the most relevant FAO reaction intermediates on each surface,
namely formate (HCOO¥), carboxyl (COOH*), carbon monoxide (CO¥*), and hydroxyl (OH*) (*
denotes an adsorbed species). These surfaces include the close-packed facets of Pd, Pt, Ir, Rh, Ru,
and Re as well as the close-packed facets of PsM alloys (P = Pt or Pd, M = Au, Ag, Cu, Ir, Pd, Pt,
Rh, Ru, or Re, where P # M). Lattice constants for these systems are given in Table G.1. In this
work, our analysis focuses on Pt, Pd, and PsM alloys, while values for other surfaces are given for
comparison in Appendix G. The bulk of the alloys were modeled as a L1, crystal structure (CuzAu
prototype), where each solute metal atom has twelve nearest-neighbor solvent atoms. Lattice
constants for bulk alloys were calculated using a cubic unit cell with one overall lattice constant.
We modeled each surface using a four-layer slab model where the bottom two layers of the slab
were fixed at their bulk lattice constant (see Table G.1) and the top two layers and adsorbates were
fully relaxed. All surfaces were modeled with a (2 x 2) unit cell, resulting in a coverage of ¥

monolayer (ML) for all adsorbates. Although our previous work on FAO utilized (3 x 3) unit
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cells, 1181 we utilized this smaller unit cell to accommodate the structure of an ordered PsM
alloyed surface. Periodic images in the z direction were separated by ~14 A of vacuum, and we
modeled the adsorption of reaction intermediates on one side of the surface and applied
corresponding dipole corrections to the electrostatic potential.*?#'® To sample the surface

Brillouin zone, we used an (8 x 8 x 1) k-point mesh.1?2
7.2.2 Surface Segregation in Alloys

Studying ordered alloys with a bulk termination gives us key trends in how different
transition metal solutes can adjust the reactivity of Pt or Pd. However, alloyed surfaces can
reconstruct and lead to atoms segregating on the surface of catalysts with and without adsorbates.
To capture the potential effects of surface segregation, we fixed the bottom two layers of our slabs
and examined the energetics of every permutation of the top surface atoms with and without
adsorbates. For the top two layers, we repeated our calculations for every unique arrangement of
the eight atoms in the top two layers of each unit cell, resulting in seven different structures, as
shown in Fig. 7.1. Each structure is denoted as PsM-xy, where x is the number of solute atoms in
the topmost layer (x = 0, 1, or 2) and y differentiates structures with the same x value. Alloyed
surfaces that contain the same structure in the top two layers as in the bulk are denoted as PsM-1;.
The most-stable binding structures for clean surfaces and surfaces with each adsorbate (at ¥4 ML

coverage) can be found in Section G.3 of Appendix G.
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Bulk Terminated

Figure 7.1: Top-down views of studied surfaces. Each structure is denoted as PsM-xy, where X is the
number of solute atoms in the topmost layer per unit cell (x = 0, 1, or 2) and y differentiates between
structures with the same x value. Note that while the top atom structures may appear similar, the hollow
site structures vary between different models. Pt or Pd atoms are shown in grey, and solute atoms (Au, Ag,
Cu, Ir, Pd, Pt, Ir, Rh, Ru, and Re) are shown in blue. Dashed black lines delineate the unit cell.

7.2.3 Modeling FA Electro-oxidation

In accordance with previous work,*’* we study FA electro-oxidation in the context of the

following elementary steps:

HCOOH(g) + * - HCOO* + H* + & (1)
HCOO* — CO2(g)+ *+H" + ¢ (2)
HCOOH(g) + * — COOH* + H + ¢ (3)

COOH* — COx(g)+ * + H" + ¢ (4)
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COOH* + * — CO* + OH* (5)
CO* + OH* — CO(g) + 2* + H" + & (6)
COOH* + H* + &* — CO* + H20(g) 7)
H2O(g) + * — OH* + H* + & (8)

These steps form the basis of the three pathways considered in our analysis. The first
pathway is the direct oxidation of FA via formate, which consists of steps (1) and (2). Second, we
consider the direct oxidation of FA via carboxyl, which consists of steps (3) and (4). Finally, we
consider the indirect oxidation of FA via carboxyl, which consists of steps (3) and (5)-(8). Like
our previous research,t’#18:1% oyr work excludes the indirect oxidation of FA via formate, where
CO* is produced from formate due; this reaction is energetically unfavorable, especially when

compared to how easily CO* can form through carboxyl.18:191

To model the effect of an electric potential in our calculations, we utilized the post facto
computational hydrogen electrode (CHE) formalism as developed by Ngrskov and coworkers.!’
According to the CHE formalism, hydrogen gas is in equilibrium with protons and electrons at
standard conditions of 298 K, 1 bar Hy, and all pH values, at a defined potential of 0.00 V with

reference to the reversible hydrogen electrode (RHE), according to the following reaction:
Hz(g) Ad 2(H+ + e_),AG = 0 at 000 URHE
All potentials hereafter are relative to the RHE. The applied bias (U) is accounted for by

shifting the free energy of a proton-electron pair by -|e|U, where |e| is the absolute charge of an

electron. To examine how changing the potential changes our reaction energetics, we calculate
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Gibbs free energy (G) of each reaction intermediate:

G = E,prq + ZPE — TS (7.1)

where E,,:4; IS the total energy of the system (slab + adsorbate) calculated from DFT, ZPE is the
calculated zero-point energy, S is the calculated entropy, and T is the standard temperature of 298
K. For consistency with previously published work on methanol*®° and formic acid electro-

oxidation,'’* all calculated values of G are relative to those of gas-phase CO2, Hz, and H-O.

After calculating the energetic information for each step in our reaction network, we then

calculate the activity, A, of each reaction step:
A = kgTmin; (log %) , where k; = v;e Fai/ksT (7.2)
0

where ks is Boltzmann’s constant, T is the absolute temperature (298K in this work), ki is the
forward rate constant of reaction i, viis the prefactor for reaction i, and Ea; is the activation barrier
for reaction i, and ko normalizes the activity of non-activated electron/proton transfer steps to zero.
In this work, we assume that activation barriers for each step are correlated with the corresponding
reaction thermochemistry through Brgnsted-Evans-Polanyi relationships.1%2 In other words, the
more endothermic a reaction is, the higher its corresponding activation barrier. In particular, the
CHE formalism establishes that the kinetic barriers of proton-electron transfer steps are
approximated by their potential-dependent free energy change (AG), meaning that the activation
barrier for a faradaic step equals AG if AG is positive and equals zero if AG is zero or negative. In
the above reaction mechanism step (5) is the only non-faradaic step. However, we do not explicitly
calculate the barrier for step (5) and instead take AG as a first approximation for the reaction

barrier, in accordance with what we have done in previous work."#1%0 Based on these assumptions,
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we simplify our expression for activity to A = mini(-AG;).

To analyze each of the three pathways involved in our reaction network, we calculate the
onset potential as the minimum applied potential needed to ensure that all proton-electron transfer
steps in the pathway take place spontancously (i.e., AG < 0). We therefore define the potential-
determining step as the most endergonic (or least exergonic if all steps are exergonic) step in each

path.
7.3 Results and Discussion

In the following section, we first examine FA electro-oxidation on Pt and Pd to highlight
the benefits and pitfalls of each catalyst. After examining Pt and Pd, we then focus our discussion

on trends in the reactivity of alloyed catalysts.



7.3.1 Formic Acid Electro-oxidation on Pt and Pd

Free Energy (eV)

10.00V on Pt

HCOO*+H +e"

CO*+OH*+H"+e
HCOOH(q) \ CO,(g)+2(H"+e)
- \

COOH*+H '+ e A
', CO*+H,0(g)

|~ Direct via Formate

—— Direct via Carboxyl
—— Indirect via Carboxyl

- - ~ Dehydration via Carboxyl

1.29

0.8

0.4 4

0.0

-0.4

-0.84

Free Energy (eV)

164
2,04

2.4 4

Reaction Coordinate

0.00V on Pd

HCOO*+H'+e

-HCOOH(g) t \\ CO2(g)+2(H'+e')

COOH*+H"+ & \\ CO*+OH*+H"+e"

\

\
'S0 H;0(g)

—— Direct via Formate
—— Direct via Carboxyl
——— Indirect via Carboxy!

- = = Dehydration via Carboxyl

-2.8

Reaction Coordinate

Free Energy (eV)

Free Energy (eV)

1214

124

1.12V on Pt
0.8
0.4
0.0 4HCOOH(g)
044
HCOO*+H"+e"
0.8 CO*+OH*+H*+e
1.2+ B
COOH"+H '+ e CO*+H,0(g)

-164
204 Direct via Formate

"~ |— Direct via Carboxyl .
-2.4 {—— Indirect via Carboxyl CO,(g)+2(H™+e)
Tl e Dehydration via Carboxyl

Reaction Coordinate
1.2+
1.13V on Pd
0.8
0.4 4
0.0JHCOOH(g)
0.4 -
HCOO*+H"+e"

0.8
124 COOH*+H'+ e’ CO*+OH*+H*+e"
1.6 CO*+H,0(g)
s0d— Direct via Formate

' Direct via Carboxyl
-2.44— Indirect via Carboxyl CO,(g)+2(H™+e)
P b Dehydration via Carboxyl

Reaction Coordinate

Figure 7.2: Free energy diagrams for formic acid electro-oxidation on Pt(111) at (a) 0.00 V and (b) 1.12
V (onset potential of indirect mechanism) and on Pd(111) at (c) 0.00 V and (d) 1.13 V (onset potential of
indirect mechanism).

Free energy diagrams for FAO on Pt(111) and Pd(111) are shown in Fig. 7.2. Starting with

Pt, the initial deprotonation of FA to form HCOO* or COOH* is endergonic at 0.00 V (Fig. 7.2a).

Therefore, the direct oxidation of FA via HCOO* begins at an onset potential of 0.45 V, and the

direct oxidation of FA via COOH* begins at an onset potential of 0.02 V. Because the formation

of both intermediates requires the removal of one proton, HCOO* will always be 0.43 eV less

stable than COOH™* at all potentials according to the CHE formalism, and COOH* formation will

always be preferred. Once COOH* is formed, it can undergo a further deprotonation step to form
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either CO. directly or CO* and H20(g). At 0.00 V, CO* formation is energetically preferred, thus
poisoning the catalyst surface. CO* can be removed by increasing the potential to 1.12 V to initiate
the indirect oxidation of FA (Fig. 7.2b), at which point the free energy of COOH* + H* + e- is
equivalent to that of CO* + H20. After COOH* forms at this potential, it can then deprotonate to

form CO:..

Next, we focus on FA-oxidation on Pd. Like Pt, the initial deprotonation of FA to form
HCOO* or COOH* is also endergonic at 0.00 V on Pd (Fig. 7.2c¢). The direct oxidation of FA via
HCOO* has an onset potential of 0.37 V, while the direct oxidation of FA via COOH* has an
onset potential of 0.16 V. Like Pt, COOH™* is still energetically more stable than HCOO*, but only
by 0.20 eV. When COOH* forms, it can either deprotonate to form CO, or undergo a more
energetically favorable dehydration reaction to form surface-poisoning CO*. By increasing the
potential to 1.13 V (Fig. 7.2d), H2O can be activated to form OH* and a proton-electron pair, and

OH* can then react to form CO2(g) and a second proton-electron pair.

Finally, we briefly discuss the effect of coverage on the energetics of FAO. In our prior
work examining FAO on monometallic catalysts,!’* we studied all reactants at a 1/9 ML coverage
as opposed to the 1/4 ML coverage considered here. We note that the binding energy of adsorbates
changes by < 0.1 eV between the two coverages, well within expected errors for DFT,®® but that
these differences could result in some kinetic variation. For both Pt and Pd, we found that
increasing the coverage from 1/9 ML to 1/4 ML destabilizes formate, resulting in the onset
potential for the direct oxidation via formate increasing by 0.09 V for Pt and 0.11 V for Pd.
Conversely, increasing the coverage from 1/9 ML to 1/4 stabilizes carboxyl for both metals,

resulting in the onset potential for the direct oxidation via carboxyl pathway decreasing by 0.03 V
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for Pt and 0.08 V for Pd. We also consider how changing the coverage impacts the onset potentials
for the indirect pathway via carboxyl. Both the CO* + OH* state and the CO* + H;0 are
destabilized at 1/4 ML relative to the same states at 1/9 ML on both metals. Overall, this makes
removing CO* + OH* by forming COOH* or by generating CO2 and a proton-electron pair more
facile at 1/4 ML versus 1/9 ML coverage. Therefore, the onset potential for the indirect pathway
via carboxyl is 0.1 V lower on Pt at 1/9 ML compared to 1/4 ML. If the potential determining step
is activating water to form OH* and a proton-electron pair, then the relative difference between
the CO* + OH* state and the CO* + H»O state will determine whether the onset potential for the
indirect pathway via carboxyl increases or decreases. In the case of Pd, this step is more difficult
at 1/4 ML versus 1/9 ML, therefore, the onset potential for the indirect pathway via carboxyl is
0.08 V higher at 1/4 ML versus 1/9 ML. In general, we expect that the onset potential will increase
for the direct oxidation via formate pathway, decrease for the direct oxidation via carboxyl
pathway, and could increase or decrease for the indirect oxidation via carboxyl for 1/4 ML

compared to 1/9 ML of adsorbates.

Although Pt and Pd are the most active monometallic catalysts for FA electro-oxidation,
they both have drawbacks. Because COOH* is more stable than HCOO*, both catalysts will tend
to form CO*, poisoning the catalyst surface. Therefore, large overpotentials are needed to remove
CO*. By alloying Pt and Pd with other transition metals, we aim to design new catalysts with
fundamentally enhanced properties compared to Pt and Pd. The ideal catalyst should: 1) promote
the formation of HCOO™* relative to COOH* to avoid poisoning the catalyst surface with CO*
formed from COOH*, and 2) destabilize CO* and/or stabilize OH* so that CO* can be removed
at lower onset potentials. In the following subsection, we analyze the properties of catalysts

containing a 3:1 ratio of Pt or Pd alloyed with a second metal to screen for catalysts that are more
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active for FAO. The free energy of adsorbates on each alloyed surface are reported in Table G.2
for Pt alloys and Table G.3 for Pd alloys. We use this energetic data to calculate the onset potential
of the direct oxidation pathway via formate, the direct oxidation pathway via carboxyl, and the
indirect oxidation pathway via carboxyl, which we report in Table G.4 for Pt alloys and Table G.5
for Pd alloys. Additionally, we report the reaction free energy for each step in the FA electro-

oxidation pathway in Table G.6 for Pt alloys and Table G.7 for Pd alloys.
7.3.2 Bulk-terminated Alloys

In this next section, we focus our analysis on alloyed surfaces. The relative energies of
each alloy surface structure are reported in Table G.8 for Pt alloys and Table G.9 for Pd alloys.

We first examine the FAO mechanism on each of the surfaces terminated with their bulk structure.

Direct oxidation via formate: As a first step, we examine how the bulk structure of a PzM
alloy with a solute metal M (M = Au, Ag, Cu, Ir, Pd, Pt, Rh, Ru, or Re) in a solvent metal P (P =
Pt or Pd, where P # M) affects a catalyst’s reactivity towards FA electro-oxidization. In this case,
we examine the reaction free energies for all P3M-1; systems (see Fig. 7.1 for structure), in which
the top two layers of the alloy slab model have the same structure as the bulk alloy in the bottom

two layers.
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a) 15- Pt Alloys b) 15- Pd Alloys

AG (eV)
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Figure 7.3: AG for direct oxidation of formate pathway on (a) Pt alloys and (b) Pd alloys. The potential-
determining step is indicated with a dashed bar. The blue and green lines indicate AG of a reaction step for
pure (a) Pt or (b) Pd, and the color of the line label indicates the potential-determining step for each
respective metal. (Blue bars: HCOOH(g) — HCOO* + H* + " Green bars: HCOO* — CO»(g) + H" + ¢)

In the direct oxidation via formate pathway, FA first oxidizes to form HCOO* and a proton-
electron pair before oxidizing again to form CO> and a second proton-electron pair. Fig. 7.3 shows
the reaction free energy associated with each step in this pathway for each alloy. From this data,
we extract trends in how a solute metal affects the reactivity of Pt or Pd-based alloys towards FA
electro-oxidation. For both PtsM and PdsM alloys, Pt or Pd and the coinage metals Au, Ag, and
Cu increase the free energy needed to deprotonate HCOOH and form HCOO* on the surface,
making HCOO* formation more difficult when alloyed with Pt or Pd. Alternatively, alloys
containing Ru oxidize FA to form HCOO* more easily than Pt and Pd while still maintaining
HCOO* formation as the potential-determining step for this pathway. Re is the only solute that
causes HCOO* formation from HCOOH to be exergonic for both PtsM and PdsM alloys. In this
case, the potential-determining step for Pt or Pd alloyed with Re in this reaction path is not forming
HCOO*, but rather removing HCOO™* to produce CO; and a proton-electron pair. For the other

transition-metal solutes, there is not a clear trend as to how each metal affects reactivity. Alloying
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Pt with Ir or Rh has little effect on the reaction free energies in this compared to pure Pt. However,
alloying Pd with Ir or Rh results in a surface where FA is oxidized to HCOO* far easier than on

pure Pd.

Direct oxidation via carboxyl: Next, we discuss how the direct oxidation via carboxyl
pathway is affected by alloying Pt or Pd with other transition metals. In this pathway, FA is first
oxidized to form COOH* and a proton-electron pair before oxidizing again to form CO. and a

second proton-electron pair. Fig. 7.4 shows the free energy of reaction for each step in this reaction

pathway.
a)15- Pt Alloys b) 15- Pd Alloys
1.0 1.0

'2.0 T T T T T T T T -2.0 T T T T T T T T
Au Ag Cu Ir Pd Rh Ru Re Au Ag Cu Ir Pt Rh Ru Re
Solute Metal Solute Metal
Il HCOOH(g) —» COOH* + H* + ¢

Il COOH* — CO,+ H' + e

Figure 7.4: AG for direct oxidation of carboxyl pathway on (a) Pt alloys and (b) Pd alloys. The potential-
determining step is indicated with a dashed bar. The black and ruby lines indicate AG of a reaction step for
pure (a) Pt or (b) Pd, and the color of the line label indicates the potential-determining step for each
respective metal. (Black bars: HCOOH(g) — COOH* + H* + €7, Red bars: COOH* — CO,(g) + H* + ¢)

Coinage metals have a similar effect on the initial formation of COOH* as they did on the
initial formation of HCOO™*, whereby they increase the free energy of reaction required to generate
both species from FA compared to pure Pt and Pd. We also find that forming COOH* from FA is
highly exothermic on Pt and Pd alloyed with Re, similar to the effect that Re has on HCOO*

formation from FA. There are no clear trends, however, for alloying Pt or Pd with the remaining
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transition-metal solutes. Alloying Pt with Ir, Pd, Rh, and Ru makes oxidizing FA to form COOH*
less favorable than pure Pt. For PdsM alloys, Ir, Pt, Rh, and Ru all significantly lower the free
energy of formation for oxidizing FA to COOH* compared to pure Pd. With the exception of
PdsPt, the free energy of reaction for forming COOH* from FA is actually negative on the

remaining non-coinage metal solutes.

Indirect oxidation via carboxyl: Finally, we address the activity of bimetallic Pt and Pd
catalysts towards FA electro-oxidation through the indirect oxidation via carboxyl pathway. When
COOH* forms, it can dehydrate to form CO* instead of being directly oxidized to form CO2(qg).
To remove CO* from the surface, it can either undergo a reverse hydration reaction to form
COOH* (which can be oxidized form CO2(g) through the direct oxidation via carboxyl pathway)
or water must first be activated to generate OH* which can then react with CO* to produce CO2(g)
and a proton-electron pair. In this way, the indirect oxidation via carboxyl pathway is composed
of two sub-pathways, the COOH* formation pathway and the water activation pathway. Therefore,
we can establish the potential-determining step for the indirect oxidation via carboxyl pathway by
comparing the free energy of reaction for forming COOH* from CO* to the most endergonic
reaction step between activating water to form OH* and reacting OH* with CO* to form CO2(g).
The least endergonic step between the COOH* formation pathway and the water activation
pathway will then be the potential determining step in the indirect oxidation via carboxyl pathway.
The free energy of reaction for each of these three steps on bulk terminated alloys is shown in Fig.

7.5.
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a) 25- Pt Alloys b) 25. Pd Alloys
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Figure 7.5: AG for indirect oxidation of carboxyl pathway on (a) Pt alloys and (b) Pd alloys. The potential-
determining step is indicated with a dashed bar. The purple, red, and orange lines indicate AG of a reaction
step for pure (a) Pt or (b) Pd, and the color of the line label indicates the potential-determining step for each
respective metal. (Purple bars: CO* + H,O(g) — COOH* + H* + ¢7, Red bars: CO* + H,0O(g) — CO* +
OH* + H" + e, Orange bars: CO* + OH* — COy(g) + H + ¢)

We begin our analysis by focusing on solute metals alloyed with Pt. As mentioned
previously, the potential-determining step for the indirect oxidation of FA via carboxyl on pure Pt
is hydrating CO* to produce COOH*. Aside from Ir and Ru, all solute metals produce Pt-based
catalysts that retain the same potential-determining step. The potential determining step on Ptslr
and PtzRu is activating water instead of hydrating CO*. Pt catalysts alloyed with Au, Ag, and Re
have larger reaction free energies, and thus larger onset potentials, for hydrating CO* to form
COOH* compared to pure Pt. On the other hand, alloying Pt with Cu, Rh, or Ru results in catalysts
with slightly lower onset potentials for this step as compared to pure Pt. The overall reaction free
energy for activating water on Ptzlr is the same as hydrating CO* on pure Pt, so the onset potentials
should be the same for these two surfaces. However, the reaction free energy for activating water
on PtzRu lower than hydrating CO* on pure Pt, making the indirect oxidation via carboxyl pathway

more favorable on PtsRu than pure Pt.
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For most PdsM alloys, the potential-determining step is activating water to produce OH¥*,
similar to that of pure Pd. The only exceptions to this trend are PdsPt and PdsRe, where hydrating
CO* to produce COOH™ is the potential-determining step. Pd catalysts alloyed with Au, Ag, and
Re have larger reaction free energies, and thus larger onset potentials, for activating water
compared to pure Pd, resulting in a larger onset potential for this pathway. Alloying Pd with Ir,
Rh, and Ru solutes results in lower reaction free energies, and therefore lower onset potentials, for
water activation than for pure Pd. PdsPt and PdsRe catalysts prefer hydrating CO* to produce
COOH*. However, the reaction free energy for this step is the same (in the case of PdsPt) or larger

(in the case of PdsRe) than activating water on pure Pd.

Overall reactivity: After analyzing the direct oxidation via formate, the direct oxidation via
carboxyl pathways, and the indirect oxidation via carboxyl pathways in depth individually, we
then combined the critical information about each pathway. Using the free energy of reaction for
each step in each pathway, we calculated the onset potential based on the potential-determining
step for each pathway, as shown in Fig. 7.6. This allows us to examine the interplay between the
three pathways and further analyze the balance of these pathways that would lead to improved
catalysts for formic acid electro-oxidation. Ideally, catalysts for FA electro-oxidation should have
lower onset potentials for the direct oxidation via formate pathway and have higher onset potentials
for forming COOH* to avoid CO* formation. Additionally, the ideal catalysts should also have
lower onset potentials for the indirect oxidation via carboxyl pathway to facilitate removing CO*.
Out of all of the bulk-terminated alloyed surfaces we have studied, only PtsRu offers all three of
these benefits. Additionally, Pdzlr, PdsRh, PdsRu, and PtsRh meet two out of the three selection

criteria. Unsurprisingly, many of these alloys have experimentally been identified as active
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catalysts for FA, methanol, or ethanol oxidation.>>1%4-1%7
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Figure 7.6: Onset potentials for FA electro-oxidation pathways on (a) Pt alloys and (b) Pd alloys. The color
of each bar indicates the potential-determining step for each pathway. The bars for each alloy from left to
right indicate the onset potential for the direct oxidation via formate pathway (Blue bars: HCOOH(g) —
HCOO* + H*, Green bars: HCOO* — CO.* + H"), the direct oxidation via carboxyl pathway (Black bars:
HCOOH(g) — COOH* + H*, Red bars: COOH* — CO.* + H*), and the indirect oxidation via carboxy!l
pathway (Purple bars: CO* + H,O(g) — COOH* + H*, Red bars: CO* + H,O(g) — CO* + OH* + H",
Orange bars: CO* + OH* — CO»(g) + H").

7.3.3 Role of Surface Reconstruction

Studying ordered alloys with a bulk termination gives us key trends in how different
transition metal solutes can adjust the reactivity of Pt or Pd. However, alloyed surfaces can
reconstruct, leading to atoms segregating on the surface of catalysts with and without adsorbates.
To capture the effects of surface segregation, we examined every possible configuration of atoms
in the top two layers of the alloys to calculate the energy of each system with and without
adsorbates. In these next sections, we focus on the lowest energy surfaces for both clean surfaces

and surfaces that have experienced metal segregation due to 1/4 ML CO*,
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Surface segregation on clean surfaces: We begin our discussion of analyzing FA electro-
oxidation on reconstructed surfaces by first focusing on the most stable clean surfaces for each

alloy. The most stable surfaces under vacuum for each alloy are listed in Table 7.1.

Table 7.1: The most stable reconstructions for clean Pt and Pd alloys. The structures for each stable
reconstruction are shown in Fig. 7.1, and the relative energies of each surface are shown in Table G.8 for
Pt alloys and Table G.9 for Pd alloys.

Most Stable Most Stable
Pt Alloys Surface Structure Pd Alloys Surface Structure
PtsAu 21 Pd;Au 22
Pt:Ag 21 PdsAg 21
PtsCu 01 PdsCu 01
Ptslr 01 Pdslr 01
PtsPd 01 PdsPt 01
PtsRh 01 PdsRh 01
PtsRu 01 PdsRu 01
PtsRe 02 PdsRe 0,

Alloys containing Au or Ag adopt structures where half of the top layer of the surface
contains the solute metal and the second layer is composed of entirely Pt or Pd. All other metal
solutes prefer to segregate into the surface so that the top layer of the surface is composed of Pt or
Pd and half of the atoms in the second layer are solute atoms. These results are in agreement with
previous work on surface segregation in alloyed systems.'% Additionally, several experimental
studies of bimetallic catalysts showed that Pts3M and PdsM systems often prefer to form Pt or Pd
skins atop a bulk alloy structure for many of the metals shown in this study.>®5%1% After identifying
these surfaces as the most stable structures, we then repeated our analysis from above and

identified the potential determining step as well as the onset potential for each pathway based on



135

the reaction free energies for each step. The onset potential for each surface and the potential

determining step are shown in Fig. 7.7 for both Pt and Pd alloys.
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Figure 7.7: Onset potentials for FA electro-oxidation pathways on (a) Pt alloys and (b) Pd alloys with the
structures most stable under vacuum. The color of each bar indicates the potential-determining step for each
pathway. The bars for each alloy from left to right indicate the onset potential for the direct oxidation via
formate pathway (Blue bars: HCOOH(g) — HCOO* + H*, Green bars: HCOO* — CO.* + H*), the direct
oxidation via carboxyl pathway (Black bars: HCOOH(g) — COOH* + H*, Red bars: COOH* — CO>* +
H*), and the indirect oxidation via carboxyl pathway (Purple bars: CO* + H,O(g) — COOH* + H*, Red
bars: CO* + H,O(g) — CO* + OH* + H*, Orange bars: CO* + OH* — CO2(g) + H").

We first begin our discussion by focusing on Pt alloys. We find that the potential
determining steps for all alloys are the same as they are on pure Pt. However, the onset potential
for each pathway shifts for alloys compared to pure Pt. We find that all solute metals except Ag
and Re increase the onset potential of the direct oxidation via formate, and all solute metals
increase the onset potential of the direct oxidation via carboxyl. Thus, alloying Pt with Au or Re
results in catalysts that more readily form HCOO* and less readily form COOH* compared to Pt,
which are both desirable characteristics in FAO catalysts. We also find an inherent link between

the onset potential of the direct oxidation via carboxyl and the indirect oxidation via carboxyl
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pathways. As the onset potential for forming COOH* from FA increases, the onset potential to
remove CO* by hydrating it to produce COOH* decreases. This trend results in several promising
Pt-based bimetallic catalysts that have lower onset potentials for the indirect oxidation via

carboxyl, namely PtsM catalysts with Cu, Ir, Rh, Ru, and Re as solutes.

For Pd alloys, we find some similar trends as for Pt alloys. Almost all alloys share the same
potential-determining step for each pathway with Pd. The only exception for this trend is PdsAu,
where the potential determining step in the indirect oxidation via carboxyl pathway is oxidizing
CO* with water to form COOH* rather than activating water to form OH*. All Pd alloys have an
increased onset potential for direct oxidation via formate compared to pure Pd except for alloys
containing Ag and Re. Furthermore, all Pd alloyed systems have an increased onset potential for
the direct oxidation via carboxyl pathway compared to the pure Pd. We also find a link connecting
the onset potential for the direct oxidation via formate and the indirect oxidation via carboxyl. As
discussed later in more detail, the binding free energy of HCOO* scales with the binding free
energy of OH*, as both species bind to the surface through oxygen. Thus, surfaces that stabilize
HCOO*, thereby reducing the energy required to form HCOO* from FA, should also reduce the
energy required to activate water and form OH* on the surface to facilitate the removal of CO*.
Based on this analysis, PdsAg catalysts and PdsRe catalysts should both have lower onset
potentials for the direct oxidation via formate and the indirect oxidation via carboxyl compared to
pure Pd, which are desirable traits for improved FAO catalysts. Furthermore, the onset potential

for the direct oxidation via formate is lower than the direct oxidation via carboxyl for PdsRe.

Based on the above analysis, we would expect that the most stable surfaces under vacuum

of PtsAg, PtsRe, PdsAg and PdsRe should both promote HCOO* formation and suppress COOH*
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formation, enhancing catalytic activity. Additionally, PtsCu, Ptslr, PtsRh, PtsRu, PtsRe, PtsRu,
PtsRe, Pd3Ag, and PdsRe alloys should have a greater ability to remove CO* than their Pt or Pd

counterparts.

CO covered surfaces: During catalyst operation, the presence of adsorbates can lead to
metals segregating from the bulk to the surface of the alloy, resulting in different metal
compositions in the topmost layers. To understand the role that adsorbate-induced surface
segregation can play in our bimetallic catalysts, we calculated the reaction energetics for FA
electro-oxidation on surfaces that the most energetically stable when CO* is present, because we
expect high coverages of CO* on our Pt and Pt-based alloys. The most stable surfaces in the
presence of CO* are listed in Table 7.2. Work by van Spronsen et al.?® has shown that dosing
PdAg alloys with CO* causes the alloyed surface to reconstruct and stay in the same state even
when CO* pressures are substantially lowered at room temperature. In our analysis, we assume
that CO-induced surface segregation will lead to a relatively stable surface structure that will not
substantially change even if active sites are briefly free or occupied by other intermediates. We do
note that the nature of the active sites could deviate from what we have shown here based on the
coverage of intermediates at various electrochemical conditions. However, we can still gather

trends in how FAO catalysts will behave after the surface has restructured due to CO* adsorption.
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Table 7.2: The most stable reconstructions for Pt and Pd alloys with ¥ ML CO* coverage. We note the
CO* binding site on each surface, as well as the metals that CO* are bound to. The structures for each stable
reconstruction are shown in Fig. 7.1, and the relative energies of each surface are shown in Table G.8 for
Pt alloys and Table G.9 for Pd alloys. Figures for the adsorption structures of CO* on each surface are
shown in Section G.3 of Appendix G.

Most o Most Stable . R
Pt Alloys SStabIe co B_mdlng Pd Alloys Surface co B_mdmg
urface Site Site
Structure
Structure

PtsAu 21 Bridge (Pt,Pt) PdsAu 21 Bridge (Pd,Pd)
Pt:Ag 21 Bridge (Pt,Pt) PdsAg 1, FCC (Pd, Pd, Pd)
PtsCu 01 HCP (Pt,Pt,Pt) PdsCu 1, FCC (Pd, Pd, Pd)
Ptslr 13 Top (I Pdslr 13 Top (In)
PtsPd 22 Bridge (Pt,Pt) PdsPt 1, FCC (Pd, Pd, Pt)
PtsRh 01 Bridge (Pt,Pt) PdsRh 02 FCC (Pd,Pd,Pd)
PtsRu 02 Bridge (Pt,Pt) PdsRu 02 FCC (Pd,Pd,Pd)
PtsRe 02 FCC (Pt,Pt,Pt) PdsRe 02 FCC (Pd,Pd,Pd)

When CO* is present, we find that there are several different surface reconstructions with
various distributions of solute atoms in the top two surface layers that are energetically favorable
depending on the alloy. In general, CO* prefers to bind to only Pd or Pt on almost all of the
reconstructed surfaces. The exception to this trend is alloys containing Ir, where CO* binds to the
top site of the Ir atom on the top surface layer. After identifying the most stable surfaces in the
presence of ¥ ML CO*, we then calculated the potential determining step and onset potential for
each pathway on these most-stable surfaces based on the reaction free energies at a total coverage

of ¥+ ML for all adsorbates, which are shown in Fig. 7.8 for both Pt and Pd alloys.
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Figure 7.8: Onset potentials for FA electro-oxidation pathways on (a) Pt alloys and (b) Pd alloys most
stable in the presence of ¥ ML CO*. The color of each bar indicates the potential-determining step for each
pathway. The bars for each alloy from left to right indicate the onset potential for the direct oxidation via
formate pathway (Blue bars: HCOOH(g) — HCOO* + H*, Green bars: HCOO* — CO.* + H*) , the direct
oxidation via carboxyl pathway (Black bars: HCOOH(g) — COOH* + H*, Red bars: COOH* — CO,(g) +
H*), and the indirect oxidation via carboxyl pathway (Purple bars: CO* + H,O(g) — COOH* + H*, Red
bars: CO* + H,O(g) — CO* + OH* + H*, Orange bars: CO* + OH* — CO(g) + HY).

For Pt alloys, the potential-determining step for the direct oxidation via formate and the
direct oxidation via carboxyl steps are identical to pure Pt. Additionally, all Pt alloys besides Ptslr
have the same potential-determining step for the indirect oxidation via carboxyl pathway as pure
Pt. In the case of Ptslr, the potential determining step for this pathway is activating water to form
OH* rather than oxidizing CO* with water to form COOH*. All surfaces except those containing
Au, Cu, and Rh as a solute metal have lower onset potentials for the direct oxidation via formate
pathway, meaning that the these surfaces promote the oxidation of HCOOH(g) to HCOO* more
than pure Pt. Additionally, all surfaces, except those containing Ir and Pd, have higher onset
potentials for forming COOH* than pure Pt, which is ideal for reducing the amount of CO* formed

on the catalyst surface. Furthermore, the onset potential for the indirect oxidation via carboxyl is
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the same or lower for all PtsM catalysts with respect to pure Pt, suggesting that CO* removal
should also be easier on these surfaces than on pure Pt. In particular, PtsRu and PtsRe catalysts
have lower onset potentials for forming HCOO* than on Pt, higher onset potentials for forming
COOH* than on Pt (thus reducing CO* formation), and lower onset potentials than Pt for removing
CO* via the indirect oxidation via carboxyl pathway. These three features make these catalysts

particularly attractive for FA electro-oxidation.

For almost all Pd alloy surfaces altered by CO*-induced surface segregation, the potential
determining step for each pathway is the same as it is for pure Pd. The exceptions to this trend are
for Pdslr and PdsPt, where the potential determining step for the direct oxidation via carboxyl
pathway is oxidizing COOH* rather than oxidizing HCOOH(g). Besides Au and Ag, all solute
metals lower the onset potential for the direct oxidation via formate pathway relative to pure Pd.
Additionally, all solute metals increase the onset potentials for the direct oxidation via carboxyl
pathway relative to pure Pd, with Cu, Ir, and Pt as the exceptions. In particular, PdsRh, Pds:Ru, and
PdsRe all offer lower onset potentials for the direct oxidation via formate compared to Pd and
higher onset potentials for oxidizing HCOOH(g) to COOH* compared to Pd, meaning that the
reaction flux through the direct oxidation via formate pathway should be increased compared to
pure Pd. This observation is especially true for PdsRu and PdsRe, which have lower onset
potentials for the direct oxidation via formate pathway than oxidizing HCOOH(g) to COOH*.
Additionally, these two alloys are among several that have lower onset potentials for the indirect
oxidation via carboxyl, meaning that CO* is easier to remove from these surfaces than from pure
Pd surfaces. These promising attributes indicate that if CO* leads to adsorbate-induced surface
segregation to the surfaces we have studied for PdsRh, PdzRu, and PdzRe, these surfaces should

still be more active towards FA electro-oxidation compared to pure Pd, especially PdsRu and
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PdsRe.
7.3.4 Reaction Phase Diagrams

In this section, we combine the insights from our analyses to create phase diagrams that
describe the reactivity of the studied catalysts as a function of key reactivity descriptors. Doing so
allows us to rationally identify characteristics that ideal catalysts for FA electro-oxidation should
have. In this case, we selected the binding free energy of CO* (Gco*) and OH* (Gow+) as our
reactivity descriptors. By comparing the binding free energy of all adsorbates for Pt, Pd, and all of
the studied alloyed surfaces, we find that the free binding energy of COOH* (Gcoon+) linearly
scales with Gco+ and that the binding free energy of HCOO* (Ghcoox) linearly scales with Gop
(see Fig. G.1). This result is not surprising, as we expect that the binding free energy of species
that bind through the same atom (e.g., carbon and oxygen in this case) should be connected through
linear scaling relationships. We cannot, however, select only Gcox or Gon+ as a descriptor, as the
binding free energies of the two species do not follow as strong linear correlation with one another
(see Fig. G.1). Furthermore, other studies on the electro-oxidation of oxygen-containing organic
molecules such as methanol,*8*° dimethyl ether,>*>? and ethanol/ethylene glycol?®* have noted that
both Gco+ and Gow=are needed as descriptors for this type of chemistry. Calculated reaction phase
diagrams as a function of Gco* and Gon+ at 0.0 V and 0.6 V are shown in Fig. 7.9, where the
colored contours indicate the free energy of reaction associated with the rate determining step,

while different sectors of the plot denote the corresponding rate determining step.
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Figure 7.9: Calculated reaction phase diagrams for FAO on all alloyed surfaces at 0.0 V and 0.6 V on
alloyed surfaces. For clarity, we have only included points for the reactivity on the bulk terminated surfaces
(filled symbols) and (a) most stable clean surfaces (left half-filled symbols) and (b) most stable CO*-
covered surfaces (top half filled symbols). Black points correspond to Pt and Pt alloys, and blue points
correspond to Pd and Pd alloys. The color scale represents the free energy of the most endergonic step in
the FAO pathway, and color levels are separated by 0.06 eV, corresponding to the energy difference that
leads to an order-of-magnitude difference in reaction rate at 298 K. Regions corresponding to the most
endergonic step are marked on the phase diagrams.

We first discuss the phase diagram for FAO at 0.0 V. Two pathways dictate the reactivity
of the studied catalysts at this potential, namely the direct oxidation via formate and the indirect

oxidation via carboxyl pathways. When OH* is bound weakly to the surface, i.e., in regions at the
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top of the phase diagram, HCOO* also binds weakly, causing the reaction flux to proceed through
the indirect oxidation via carboxyl pathway and produce CO* on the catalyst surface. In this case,
activating water is difficult because OH* is not sufficiently stable, meaning that reactivity is
limited by the ability of the catalyst to hydrate CO* to form COOH* which then reacts to form
CO2(g). As OH* is stabilized, i.e., shifts downward on the phase diagram, two distinct regions
emerge that correspond to weak and strong CO* binding. In the case of strong CO* binding, as
the stability of OH* increases, activating water to form OH* which then reacts with CO* to form
COOH* becomes the rate-determining step. By further increasing the stability of OH* we enter
another region in the phase diagram where activating water is no longer as difficult and removing
OH* and CO* to form CO2(g) becomes the rate-determining step. On the other hand, when CO*
is weakly bound and OH* has an intermediate binding strength, COOH* formation becomes
difficult relative to HCOO* formation. At this point, activating FA to form HCOO* becomes the
rate-determining step. If we further stabilize OH*, we also stabilize HCOO* such that its removal
becomes the new potential-determining step. The peak in our catalytic activity (the light blue
region at the bottom right of the volcano plot) comes when HCOO* is bound strongly enough that

FA can be activated but weak enough so that it can then be easily removed to form CO..

At 0.0 V, most of the studied catalysts have similar activities, and most catalysts have a
potential-determining step that lies within the indirect oxidation of via carboxyl pathway.
However, we find that bulk terminated PtsRu, Pdslr, PdsRh, and PdsRu show significantly higher
activity than most of the other catalysts. Additionally, we do find that the most stable clean
reconstructions for the PtsRe and PdsRe surfaces are on the border between having CO* reacting
to form COOH* and HCOOH(g) forming HCOO™* as the potential-determining step (the most

stable clean surfaces for both alloys are also the most stable surfaces in the presence of HCOO*,
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COOH*, and CO¥*). The right side of this border is part of a region of activity where the potential-
determining step is not dictated by removing CO* but rather by activating FA to form HCOO* in
the direct oxidation via formate pathway. Catalysts operating in this region should have higher
activity and not form CO* as easily as catalysts on the left side of the border. Therefore, around

0.0 V, Pt3Re and PdsRe should be highly active for FA electro-oxidation.

Next, we discuss the phase diagram for FAO at a potential of 0.6 V. As we increase the
potential, all faradaic reactions become more exergonic, and we find regions on the calculated
phase diagram with higher activities than at any point on the corresponding 0.0 V phase diagram.
Additionally, a second, local peak in activity occurs, and the regions on the phase diagram in the
bottom right corner where OH* binding is stabilized and CO* binding is destabilized are altered.
As we increased the applied bias, regions corresponding the direct oxidation via formate pathway
shrink as COOH* is further stabilized, which also leads to an additional region on our phase
diagram where OH* is stabilized and CO* is destabilized in which activating FA to form COOH*

becomes the rate-determining step.

According to the CHE formalism, as we increase the applied potential, the binding free
energy of adsorbates on the catalyst surface should not change (the free energy of the reaction, and
therefore the rate-determining step, shift due to the changing chemical potential of a proton-
electron pair as an electric potential is applied to the system). Therefore, PtsRe-02 and PdsRe-0;
surfaces, which we identified as being close to the region in which the potential-determining step
is activating FA to form HCOO* at 0.0 V, are no longer close to that region at 0.6 V. However,
bulk terminated PdsRu remains more active than all of the catalysts shown on the phase diagram.

To design catalysts that approach the maximum activity for this reaction at higher potentials, we
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need to identify catalysts that further stabilize OH* and destabilize CO* compared to current
transition metal alloys. On these surfaces, there exists a weak correlation between the binding free
energy of CO* and the binding free energy of OH* (Fig. G.1). This makes it difficult to find new
transition-metal catalysts with improved activity towards FA electro-oxidation but also leaves
room for some potential design opportunities. For example, rationally combining overlayer
structures with alloy structures or moving to new classes of materials could lead to more active

catalysts for FA electro-oxidation.
7.4 Conclusions

Alloying Pt and Pd with other transition metals can improve the activity and selectivity of
FA electro-oxidation catalysts. Here, we presented a density functional theory study of FA electro-
oxidation on the (111) facet of bimetallic PsM catalysts (P = Pt or Pd, M = Au, Ag, Cu, Pd, Pt, Ir,
Rh, Ru, or Re, where P # M) to better understand the activity of these catalysts. For each catalyst,
we calculated free energy diagrams to investigate formic acid oxidation through CO, OH, carboxyl
(COOH), and formate (HCOO) on the surface. We used this information to calculate the onset
potential for three key reaction mechanisms: direct oxidation of FA via HCOO, direct oxidation
of FA via COOH, and the indirect oxidation of FA via COOH that forms CO for each surface. By
comparing the onset potential of the three pathways on Pt or Pd alloyed catalysts, we identified
several promising candidates for improved activity towards FA electro-oxidation. In particular,
alloying Pt or Pd with Ir, Ru, or Re may result in far more active catalysts. These most promising
catalysts have lower onset potentials for the direct oxidation via formate and indirect oxidation via

carboxyl pathways and have higher onset potentials for forming carboxyl.
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Chapter 8: Alignment of Semiconducting Graphene Ribbons
on Vicinal Ge(001)”

8.1 Introduction
Graphene nanoribbons are promising candidates for semiconductor electronics because,

unlike continuous graphene sheets, they can have bandgaps suitable for substantial conductance
modulation at room temperature. The bandgap depends on ribbon width and edge structure, and
the largest bandgaps are expected in ribbons < 10 nm wide with smooth armchair edges (i.e., C-C
bonds parallel to the ribbon long-axis).”® Semiconducting nanoribbons also have potential to

202 and elelctrical®® and

achieve high charge carrier mobility®® and velocity,%® current density,
thermal®® conductivity, and their atomic thickness enables excellent electrostatic control.?* To
improve feasibility of nanoribbon integration into semiconductor electronics and maximize device
performance, ribbons must be highly aligned in one direction. For example, in field-effect
transistors (FETSs), unaligned ribbons can result in charge screening and lengthen the charge
conduction pathway, decreasing on-state conductance and on/off conductance ratio.2%52%

One of the most successful approaches to fabricate aligned nanoribbons while also

achieving high precision over ribbon width and edge structure is polymerization and

“Adapted from “Alignment of semiconducting graphene nanoribbons on vicinal Ge(001)”, R. M. Jacobberger, E.
A. Murray, M. Fortin-Deschénes, F. Goltl, W. A. Behn, Z. J. Krebs, P. L. Levesque, D. E. Savage, C. Smoot, M. G.
Lagally, P. Desjardins, R. Martel, V. Brar, O. Moutanabbir, M. Mavrikakis, M. S. Arnold, Nanoscale 11, 4864 (2019).

Graphene growth experiments and graphene characterization via SEM, TEM, SAED, AFM, and charge transport
measurements performed by R. M. Jacobberger, C. Smoot, and M. S. Arnold. Graphene characterization via LEEM
and LEED performed by M. Fortin-Deschénes, P. L. Levesque, P. Desjardins, R. Martel, and O. Moutanabbir.
Graphene characterization via STM performed by W. A. Behn, Z. J. Krebs, and V. Brar. R. M. Jacobberger served as
the primary author for this work.



147

cyclodehydrogenation of molecular precursors on stepped Au(788) surfaces.?”-?!! This technique
yields densely-packed, aligned ribbons with sub-2 nm widths and atomically-smooth armchair
edges, in which the average distance between the long-axis of neighboring ribbons is 1-2 nm 2*2
and ribbons are aligned within ~9°.2° However, these ribbons are typically only 20-30 nm in
length, 207208211212 making them difficult to electrically contact and integrate into scalable
technologies. The ribbons also have relatively large bandgaps due to their especially narrow
widths, leading to Schottky barriers at the ribbon/electrode interface and, consequently, formation
of high-impedance electrical contacts.?*3?*> Furthermore, the high ribbon density can lead to
electrostatic screening and, thus, reduced conductance modulation in FETs.20:206

Replicating the precise control over ribbon alignment, width, and edge structure afforded
by polymerization/cyclodehydrogenation while also achieving sub-10 nm ribbons that are wider
(to obtain smaller bandgaps) and longer (to facilitate widespread integration) has been difficult.
Aligned ribbons can be fabricated using subtractive lithography of continuous graphene.?162%7
However, the ribbons have rough, defective edges that degrade the exceptional transport properties
expected in pristine ribbons, and ribbons with sub-10 nm widths cannot be fabricated to induce
technologically relevant bandgaps >> ks T at room temperature.

Nanoribbon alignment has also been achieved via growth on SiC nanofacets®® and Ni

nanobars,?'® substrate-controlled, metal-assisted etching of continuous graphene,??°

and unzipping
carbon nanotubes.??! Semiconducting ribbons, however, have not been reported via growth on SiC
nanofacets and Ni nanobars. Metal-assisted etching and growth on nanobars suffer from poor yield,
inability to controllably produce ribbons with sub-10 nm widths, and formation of ribbons with

relatively rough edges. Fabricating aligned ribbons with controlled edges via nanotube unzipping

relies on the requisite ability to align nanotubes from solution, which is a major challenge by



148

itself,222.223

Alternately, we recently reported a scalable, bottom-up technique to directly synthesize
narrow, polydisperse nanoribbons with predominately smooth armchair edges via chemical vapor
deposition (CVD)."? In this process, CVD of CH4 on Ge(001) at ~910 °C in a flow of Hz and Ar
results in anisotropic growth of ribbons, provided the growth rate is relatively slow (hanometers
per hour). In this regime, ribbons with sub-10 nm width can still have lengths of hundreds of
nanometers. The ribbons grow with self-defining armchair edges, and width can be continuously
tuned to nearly zero by controlling growth rate and time. For example, scanning tunneling
microscopy (STM) has shown the ribbon edges consist of smooth armchair segments, with edge
roughness of < 5 A over lengths of tens of nanometers, and has confirmed synthesis of ribbons as
narrow as 2 nm.’>?%* In FETSs, these ribbons have simultaneously exhibited on/off conductance
ratio of 2x10% and on-state conductance of 5 pS, among the highest charge transport metrics
reported for ribbons.” Width polydispersity leads to variability in FET on/off conductance ratio,
although initiating nanoribbon synthesis from seeds provides a promising path to overcome this
polydispersity.??> Furthermore, such ribbon synthesis has only been demonstrated on Ge(001)
surfaces.

Nanoribbons that spontaneously nucleate and grow on Ge(001) also adapt two predominate
orientations roughly aligned along the perpendicular Ge(110) directions with equal probability,
limiting ribbon alignment and packing density.”?> However, unidirectional alignment can be
realized by initiating growth from nanoscale graphene seeds with rationally-controlled lattice
orientation.?? The lattice orientation of the ribbon matches that of the seeds from which they grow,
the ribbons always have armchair edges, and growth anisotropy is maximized when the armchair

direction is along Ge(110). Thus, by controlling the seed armchair direction to be along Ge[110]
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or Ge[110], the long-axis of each of the resulting armchair ribbons also aligns unidirectionally
along Ge[110] or Ge[110], respectively.

These data suggest that if graphene nuclei that naturally form can be globally aligned, it
may be possible to orient ribbons unidirectionally without seeding. Such alignment is possible via
epitaxial growth on Ge(110) and is a result of strong binding between graphene and Ge step
edges.??5227 However, anisotropic growth cannot be driven on Ge(110) to yield ribbons.”? If steps
on Ge(001) can be engineered in one direction, for example by introducing a miscut, it may be
possible to realize epitaxial alignment and, consequently, aligned ribbons without seeds, which is
desirable for improved manufacturability and furthering the fundamental understanding of
anisotropic ribbon synthesis.

Here, we find by conducting growth on vicinal Ge surfaces, ~90% of the crystals can
evolve as armchair nanoribbons oriented perpendicular to the miscut. When the growth rate is
slow, graphene crystals evolve as nanoribbons. However, as growth rate increases, graphene
islands transition from being rectangular to trapezoidal to semicircular. Density functional theory
(DFT) calculations indicate this asymmetric evolution may be due to different chemical binding
or termination at the downhill and uphill ribbon edges. We also demonstrate the growth conditions
can be tailored to directly synthesize aligned semiconducting nanoribbons with sub-10 nm widths,
and these ribbons can exhibit promising charge transport properties such as high on/off

conductance ratio and on-state conductance.

8.2 Results and Discussion
8.2.1 Effect of Miscut on Nanoribbon Growth
First, we explore graphene synthesis on Ge(001) surfaces with 0°, 6°, and 9° miscut

towards Ge[110] (i.e., Ge(001)-0°, -6°, and -9°, respectively) to determine the effect of miscut on
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ribbon growth and crystallinity and the effect of growth rate on crystal shape evolution and
anisotropy. Relatively wide ribbons (~10-100 nm in width) are synthesized to ease in
characterization of crystal dimensions and shapes using scanning electron microscopy (SEM).
Later, we synthesize narrower ribbons with sub-10 nm widths, simply by decreasing the growth
rate or time, enabling characterization of charge transport properties of semiconducting
nanoribbons in FETS.

Fig. 8.1d-f shows SEM images of isolated graphene islands grown on each surface. To
determine the effect of miscut on synthesis, crystal alignment, width, length, and aspect ratio are
characterized with SEM (Fig. 8.1g-j and Fig. H.1). On Ge(001)-0°, graphene crystals evolve as
high-aspect ratio nanoribbons with their long-axis rotated +2.8° or —2.8° from Ge(110),? resulting
in four ribbon orientations roughly aligned along perpendicular Ge[110] and Ge[110] directions
with equal probability. Ribbons oriented near Ge[110] and Ge[110] have similar widths, lengths,
and aspect ratios (Fig. 8.1h-j), which is expected because these directions are equivalent on

Ge(001)-0°.
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Figure 8.1: Effect of Ge miscut on nanoribbon growth. (a-f) Schematic diagrams (a-c) and SEM images
(d-f) of graphene crystals grown on Ge(001) with 0° (a,d), 6° (b,e), and 9° (c,f) miscut toward Ge[110].
Red and blue crystals in a-c are perpendicular and parallel, respectively, to the miscut. Dashed arrows in
(b,c,e,f) point downhill. Scale bars in d-f are 1 um. (g-j) Alignment (g), width (h), length (i), and aspect
ratio (j) versus miscut angle for ribbons oriented perpendicular (red, left) and parallel (blue, right) to the
miscut on Ge(001)-6° and Ge(001)-9° and oriented along [110] and [110] on Ge(001)-0°. Horizontal lines
in the boxes in h-j define 25th, 50th, and 75th percentiles, whiskers indicate 5th and 95th percentiles, circles
define the range, and squares give the mean.

In contrast, as the miscut angle increases, the long axis of the crystals becomes
preferentially oriented perpendicular to the miscut, resulting in unidirectional alignment of a
majority of the crystals. For example, 73% and 91% of the crystals on Ge(001)-6° and Ge(001)-
9°, respectively, are perpendicular to the miscut (Fig. 8.1g). Moreover, the more prevalent crystals
aligned perpendicular to the miscut are narrower and have higher aspect ratios (i.e. they can be

ribbons, with longer lengths per width) than the less common crystals parallel to the miscut (Fig.
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8.1h-j), which evolve as more isotropic quadrilaterals. These trends are depicted schematically in
Fig. 8.1a-c. Crystals perpendicular to the miscut can also be much wider than the average Ge
terrace width of ~1 nm, and thus are not confined to a single terrace but instead can grow across
Ge steps. The probability of graphene growth uphill and downhill, however, is not equivalent, as
demonstrated below. Furthermore, the ribbon length does not saturate and is similar on each
surface, indicating either that the length is not limited by kinks in Ge steps or that kinks rearrange
to form straight Ge steps during growth.

X-ray diffraction (XRD) shows the miscut in these Ge(001)-6° and Ge(001)-9° wafers
deviates azimuthally from Ge[110] by 4 £ 1° and 0.5 + 1°, respectively. Thus, we cannot conclude
whether the higher alignment on Ge(001)-9° is due to larger miscut angle or smaller miscut
deviation azimuthally from Ge[110]. Nonetheless, ~90% of nanoribbons can be aligned
unidirectionally on miscut surfaces. It is possible alignment can be further increased, for example
by growing on surfaces with a larger miscut angle or less azimuthal deviation in the miscut from
Ge[110]. Ribbon alignment also depends on anneal time and H.:CH4 flux ratio used during
synthesis (Fig. H.2). In the following studies, we primarily focus on characterization of the more
common anisotropic nanoribbons perpendicular to the miscut, rather than the crystals parallel to

the miscut with lower aspect ratios.

8.2.2 Dependence of Ribbon Anisotropy and Crystal Shape Evolution on Growth Rate
For specific growth conditions, nanoribbons grown perpendicular to the miscut on

Ge(001)-6° and Ge(001)-9° are wider and less anisotropic than those directed along (110) on
Ge(001)-0° (Fig. 8.1h-j). However, it has been found that the anisotropy on Ge(001)-0° can be
increased by reducing the growth rate, either by increasing H. flux or decreasing CH4 flux.”? The

H. and CH4 fluxes are also important factors for controlling the shape evolution??®-2 and
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crystallinity?®-23 of graphene grown on metal surfaces.

Therefore, we next study the effect of H2:CHs flux ratio, and thus growth rate, on graphene
island morphology and crystal shape evolution. Graphene is synthesized using progressively larger
growth rates by reducing the H2:CHjs ratio from 50 to 22 to 16, and crystal shapes are characterized
with SEM (Fig. 8.2a-i). Raman spectroscopy (Fig. H.3) shows that graphene crystals have
relatively low defect density when H2:CHy is at least 22, as the D band is immeasurably small with
a D:G peak amplitude ratio < 0.1. When H2:CHjs is 16, defect density is increased compared to
graphene grown using higher Ho:CHg, as indicated by the measurable presence of the D band and
D:G peak amplitude ratio ~0.25.

Fig. H.4 and H.5 show for each vicinal surface, the crystal shape anisotropy decreases with
increasing growth rate. Furthermore, for a given rate, anisotropy is largest on Ge(001)-0° and
smallest on Ge(001)-9°. For example, on Ge(001)-0°, aspect ratio decreases from 35.5 + 9.8 t0 9.7
+ 4.0 as growth rate increases from 18.1 + 4.6 to 270 + 130 nm h'%, respectively, whereas on
Ge(001)-9°, aspect ratio decreases from 12.6 + 4.0 to 3.32 + 0.39 as growth rate increases from
30.1 + 6.9 to 480 + 200 nm h%, respectively.

Growth rate also affects shape evolution of graphene crystals. When growth rate is slow
(i.e., large H2:CHa4), crystals evolve as high-aspect ratio nanoribbons in which both edges along
the long-axis are approximately the same length (Fig. 8.2a,d,g). As growth rate increases (i.e.,
H>:CH4 decreases) on Ge(001)-0°, both edges continue to be nearly the same length, although
some edges become less straight and roughen (Fig. 8.2b,c). In contrast, on Ge(001)-6° and
Ge(001)-9°, the downhill crystal edge becomes longer than the uphill edge, forming trapezoids
(Fig. 8.2e,h). As growth rate increases further, the uphill edge becomes rough and rounded,

forming hemisphere-like shapes (Fig. 8.2f,i). Interestingly, the downhill edge stays relatively
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smooth and straight for hundreds of nanometers, indicating the uphill and downhill edges are

inequivalent growth fronts, as studied further below.

Increasing graphene growth rate — >

Ge(001)-0°

Ge(001)-6°

Ge(001)-9°

Figure 8.2: Effect of growth rate on crystal shape evolution and anisotropy. (a-i) SEM images of graphene
crystals grown on Ge(001)-0° (a-c), Ge(001)-6° (d-f), and Ge(001)-9° (g-i) with increasing growth rate.
Dashed arrows point downhill, as determined by XRD. Scale bars are 500 nm. Insets are magnified images
of a representative crystal. Contrast reversal is attributed to amorphous carbon deposition upon sample
exposure to the electron beam and oxidation of the Ge surface (Fig. H.7 and H.8).

Notably, this crystal shape transition is primarily a result of increasing growth rate, and
either has no dependence or much weaker dependence on crystal size. For example, crystals as

narrow as ~15 nm can grow as trapezoids at a growth rate of ~240 nm h (Fig. 8.2e,h), but crystals
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as wide as ~50 nm can evolve as rectangles at a slower growth rate of ~30 nm h* (Fig. 8.2d,9).
Similarly, crystals as narrow as ~15 nm can grow as semicircles at a growth rate of ~470 nm h'
(Fig. 8.2f,i), but crystals as wide as ~200 nm can evolve as trapezoids at a slower growth rate of

~240 nm h! (Fig. 8.2¢,h).

8.2.3 Electron Microscopy and Diffraction Studies
Low-energy electron microscopy (LEEM) and diffraction (LEED) are used to characterize

the graphene crystallographic orientation with respect to the Ge(001)-9° surface. Fig. 8.3a shows
a LEED pattern from isolated crystals on Ge(001)-9° (Fig. H.9), in which gray dashed lines enclose
a circular sector of the pattern with central angle of 60°. Splitting of the (00) LEED spot is
observed, characteristic of vicinal surfaces.?** This splitting is also observed for graphene {01}
spots. In Fig. 8.3a, the three (00) spots are highlighted in white, and the set of graphene diffraction

spots corresponding to the central (00) spot follow the dashed arc.
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Figure 8.3: LEEM and TEM characterization of graphene grown on Ge(001)-9°. (a) LEED pattern in which
the {01} graphene diffraction spots are highlighted in cyan, green, orange, magenta, blue, and red. {00}
diffraction spots are highlighted in white. (b) Superposition of dark-field images in which the color of each
crystal corresponds to the {01} spot with the same color in a. Dashed arrow points downhill, as determined
from the trapezoidal island orientation. Scale bar is 2 um. (c) TEM image of graphene crystals with their
edges highlighted by dashed lines. Inset is an SAED pattern from the labelled crystal. The armchair (AC)
direction and ribbon long-axis are aligned. Scale bar is 200 nm. (d) Histogram of edge deviation from the
armchair direction for 56 ribbons, as determined from TEM and SAED.

There are six main graphene orientations on Ge(001)-9°, as highlighted in cyan, green,
orange, magenta, blue, and red in Fig. 8.3a in which the armchair graphene direction is rotated
from the miscut direction by -8.5, -7.0, 5.8, 8.2, 28.5, and 31.2°, respectively. Dark-field LEEM is

conducted to correlate each set of diffraction patterns with the island morphology and alignment.
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Fig. 8.3b shows a composite image of graphene crystals with each of the six diffraction patterns.
These data show the diffraction spots in red and blue correspond to high-aspect ratio ribbons
oriented perpendicular to the miscut, indicating the ribbon edges are roughly aligned along the
armchair direction. Some islands are single-crystals, whereas others are bi-crystals in which
approximately half the ribbon has an orientation rotated ~2.7° from that in the other half. Single-
and bi-crystals were also observed on Ge(001)-0°.”2 Existence of bi-crystals indicates ribbons
nucleate in their center and then grow in opposite directions along their length. Interestingly,
crystals with low-aspect ratios (i.e., cyan, green, orange, and magenta data in Fig. 8.3a,b) have
rotated lattices with respect to that of ribbons, indicating anisotropic ribbon growth is only driven
when there is a specific relative orientation between graphene and the underlying Ge surface,
similar to growth on Ge(001)-0°.7%2%

Transmission electron microscopy (TEM) and selected-area electron diffraction (SAED)
are used to more precisely characterize crystallographic alignment of ribbon edges grown on
Ge(001)-9°. Fig. 8.3c provides an SAED pattern from the labelled crystal, showing the smooth
crystal edge is aligned closely to the armchair direction. Analysis of 56 crystals indicates the edges
are aligned, on average, within 0.85° of the armchair direction (Fig. 8.3d), similar to the deviation

of 1.6° for ribbons grown on Ge(001)-0°.22°
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8.2.4 Growth of Nanoribbons with Sub-10 nm Widths
Most ribbons in Fig. 8.1, 8.2, and 8.3 are relatively wide (~10-100 nm in width). However,

narrower nanoribbons can also be synthesized by decreasing growth rate or time. For example,
Fig. 8.4a,b shows aligned ribbons with average width of 12.2 + 3.6 nm can be grown using short
growth time of 2.5 h at ~30 nm h™L. Even narrower nanoribbons with width of 3-4 nm (below the
SEM resolution of ~10 nm) are grown by further decreasing growth time to 40 min and rate to ~10
nm h, as shown in Fig. 8.4c,d. The ribbon edges are relatively smooth, as width varies <5 A over
> 90% of the ribbon length in 4d. Charge transport of ribbons with sub-10 nm widths is

characterized, below.
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Figure 8.4: Growth of narrow nanoribbons on Ge(001)-9°. (a) Plot of ribbon width versus growth time. (b)
SEM image of ribbons with average width of 12.2 + 3.6 nm. (c-d) STM images of nanoribbons with average
width of 3-4 nm [I =20 pA, V =-2 V (¢); | =200 pA, V = -2 V (d)]. Scale bars in b-d are 400, 20, and 2
nm, respectively.

8.2.5 Density Functional Theory (DFT) Calculations
The trapezoidal (Fig. 8.2e,h) and hemispherical (Fig. 8.2fi) islands formed at high growth

rates on Ge(001)-6° and Ge(001)-9° are similar to crystal shapes observed for graphene growth on
Ru(0001)%® and WSe; growth on c-plane sapphire.?® In the latter cases, the crystal shape is caused
by pinning of the uphill edge to a substrate step edge, resulting in a smooth, planar interface that
does not grow or grows relatively slowly. In contrast, the downhill edge does not interact as

strongly with the substrate, causing it to grow faster in a carpet-like fashion, resulting in a rougher
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semicircular growth front.

To determine if a similar mechanism is responsible for the crystal shape evolution observed
in Fig. 8.2, we study the stability and edge passivation of ribbons on Ge(001)-9° using periodic
DFT (see Section H.1 of Appendix H for details). We model armchair nanoribbons ~1.5 nm wide
on the lowest-energy Ge(001)-9° surface containing dimerized Ge atoms. The surface is bare
because the equilibrium H coverage on Ge is low (~1/16" monolayer) at typical temperatures and
H2 partial pressures (Py,) used for growth (Fig. H.10). Simulations are performed in which the Ge
lattice constant is (1) the calculated relaxed bulk value of 5.67 A, similar to the experimental value
of 5.66 A, and (2) expanded to 6.04 A to match the periodicity of the armchair direction and
eliminate strain along the ribbon length. It is likely that the Ge lattice constant during graphene
growth is between the relaxed and strained values. Nonetheless, at both extremes, the trends
observed in our calculations are qualitatively similar.

First, we calculate the minimum-energy structure for ribbons perpendicular to the miscut
in which (1) both edges are terminated with H, (2) neither edge is terminated with H, (3) the
downhill (uphill) edge is (is not) terminated with H (Fig. 8.5a,b), and (4) the uphill (downhill) edge
is (is not) terminated with H (Fig. 8.5¢,d). When the edges are not terminated with H, the atomic
orbitals of C at the ribbon edge and of Ge on the surface rehybridize to form relatively strong
covalent bonds, which correspond to regions of large charge transfer as shown in the charge density
difference maps in Fig. 8.5a-d. We accordingly refer to ribbon edges as “pinned” or “unpinned” if

they are covalently bonded to Ge or H, respectively.
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Figure 8.5: DFT calculations of graphene nanoribbons on Ge(001)-9°. (a-d) Side (a,c) and top view (b,d)
of the minimum-energy structure in which the uphill (downhill) edge is not (is) terminated by H (a,b) and
vice versa (c,d). Charge density isosurfaces (insets) show regions of increased (red) and decreased (green)
electron density upon ribbon adsorption onto Ge(001)-9°. Green, blue, orange, and white atoms are Ge
(saturated, bulk), Ge (unsaturated, surface), C, and H, respectively, and dashed arrows point downhill. (e)
Thermodynamic phase diagram plotted against temperature and Py,. CHa partial pressure (Pcw,) is 0.0067

atm. Shaded regions indicate a range of temperatures and Py, at which ribbons have been synthesized.
Results in a-e are calculated on strained Ge. Results for relaxed Ge are in Fig. H.11 and H.12.

To determine the thermodynamically stable edge termination, we construct a phase
diagram for ribbons on Ge(001)-9° exposed to CH4 and H using the minimum-energy structure
for each termination (Fig. 8.5e). Under typical growth conditions, ribbons with their downhill
(uphill) edge pinned (unpinned) are predicted to be the most stable phase by 0.16 and 0.18 eV per
edge C atom on relaxed and strained Ge surfaces, respectively (Fig. H.11 and H.12). The increased
stability of the downhill edge is due to energy contributions from the minimum-energy structure
of the ribbon, minimum-energy structure of the Ge slab, van der Waals forces, and covalent forces,
as summarized in Table 8.1. More specifically, this increased stability is primarily derived from
interactions between the ribbon and the Ge surface, as ~78% and 72% of the total energy difference

on relaxed and strained Ge, respectively, are due to van der Waals and covalent forces.
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Table 8.1: Contribution to the total relative stability of nanoribbons with their downhill edge pinned
compared to ribbons with their uphill edge pinned. A negative entry means the downhill edge pinned is
more stable.

Contribution Relative energy per edge C atom (downhill pinned — uphill
pinned) [eV]
Relaxed Ge lattice Strained Ge lattice

Graphene nanoribbon -0.01 -0.04

Ge slab -0.03 -0.01

van der Waals interactions -0.09 -0.05

Covalent interactions -0.05 -0.07

Total -0.18 -0.16

While these calculations provide valuable insight, the phase diagrams only consider
ribbons with each edge fully pinned or fully unpinned. Consequently, additional stable ribbon
phases with partial Ge- and H-passivated edges may also exist. Nonetheless, these data indicate a
larger percentage of C atoms at the downhill edge are pinned than at the uphill edge, and thus the
edge termination and binding strength at the downhill and uphill edges are not equivalent.
Moreover, we observe in experiments that Ge below graphene is nanofaceted (Fig. H.13), which

is not accounted for in these simulations due to prohibitively large unit cells that are required.?3":2%®

8.2.6 Discussion of Anisotropic Growth Mechanism and Formation of Smooth Armchair Edges
It has been shown theoretically?*® and experimentally?® that on Cu and Ni, graphene

growth at slow rates (i.e., low supersaturation) proceeds via a kink-flow mechanism in which
growth species add to a smooth crystal edge row-by-row. Growth proceeds via the slow,
unfavorable formation of a kink (i.e., the addition of one or more new atoms to an edge), followed
by the fast sequential attachment of species to the kink site to propagate the kink along the crystal
edge and complete the new atomic row.23%24 The resulting crystals are terminated with zigzag
edges because the zigzag edge is the slowest growing facet on Cu and Ni. If the growth rate is
increased (i.e., high supersaturation), attachment is less selective and defects incorporate into the

growth front more frequently, resulting in more isotropic growth of crystals with rougher edges.?%
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On Ge(001)-0°, we have shown armchair facets grow slowest, and growth velocity depends
on the angle between the armchair edges and Ge(110).2% We hypothesize that the kink formation
rate (and subsequent formation of atomic rows) depends on the graphene edge orientation with
respect to the surface. This dependence can be caused by differences in edge termination and
interaction strength of the edge with Ge, which can affect kink formation via factors such as the
attachment energy barrier and mechanism, and diffusion of species along the edge, as reported for
graphene growth on Cu(111).2** We hypothesize the kink formation rate at the short crystal edges
is faster than at the long edges. On Ge(001)-0°, we expect this rate at each long edge is the same
because the long edges are equivalent. On Ge(001)-6° and Ge(001)-9°, however, we expect the
kink formation rate at the long downhill edge is slower than at the long uphill edge because of its
increased stability, stronger interaction with Ge, and larger fraction of edge C atoms that are
covalently bonded to Ge, as indicated by the DFT calculations above.

We propose when the growth rate is slow, kink formation occurs primarily at the short
crystal edges, giving rise to anisotropic growth of ribbons with high-aspect ratios (Fig. 8.2a,d,g).
In particular, on Ge(001)-6° and Ge(001)-9°, the downhill and uphill edges evolve relatively
symmetrically as smooth armchair facets because the kink formation rate is relatively slow at both
long edges.

In contrast, we propose when the growth rate is fast, the kink formation rate at the uphill
edge on Ge(001)-6° and Ge(001)-9° also becomes significant. Consequently, the uphill edge grows
faster than the downhill edge and species attach to the uphill edge less selectively (i.e., atomic
rows nucleate before the previous row is completed). This rapid, less discriminate growth results
in roughening and formation of a more isotropic semicircular growth front, and a decrease in aspect

ratio (Fig. 8.2f,i). Meanwhile, the kink formation rate at the downhill edge also increases but is
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relatively slow compared to that at the uphill and short edges, resulting in a smooth, straight growth
front that evolves row-by-row. With increasing growth rate on Ge(001)-0°, we expect the kink
formation rate at the equivalent long edges also increases relative to that at the short edges,
resulting in a decrease in aspect ratio (Fig. 8.2c). However, species still likely add to the long edges
more selectively via row-by-row kink flow, as the growth front is fairly straight and does not
roughen to the extent of becoming semicircular.

This balance between slow, row-by-row kink-flow growth and fast, less selective, more
isotropic growth may explain our observation of increased growth anisotropy and smoother ribbon
edges on all Ge(001)-like surfaces in a regime of low supersaturation (i.e., low CHa flux or high
H> flux). Therefore, these results highlight the importance of conducting synthesis in a regime in
which growth is particularly slow and may indicate that a strong interaction between the graphene
edge and the Ge surface is critical for achieving anisotropic ribbon growth and smooth armchair

edges.

8.2.7 Charge Transport Properties of Narrow Graphene Nanoribbons
Finally, we conduct room-temperature charge transport measurements of individual narrow

ribbons grown on Ge(001)-9° via CVD. Charge transport measurements are conducted using an
FET architecture, in which individual nanoribbons are contacted by Cr/Pd/Au source and drain
electrodes with channel lengths (Lch) of 30-50 nm, and Si and SiO2 (15 nm) serve as the gate
electrode and gate dielectric, respectively (Fig. 8.6a). Nanoribbons are synthesized using high
H2:CH4 of 50:1 (slow rate of ~30 nm h) and short growth time of 2 h (similar to Fig. 8.4b) to
obtain a polydisperse mixture of ribbons with, on average, narrow widths of ~10 nm (standard
deviation is roughly 40% of the average width) and aspect ratios > 6.5. Width polydispersity can

lead to variability in FET on/off conductance ratio. Nonetheless, the goal of the charge transport
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measurements is to demonstrate that the ribbons can have high on-state conductance and, in some

cases (i.e., when ribbons are particularly narrow), can also exhibit high on/off conductance ratio.
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Figure 8.6: Charge transport of nanoribbons grown on Ge(001)-9°. (a) FET architecture used for room-
temperature transport measurements. (b-c) Plot of lgs versus Vgs on a linear (b) and log (c) scale for three
nanoribbons at Vg of 0.1 V. Forward sweeps, in which bias is varied from negative to positive voltage, are
shown. Reverse sweeps and source-gate current (lgs) versus Vg are plotted in Fig. H.14. Hysteresis is
exhibited in lgs versus Vgs curves, as expected for ribbons on SiO, measured in air. (d) Plot of lgs versus Vs
for the ribbon in b,c (blue curve) at Vg of 0 to -8 V. (e) Plot of Gon versus Goen/Gott for ribbons grown on
Ge(001)-9° via CVD and for ribbons grown via other techniques in the literature.

Fig. 8.6b,c plots source-drain current (lgs) versus source-gate voltage (Vgs) on a linear and
log scale, respectively, using a source-drain voltage (Vas) of 0.1 V. Hysteresis is exhibited, as
expected for ribbons on SiO, measured in air.242243 Moreover, noise is relatively high, as expected
for single-ribbon devices, likely due to interactions of ribbons with species originating from the
ambient environment. The black, red, and blue curves are measured from three representative
ribbons with on/off conductance ratio (Gon/Goff) 0f 19, 110, and 570, respectively, and on-state

conductance (Gon) of 18, 11, and 8.0 uS, respectively. The high Gon/Gott 0f 570 indicates a bandgap
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>> kgT at room temperature is achieved, and the ribbons can be semiconducting rather than semi-
metallic. Gon/Gort Ccan vary by orders of magnitude from ribbon to ribbon, which can be attributed
to nanoribbon width polydispersity.” We have recently shown that polydispersity can be reduced
by initiating nanoribbon growth on Ge(001)-0° from nanoscale seeds.??® Therefore, polydispersity
and the resulting device variability are not necessarily intrinsic limitations of nanoribbon synthesis
on Ge via CVD. In future studies, it may be possible to adapt seeded ribbon synthesis on vicinal
Ge(001) surfaces to synthesize aligned ribbons with reduced polydispersity. The nanoribbon width
in FETs cannot be precisely determined via SEM due to charging from the SiO2 substrate and
screening from the electrodes. However, the ribbon width and bandgap can be estimated from its
Gon/Gorr, as shown previously.”?* From these relationships, a ribbon with Gon/Go 0f 570 has an
expected width of ~8 nm and bandgap of ~0.2 eV. Fig. 8.6d plots lqs against Vgs for the ribbon in
Fig. 8.6b,c (blue curve) with Gon/Goff 0f 570 and Gon of 8.0 uS at varying Vgs. The lgs versus Vs
curves are nonlinear at low Vgs, indicating Gon is likely at least partially limited by a Schottky
barrier at the nanoribbon/contact interface.?*

We plot Gon against Gon/Gorr for 18 nanoribbons grown on Ge(001)-9° with Gon/Gott > 20
in Fig. 8.6e (red stars). Also plotted are data for nanoribbons synthesized via CVD on Ge(001)-0°
(black and grey circles)’>” as well as fabricated using subtractive top-down lithography (blue
diamonds),?*64° narrowing of wider ribbons via etching (green upward triangles),25%-2%2
polymerization/cyclodehydrogenation (orange rightward triangles),?*> sonochemical exfoliation
(pink squares),?*+2532% and unzipping nanotubes (purple downward triangles).??:?%® For a given
Gon/Goff, Nnanoribbons grown on Ge(001)-9° via CVD have among the highest Gon of ribbons
produced using any method. Similar charge transport has been measured for ribbons grown on

Ge(001)-0°, indicating that charge transport is not compromised by growing on the miscut
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Ge(001)-9° surface.

8.3 Conclusions
In summary, we show ~90% of the nanoribbons grown on Ge(001)-9° via CVD can be

aligned within +1.5° perpendicular to the miscut. The ribbons can have sub-10 nm widths, aspect
ratios > 10 on average and as high as 25, and smooth armchair edges — enabled by conducting
synthesis using relatively slow growth rate. The nanoribbons display excellent charge transport,
simultaneously exhibiting high Gon and Gon/Gort in FETS. The crystal shape evolution with growth
rate may indicate a strong interaction between the ribbon edges and the Ge surface is important for
achieving anisotropic growth and ribbons with smooth armchair edges on all Ge(001)-like
surfaces. Provided the packing density can be increased (e.g., by seeding growth?® or by
increasing nucleation density via growth at lower temperature), large-area alignment of
semiconducting nanoribbons on vicinal Ge(001) via CVD could be an important step towards

realizing graphene-based semiconductor technologies.

8.4 Methods
Graphene synthesis via CVD: Ge(001) substrates with 0° nominal miscut (Wafer World,

resistivity > 50 Q-cm), 6° miscut (University Wafer, 0.01-0.05 Q cm, Ga dopants), and 9° miscut
(Wafer World, 0.4 Q cm, Sb dopants) toward Ge[110] are loaded into a horizontal furnace with a
quartz tube inner diameter of 34 mm. The system is evacuated to < 107 torr and then refilled to
atmospheric pressure with a flow of Ar and H». After annealing the substrates at 910 °C, a flow of
CHa is introduced to begin graphene synthesis. The furnace is slid away from the growth zone to
terminate synthesis while maintaining the atmosphere used during growth. Specific growth
conditions used throughout this work are provided in Table H.1. We previously found dopants in

Ge wafers do not significantly alter growth on Ge(001).72
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SEM characterization: After growth, samples are imaged with SEM (Zeiss LEO 1530)
using an in-lens detector. Contrast reversal of graphene on Ge (see Fig. 8.2a-i) is attributed to
amorphous carbon deposition upon exposure to the electron beam and oxidation of the Ge surface
(Fig. H.7 and H.8). Amorphous carbon does not affect the measured island size nor shape.

STM characterization: STM images are acquired using a CreaTec STM at 4.5 K with a
Nanonis control system and are processed using WSxM?, The system base pressure is 7x107!
mBar. Pt/Ir tips are prepared via electrochemical etching in a CaCl> solution and subsequent field
emission in-situ. Tip quality and stability is determined by constant height measurements on a
clean Au(111) crystal. Samples are annealed overnight at 350 °C and 5x1071° mBar.

AFM characterization: Surface morphology is characterized using atomic force
microscopy (AFM) (Veeco MultiMode SPM) in tapping mode.

XRD characterization: The Ge miscut angle and miscut direction are determined with
XRD. A low-angle x-ray specular reflection is used to level the sample to within £ 0.01°. The
miscut angle is determined by measuring the maximum angle between (004) and the specular
direction. The miscut azimuth is determined from the difference between the rotational angle, phi,
where the (224) reflection is maximized to the phi where the miscut angle is maximized. Ge(001)-
6° and Ge(001)-9° have miscut angles of 5.99 + 0.05° and 8.75 + 0.05°, respectively, and azimuthal
deviation from Ge[110] of 4 £ 1° and 0.5 £ 1°, respectively.

LEEM and LEED characterization: The crystallinity of the graphene islands and their
registration with Ge(001)-9° are characterized with LEEM and LEED (SPECS Fe-LEEM/PEEM
P90). The substrates are annealed at 600 °C for 5 min under ultra-high vacuum (107 torr) before
LEEM and LEED measurements. Incident electron energies of 25-30 eV are used. LEEM and

LEED modes are aligned with a precision of + 3°. To increase contrast of the graphene diffraction
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spots, samples are tilted relative to the incident electron beam.

TEM and SAED characterization: The TEM and SAED experiments in Fig. 6.3c,d are
conducted in a Tecnai T-12 Cryo TEM at 120 kV. After growth on Ge(001)-9°, the graphene
crystals are transferred onto SizN4 windows that are 5 nm in thickness (TEM Windows, product
#SN100-A05Q33A), as described previously??.

Raman characterization: Raman spectroscopy in Fig. H.3 is conducted using a Thermo-
Fisher Scientific DXRxi Raman Imaging Microscope with laser excitation wavelength of 532 nm
and power of 10 mW.

DFT calculations: DFT calculations are performed using the PBE-D27°%" exchange
correlation functional as implemented in the Vienna Ab Initio Simulation Package (VASP)8L. k-
point sampling is restricted to the I" point. The Ge substrate is modeled as a slab with eight layers,
with the bottom surface passivated by H, the bottom four Ge layers fixed in bulk positions, and
the top four Ge layers relaxed. Structures of nanoribbons placed on the Ge surface are optimized,
and phase diagrams are constructed by calculating the grand potential of the ribbons exposed to
CHs and H> in the gas phase. A detailed description of the computations is in Section H.1 of
Appendix H.

Charge transport measurements: Nanoribbons grown on Ge(001)-9° are transferred from
Ge onto 15 nm of SiO2 on Si using a dry transfer method with thermal release tape, as described
previously. FETs are fabricated using electron-beam lithography to define the source and drain
contact regions. Thermal evaporation is used to deposit Cr/Pd/Au (0.7/10/10 nm) contacts. The Si
substrate is used as a back gate and 15 nm of SiOz is used as the gate dielectric. All devices are
measured at room temperature in ambient laboratory conditions using a Keithley 2636A

SourceMeter.
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Chapter 9: Anisotropic Synthesis of Armchair Graphene
Nanoribbon Arrays from Sub-5 nm Seeds at Variable Pitches
on Germanium”

9.1 Introduction

Graphene nanoribbons are promising candidates for a variety of applications, including
high-frequency communication devices, logic circuits, optoelectronics, photonics, and sensors.°
Unlike graphene, which is a semimetal, graphene nanoribbons can be semiconducting with a
bandgap greater than room-temperature thermal energy when they are narrower than 10 nm.
Theoretical studies indicate that the bandgap of ribbons varies inversely with their width and find

that an armchair edge orientation provides the largest bandgaps.!!

The synthesis of sub-10 nm nanoribbons with smooth edges, controlled orientation, and
controlled placement remains a challenge. Top-down techniques that lithographically pattern
ribbons from monolayer graphene can address the issues of placement and orientation; however,
these techniques yield nanoribbons with disordered edge structures which degrade electrical and

thermal properties.?° Furthermore, sub-10 nm resolution is also beyond the limit of conventional

* Adapted from “Anisotropic Synthesis of Armchair Graphene Nanoribbon Arrays from Sub-5 nm Seeds at
Variable Pitches on Germanium”, A. J. Way, E. A. Murray, F. Goltl, V. Saraswat, R. M. Jacobberger, M.
Mavrikakis, M. S. Arnold, Journal of Physical Chemistry Letters 10, 4266 (2019).

Synthesis and characterization experiments were performed by A. J. Way, R. M. Jacobberger, and M. S. Arnold. A.
J. Way served as the primary author for this work.
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lithography. Alternate techniques such as the unzipping of graphite?® and nanotubes?'+?? can result
in narrow ribbons with smooth edges but do not provide control over placement, orientation, and
edge chirality. A promising bottom-up method is polymerization followed by
cyclodehydrogenation,?®2?® which results in smooth, armchair edges and sub-10 nm widths;
however, it has not yet been possible to uniformly control the orientation and placement of these
ribbons. Polymerization approaches also yield nanoribbons that are narrower than 1.5 nm, whereas

wider nanoribbons may be needed for applications that demand more bandgap tunability.

Jacobberger et al. have recently demonstrated a bottom-up synthesis process in which
graphene nanoribbons can be grown directly on Ge(001) by chemical vapor deposition (CVD)
from CHa. This technique yields nanoribbons aligned to Ge(110), with smooth armchair edges,
widths as narrow as 1.7 nm, and aspect ratios up to 70.2°2° These ribbons possess excellent charge
transport properties, as compared to other synthesized ribbons in the literature, demonstrating an
on/off conduction modulation of 2 x 10* and an on-state conductance of 5 uS.3! However, the
synthesis of nanoribbons on bare Ge(001) yields nanoribbons that nucleate and grow in random
locations and that begin growing at different times over the course of the synthesis, resulting in

size polydispersity.

These issues have been partially addressed by using graphene seeds to act as initiation sites
for ribbon growth. Previously, we have demonstrated that nanoscale seeds of graphene
lithographically patterned on Ge(001) can initiate the synthesis of nanoribbons. When the armchair
direction of the graphene seed is aligned with a particular Ge[110] direction, the resulting ribbon
is aligned to the same Ge[110] direction, which enables the synthesis of unidirectionally aligned

arrays of ribbons.®? Furthermore, the seeded nanoribbons also begin growing at the same time,
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thereby reducing size polydispersity, which occurs due to spontaneous (or secondary) nucleation.
Therefore, this seeding technique is promising because it yields armchair nanoribbons with
naturally faceted edges while enabling control over the nanoribbons’ orientation and placement.
However, for the seeded CVD synthesis of graphene nanoribbons to become reproducible and
commercially viable, methods for creating graphene seeds that are sub-5 nm in diameter and
monodisperse will be needed. Furthermore, a dense packing (i.e., a small pitch) of ribbons is
required for many technologically important applications, whereas the impact of dense packing on

growth Kinetics has not been explored.

Here, we advance the seed-initiated synthesis in two ways. To reduce the width of the
obtained ribbons, we demonstrate the viability of initiating nanoribbon synthesis from sub-5 nm
seeds. Furthermore, we also reduce the pitch between nanoribbons in periodic arrays from 500 nm
to 50 nm and find that nanoribbon-crowding effects do not perturb growth Kinetics. We
furthermore use DFT calculations to estimate the order of magnitude of the diffusion coefficient
(D), diffusion length (Lp), and lifetime (z) of the rate-limiting hydrocarbon intermediate species
on Ge(001). The experimental invariance of the kinetics and the DFT calculations indicate two
possibilities: (1) the diffusion length of the rate-limiting hydrocarbon intermediate species is <<

50 nm and/or (2) the nanoribbon growth Kkinetics are strongly attachment-limited.

9.2 Results and Discussion
As discussed above, the seeded CVD synthesis of graphene nanoribbons can only become

reproducible and commercially viable if there are efficient methods for creating seeds that are sub-
5 nm in diameter and monodisperse. While this goal is still elusive, the first step in our analysis

focuses on generating sub-5 nm seeds with some polydispersity to demonstrate that growing
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nanoribbons from seeds that are vanishing in diameter is viable. Subsequently, we focus on the
spacing between the seeds and the impact of this spacing on growth kinetics. Finally, we perform
DFT calculations to estimate diffusion properties of potential graphene growth species on the

surface.

To create and approximately control the diameter of the graphene seeds, a two-step process
is employed. The first half of this process closely relies on previous work in generating seeds for
ribbon growth®2 and uses electron-beam lithography to fabricate seeds. This fabrication involves:
(i) the polymer-assisted transfer of graphene crystals grown on Cu foil to Ge(001), (ii) the
deposition of a thin film of electron-beam resist, (iii) electron-beam lithography to create 20-55
nm openings in the resist, (iv) the deposition of a 10 nm film of Ni to serve as a hardmask, followed
by lift-off to yield 20-55 nm discs of Ni on graphene on Ge(001), (v) oxygen reactive ion etching
to produce isolated graphene seeds on Ge(001) protected by the Ni hardmask, and (vi) the removal
of the Ni in a dilute agua regia etchant solution. At this stage, graphene seeds are 20-55 nm in
diameter. Next, we focus on reducing their size. Previously, it was demonstrated that annealing
graphene seeds in Ar and H. slowly reduces their diameter.3? We therefore expose the seeds to an
Ar and Hz atmosphere and reduce their diameter to a desired size before initiating ribbon growth

(Fig. 9.1a).
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Figure 9.1: (a) Schematic of a lithographically patterned graphene seed before and after annealing in an
Ar and H; environment. The seed diameter reduces from ds, (patterned seed diameter) to ds (seed diameter
after etch). (b) Plot of yield (% of seeds resulting in ribbons) versus ds, divided by t (anneal time). A normal
cumulative distribution function (red line) is fit to the data and determines a diametric etch rate of 0.59 nm
min‘?,

Obtaining a detailed understanding of the size of the seeds and the associated etching rate
is difficult due to challenges in quantifying the size of nanostructures once their dimensions are
reduced below 10 nm. We therefore rely on an alternative, indirect strategy to quantify etch rates.
Seeds of various, known diameters are created via electron-beam lithography and then etched for
a specific amount of time. Subsequently, nanoribbon synthesis is attempted from each seed and if
a ribbon is formed, a seed is assumed to be present. The absence of a ribbon indicates that the
entire seed has been etched away (i.e., the diameter is reduced to 0 nm). The diametric etch rate is

then calculated as the initial diameter of the seeds divided by the time needed to completely etch



174

the seeds. There may be a critical, non-zero seed size below which the growth of a nanoribbon is
not possible. However, data, in the section below confirm that this critical size is very close to 0

nm.

Seeds are fabricated with initial diameters of 20-55 nm and then etched for 45-67.5 min
at 910 °C in an environment of 33% H. in Ar. The fraction of etched seeds that yield nanoribbons
against initial seed diameter, dso, divided by etching (anneal) time, t, is plotted in Fig. 9.1b. We
find that the nanoribbon yield is nearly 0%, when the initial seed diameter divided by etching time
is small (and less than the etching rate) and conclude that the seeds in this scenario are destroyed
by the etching. On the other hand, when the initial seed diameter divided by etching time is large
(and greater than the etching rate), nanoribbons evolve from the seeds with a yield of nearly 100%,
which implies that the seeds are still present. As shown in Fig. 9.1a, we fit a continuous distribution
function to these data, which characterize thousands of seeds and ribbons, and identify an average

diametric etch rate, Rs, of 0.59 + 0.02 nm min™.

Next, we use this information to closely control the seed size and demonstrate that the
growth of nanoribbons can be initiated from such seeds. Seeds that are initially 20-55 nm in
diameter are defined by electron-beam lithography and then etched for times ranging from 45—
67.5 min to produce seeds with expected diameters after etching, ds = dso — Rs-t, ranging from 0 to
25 nm. Nanoribbons are then grown from these etched seeds at a CH4 mole fraction, XcHa, 0f 0.0066
for 6 hr. The measured length and width of the nanoribbons initiated from seeds of ds are shown
in Fig. 9.2a-b, respectively. Comparatively large error bars are found due to uncertainty in
measuring the nanoribbon width via scanning electron microscopy (SEM) and because of variation

inherent to our electron-beam lithography and Ni etch mask fabrication procedures that result in
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seed-to-seed deviation in diameter. The average width, w, and length, I, of nanoribbons that form
on a control sample during unseeded growth are 9.7 + 4.1 nm and 218 + 53 nm, respectively,
indicating a growth rate R of | / 2t = 18.2 nm hr! along the nanoribbon length direction and a
growth rate of Ry = w/ 2t = 0.81 nm hr! along the nanoribbon width direction (Fig. 1.1) (factor of

2 arises since nanoribbons grow along both directions).

The length and width of nanoribbons initiated from seeds are expected to vary as ds+2R;-t
and ds+2Rw-t, respectively. These expected dependencies are plotted as solid lines in Fig. 9.2a-b,
and experimental data in most cases lies within error bars. Fig. 9.2b shows that the narrowest
seeded nanoribbons have widths of 10 nm, approximately equal to the widths of the unseeded
nanoribbons. In this case, ds+2Rw-t = 2Rw-t, revealing that the narrowest nanoribbons in Fig. 9.2b
have evolved from seeds with ds ~ 0. These data are promising and confirm that the anisotropic
synthesis of graphene on Ge(001) can be initiated from sub-5 nm seeds that are potentially smaller
than 1 nm in diameter. To seed the synthesis of nanoribbons of final w <5 nm, it will be necessary
to limit ds+2Rw-t to less than 5 nm. These results show that achieving w < 5 nm will be viable
because ds can be reduced to << 5 nm, and Rw can be minimized while maintaining a large R by

conducting growth at low Xcra and high xp2.29%
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Figure 9.2: Plots of nanoribbon length (a) and width (b) versus etched seed diameter, ds, following seed-
initiated nanoribbon synthesis at a xcns4 0f 0.0066 for t = 6 hr. Synthesis on a control sample without seeds
yields ribbons of length = 2R,-t = 218 £ 53 nm and width = 2Ryt = 9.7 £ 4.1 nm. Solid black lines denote
expected length and width of seeded nanoribbons, assuming that the dimensions increase as ds + 2R;-t and
ds + 2Ry, respectively

Next, periodic arrays of nanoribbons are grown from seeds at different pitches. Arrays of
nanoribbons will be needed for future electronic devices such as field-effect transistors. In this
regard, one open question is: Are the anisotropic growth kinetics of nanoribbons altered when they
grow in arrays that are closely spaced due to crowding effects? To answer this question, arrays
with a pitch of 50, 100, 200, 300, and 400 nm are fabricated. Here, an initial seed diameter of 35
nm is used, and the seeds are etched for 52.5 min, resulting in an expected ds of 4 nm. Nanoribbons
are then grown from the seed arrays at Xcn4 0f 0.0066 for 6 hr. The length and width of the resulting
nanoribbons are compared in Fig. 9.3 as a function of pitch. The median length of the nanoribbons
does not change with pitch, varying only from 223 to 243 nm over the entire range of pitches (Fig.
9.3a). The median width is also largely independent of pitch (Fig. 9.3b), varying only from 10.5

to 13.9 nm. The nanoribbon width appears to slightly increase for the smallest 50 and 100 nm
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pitches (Fig. 9.3b); however, this increase can be attributed to patterned seeds occasionally
merging or losing uniformity, as discussed below, due to challenges with patterning and lift-off

that become more prevalent as the spacing between seeds decreases.
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Figure 9.3: Plots of length (a) and width (b) of graphene nanoribbons synthesized in arrays with pitches of
50, 100, 200, 300, and 400 nm. The dso is 35 nm. All samples are annealed for 52.5 min before growth,
resulting in an expected ds of 4 nm. (c) Representative SEM images of a single row from arrays with pitches
of 50, 100, 200, 300, and 400 nm (top to bottom). Scale bar is 200 nm. Inset is three different sequences of
seeds that demonstrate a missing seed (left), a regular sequence of seeds (middle), and a merged seed (right),
and resulting representative ribbon characteristics for a 50 nm pitch.

Fig. 9.3c shows representative SEM images of the nanoribbon arrays for all five pitches
explored. There are no noticeable differences in the shape and size of the nanoribbons as a function
of pitch — other than missing nanoribbons (from the 50 and 100 nm pitch arrays) and merged
nanoribbons (in the 50 nm pitch array). These missing and merged nanoribbons can be attributed
to imperfections in the seed definition process (rather than perturbation of nanoribbon growth
kinetics). These imperfections are illustrated via SEM in the inset of Fig. 9.3c, which shows 50
nm pitch seed arrays prior to nanoribbon synthesis. Three different types of features are apparent:
(i) a perfect sequence of seeds, (ii) an imperfect sequence of seeds with a missing seed, and (iii) a

large, merged seed. These features dictate the configuration of nanoribbons that evolve from the
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seeds. When a seed is not present at a spot in an array sequence, a ribbon will not grow at this spot.
When all of the seeds are regular, a regular array of ribbons will grow. When seeds merge,
nanoribbons evolve that are more than double the width of the others. Improved patterning and
lift-off procedures will reduce or eliminate these issues, making smaller pitches viable. Another
observation is that seeds occasionally rotate, yielding nanoribbons orthogonal to the intended
Ge[110] direction (see for example the horizontal nanoribbon in the 50 nm pitch array in Fig. 9.3c).
This rotation was not observed in our previous studies of nanoribbon synthesis from larger seeds,

but might be correlated to the smaller seed sizes, the etching time, or surface impurities.

Previous work studying the kinetics of graphene synthesis have found growth to be
attachment, diffusion, or dissociation-limited depending on the substrate and growth conditions.®*
38 The rate-limiting step of graphene nanoribbon growth on Ge(001) is not yet clear, but could
impact tightly-pitched ribbon synthesis. The experimental data presented in this study indicate that
the pitch of the graphene seed arrays has no effect on nanoribbon growth kinetics down to a pitch
of 50 nm. Thus, there are no crowding effects that perturb the size or shape of the nanoribbons.
The absence of crowding effects indicates one of two scenarios: (a) the diffusion length of the
hydrocarbon intermediate(s) primarily driving nanoribbon growth is much less than 50 nm or (b)
the synthesis is in a strongly attachment-limited regime. Distinguishing between the two scenarios
based on experimental data alone is particularly complicated because the active growth species is
unknown. Previously measured rate laws indicate that there are xcha?2® * %95 and xu0 * 02
dependencies for nanoribbon length growth kinetics on Ge(001), suggesting that CoHx carbon

dimers act as the primary growth species on the Ge(001) surface.?®

To obtain estimates for the mobility and lifetimes of all possible dimers, we rely on
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theoretical modeling. We use DFT calculations using the PBE functional®® as implemented in the
Vienna Ab Initio Simulation Package (VASP)*** and focus on a Ge(001) surface with a 2 x 1
reconstruction that forms dimer rows on the surface (see Fig. 9.4a). After we optimize the
structures of the different adsorbates, we then use the nudged elastic band method*? to calculate
the diffusion barriers for the different species on the surface. Explicit values for diffusion parallel
and perpendicular to the dimer rows are shown in Table 1.1. We find that, in particular, CC and
CHC show significant diffusion anisotropies and low diffusion barriers for along or perpendicular
to Ge dimer rows for CC and CHC, respectively. We next calculate prefactors from vibrational
entropies and use these values under the assumption of an Arrhenius behavior to calculate diffusion

constants D for all considered C, species.*® All numerical values are given in Table I.1.
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Figure 9.4: (a) Atomistic picture of the different CoHyx species on the Ge(001) surface. C atoms are shown
in brown, H atoms in yellow, and Ge atoms in green (bulk) or blue (under-coordinated dimers). (b) Reaction
network for the interconversion and desorption of C,Hy species. Values for the activation energies for
forward and backward reactions are given in eV. (c) H-coverage, ®u, dependent values of the average
diffusion length Lo for the different C,Hx species.

The lifetimes of the different species will be closely connected to the reaction network
describing the interconversion of the different species on the Ge(001) surface. To reduce the
computational effort, we assume that dehydrogenation/hydrogenation and desorption reactions are
fast compared to C-C bond breaking and forming reactions. We therefore focus on calculating the

reaction network for the interconversion of CoHx species, where 0 <x <4, and desorption of CHCH
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and CH2CHo>. Similar to the diffusion calculations above, we rely on static DFT calculations and
the nudged elastic band method to calculate activation barriers for the entire reaction network, and
results are shown in Fig. 9.4b. This network implies that most species can undergo different
reactions, and the diffusion of several species will need to be considered to calculate an average
lifetime for each respective species on the Ge(001) surface. Accounting for all the possible
reactions is complicated and will require the construction of an explicit kinetic Monte Carlo model,
which goes beyond the scope of this work. Therefore, we assume that one surface species will be
the dominant growth species. Consequently, we only calculate an upper bound for the
characteristic lifetime, z, of this dominant growth species as the lowest value of all the inverse
reaction rates. Additionally, hydrogenation reactions will rely on the H coverage on the Ge(001)
surface, which is not known. We therefore explore different H coverage values between 0.1 and

0.0001. The corresponding lifetimes of all intermediates are shown in Table 1.2 and Fig. 1.4.

Next, we combine the information for the diffusion barriers and lifetimes to estimate the
average diffusion length, Lp, for each of the hydrocarbon intermediate species. Lp will depend on

the diffusion constant, D, and the characteristic lifetime, 7, of each species. Additionally, we

assume that Lp results from a random walk of the growth species, which leads to Lp = vDt. To
focus the discussion, we only include the lowest diffusion barrier (i.e., largest D) of each species
and assume that only one species can contribute to ribbon growth. We plot the diffusion length
values for the different species at different H coverages in Fig. 9.4c. We find that only one CHx
species has an Lp above the nanoribbon pitch, Lp, namely CC (3460 to 109 nm). The rest of the
C2Hx species have an Lp below Lp with CHC (15 to 0.5 nm) and CH2CH> (1.2 nm) being within

two orders of magnitude of Lp. All other potential growth species have Lp values at least two orders
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of magnitude smaller than Lp.

To correlate the calculated Lp parameters to the observed width growth rate, Rw, and
explicitly account for crowding effects, we develop a transport model. Two extreme cases are
considered, in which (a) the nanoribbon growth kinetics are limited only by diffusion of
hydrocarbon intermediates to ribbon edges (and not by attachment), and therefore, the
concentration of growth species is the decisive factor, and (b) the nanoribbon growth kinetics are
limited only by attachment of hydrocarbon intermediates to the ribbon edges (and not by
diffusion). In scenario (a), Rw between long, parallel nanoribbons should decay as:

1 —e~Lp/lp (9.1)

R,, = RW’oo —1 s

where Lp is the nanoribbon pitch, Lp is the hydrocarbon intermediate diffusion length, and R, o,
is the growth rate in the width direction without crowding effects (i.e., Lp is large). A detailed
derivation of this formula and schematic of the physical setup is given in Appendix | and Fig. 1.2.
This mathematical correlation indicates that Rw will begin to decrease due to crowding effects
when Lp is reduced to several times Lp (for example decreasing by 20% when Lp = 2.2Lp). In

contrast, in scenario (b), Rw depends only on the attachment barrier and does not vary with Lp.

Under the assumption that growth is purely diffusion-limited (i.e., scenario (a) from
above), it is now possible to use the DFT calculated Lp values and study their impact on the
observed Rw. In particular, when using calculated Lp values in equation (1) (L, = 50 nm), we find
that if the growth species is CC (Lp = 109 nm, at minimum as seen in Fig. 9.4c), CHC (Lp= 15
nm, at maximum as seen in Fig. 9.4c) or CH>CH> (Lp = 1.2 nm, as seen in Fig. 9.4c), the width

growth rate should decline by ~78% (for CC), ~7% (for CHC), or ~0% (for CH>CH>). A decrease
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is not observed in the experimental measurements (Fig. 9.3b). Thus, the growth Kinetics are either
strongly attachment-limited, or the growth is diffusion-limited with a growth species with an Lp
significantly smaller than Lp (i.e., essentially every growth species other than CC for L, of 50 nm
used in this study). Based on this work, it is not possible to distinguish between these two scenarios,
and answering this question will require a rigorous study of the kinetics of precursor formation
and graphene growth. Nonetheless, provided that the growth species is not CC or CHC, these
results indicate that nanoribbons can be grown to pitches of less than 5 nm without significant
perturbation of the growth kinetics, regardless of whether growth is attachment or diffusion
limited. If growth is predominately limited by attachment, these results indicate that sub-5 nm
pitches are possible regardless of the growth species. This study therefore provides a theoretical
upper limit of nanoribbon pitch, assisting integration of nanoribbon arrays into semiconductor

electronics.

9.3 Conclusions

We have investigated the possibility of growing graphene nanoribbons on Ge(001) from
sub-5nm seeds. Sub-5 nm seeds of graphene are obtained from lithographically patterned seeds of
graphene that are > 20 nm in diameter via controlled etching. Subsequently, the viability of
initiating nanoribbon synthesis from sub-5 nm seeds is investigated, and periodic arrays of narrow
(w < 10 nm) and long (I = 200 nm) graphene nanoribbons on Ge(001) are synthesized using
lithographically defined seeds to control alignment and placement. We find that even if the spacing
between nanoribbons in the array is reduced to 50 nm, growth kinetics and shape evolution are
unperturbed. In combination with density functional theory calculations, this result indicates that

graphene ribbon growth is either correlated to a growth species with a diffusion length significantly
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below 10 nm or is strongly attachment-limited. Through the results of future modeling, the limits
of ribbon spacing can be further explored and exploited. Another challenge moving forward will
be controlling the size monodispersity of the seeds before and after etching so that more
monodisperse nanoribbons can be obtained. Despite these remaining challenges, this work clearly
demonstrates that seed-initiated synthesis of tightly spaced graphene nanoribbons on Ge(001) is a
promising route for creating arrays of armchair graphene nanoribbons, with possible applications

in semiconductor electronics.
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Chapter 10: Characterizing How Graphene Nanoribbons
Interact with Ge(001) Through First-Principles Calculations
and Monte Carlo Simulations

10.1 Introduction
For the past five decades, silicon has reigned as the dominant material in microelectronics

because it is highly abundant and utilizes well-established processing routes. However, as
microelectronics become smaller and more sophisticated, silicon-based technologies have begun
to reach their fundamental physical limits, and there is a growing push towards utilizing alternative
materials with high charge carrier mobility and the potential for further miniaturization. One such
material that is currently under consideration is graphene, which exhibits excellent charge and
thermal conduction.®>%> However, extended graphene sheets are semi-metallic and contain no
band gap, making them unsuitable for applications in semi-conductor logic. Reducing the width
of a graphene sheet to form graphene nanoribbons (GNRs) leads to a band gap within the
material,® allowing GNRs to be utilized in semiconductor logic, photonics, and sensing
applications.”-%° GNRs with armchair edges have been predicted to have the largest band gaps,’® "
and a technologically-relevant band gap can be induced in GNRs when they have smooth, armchair

edges and are restricted to 10 nm or less in width.”>"®

A promising bottom-up approach for producing narrow GNRs with armchair edges was
discovered by Jacobberger et al., who found that chemical vapor deposition (CVD) of methane
and hydrogen on Ge(001) causes GNRs to grow on the Ge surface.’? This technique produces high-

aspect ratio GNRs with smooth armchair edges and widths below 5nm.”* Furthermore, ribbons
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produced using this method have more promising charge transport properties compared to others
in the literature, with an on/off conductance ratio of up to 2x10* and an on-state conductance of 5
uS.”™ However, these GNRs: (i) grow in random locations on the Ge(001) surface, (ii) are
polydisperse due to varying nucleation times during the growth process, and (iii) grow in both
Ge(110) directions, meaning that the obtained GNRs are rotated 90° from each other.’?
Furthermore, some of the graphene crystals that are produced are mis-aligned from the Ge(110)
directions by 15° and form undesirable, low-aspect ratio graphene crystals.'* These properties
limit the application of this method in semiconductor electronics applications, which require arrays

of monodispersed, parallelly aligned, and equally spaced GNRs.

Way et al. suggested that these limitations can be overcome by seeding graphene to produce
ordered arrays of GNRs at variable pitches (i.e., distances) on Ge(001).2%82°® They demonstrated
that using seeds allows for control of (i) the locations of the GNRs, (ii) the orientations of the
GNRs, and (iii) the length and width dispersity of the GNRs (because all of the nanoribbons start
to grow at the same time). In further work, Way et al. studied the impact of seed size on GNR
growth. They estimated that seeds larger than ~18 nm in diameter do not rotate, causing aligned
seeds to grow GNRs and mis-aligned seeds to grow low-aspect ratio graphene crystals. Seeds
smaller than 18 nm in diameter, on the other hand, can rotate and grow GNRs aligned with
Ge(110) when annealed at 910 °C.2%9 These results indicate that using seeds is a crucial step
towards making GNR synthesis on Ge(001) technologically viable, and fundamental insights into
seed alignment could help further optimize the synthesis of GNR arrays with desirable properties.
However, the driving forces that govern the alignment of seeds on the nano-scale on the Ge(001)

surface are still poorly understood.
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Because evaluating these nano-scale interactions between GNRs and Ge(001) can be nearly
impossible at the growth conditions typically used to grow GNRs, density functional theory (DFT)
can provide insights into growth phenomena that are otherwise inaccessible. In the past, Zhang et
al. used DFT calculations to evaluate the preferential orientation of graphene crystals on the
Cu(111) surface.?? In their approach, they divided the interactions between graphene and the
substrate into two components: (i) the orientation-dependent interactions between the graphene
wall (i.e. the bulk of a graphene crystal) and the substrate and (ii) interactions between Cu-
passivated graphene edges and the substrate. Using this approach, they found that below diameters
of 10-19 nm, interactions between carbon atoms on graphene edges and Cu determine the
orientation of graphene crystals, while interactions between the graphene wall and Cu dominate at
larger crystal sizes. While the work from Zhang et al. focused on the main contributions to
graphene seed orientation on Cu(111), similar insights into graphene crystal alignment on Ge(001)
could provide crucial insights into driving forces behind graphene seed alignment on Ge(001) and

would help to evaluate the size-dependent rotational barriers for graphene seeds.

Here, we use theoretical modeling to understand the dominant interactions between
graphene and the Ge(001) surface. As a first step, we use DFT calculations to understand the
preferential orientation of the graphene wall with respect to the Ge(001) surface. Subsequently,
we combine DFT calculations with Monte Carlo simulations to analyze the binding of the graphene
edge with the underlying substrate. In the end, we combine this information to estimate seed sizes
where the graphene-Ge(001) interactions are dominated by interactions with the graphene wall or

the graphene edge and give estimates for size-dependent rotational barriers of graphene seeds.

10.2 Methods
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All DFT calculations are performed using the Vienna Ab Initio Simulation Package
(VASP) 818 a plane-wave code that utilizes periodic boundary conditions and PAW
psuedopotentials.*?® Exchange correlation interactions are modeled using the generalized gradient
approximation (GGA) utilizing the Perdew, Burk, and Ernzerhof (PBE) functional,”® and van der
Waals forces are modeled with DFT-D2 dispersion corrections.?®” Electron wave functions are
expanded using a plane-wave basis set and a kinetic energy cutoff of 400 eV. The surface of the

Brillouin zone is sampled using a 4 x 4 x 1 Monkhorst-Pack k-point mesh.??

We perform calculations using a slab model that consists of a (4 x 4) supercell containing
8 Ge layers where the bottom 4 layers are fixed at the bulk Ge lattice constant and the bottom layer
is terminated with hydrogen. The bulk lattice constant of Ge is set as 6.04 A to eliminate strain
along graphene in the armchair direction of the unit cell (graphene has a calculated bulk C-C bond
length of 1.42 A). This approach has been utilized in previous work?? to prevent unphysical
corrugation along the length of GNRs. We model the Ge(001) surface with a 2x1 dimer
reconstruction, which is found experimentally under GNRs grown on Ge(001)? and is a
thermodynamically favorable and common surface reconstruction®®® (see Fig. 10.1a)). The
primitive unit cell for this surface is a 4.28 A by 8.55 A rectangle. Periodic images in the z direction
are separated by at least 14 A of vacuum. The energies of edge structures were calculated using

the grand potential () of each ribbon structure. The grand potential (Q2) is defined as:

2 = (Esjap+rivbon — Esiap — Ny * g — N¢ * uc) /1 (10.1)
where Esian+ribbon IS the total energy of the Ge slab with adsorbed ribbon, Esias is the total energy of
the clean Ge slab, Ny is the total number of H atoms in the ribbon, pn is the chemical potential of

an H atom, Nc is the total number of C atoms in the ribbon, and pc is the chemical potential of a
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C atom, and | is the length of the ribbon within a unit cell. We relate the chemical potentials pun
and pc to the chemical potentials of CH4 and Hz in the gas phase by assuming that the following
reactions are at equilibrium: Hz(g) «» 2H* and CHa(g) <« C* + 4H* (* signifies an adsorbed

species on the Ge surface). Therefore, we can relate pr and pc in the GNR to pn, and pcw, by pn=

V2pH, and pe = pcH, — 21H,, respectively. The chemical potential of species j, where j = CHa or Hz,

is calculated as:

P; 10.2
(0]

where kg is the Boltzmann constant, T is the temperature, P: is the partial pressure of species j, P,
is the reference pressure of 1 atm, E; is the electronic energy of species j in the gas phase
determined by DFT, Ezpg is the zero point energy, H; is the enthalpy of species j in the gas phase
referenced at standard conditions, Hj, is the enthalpy at OK as reported in the NIST JANAF tables
referenced at standard conditions,?* and S; is the entropy of species j in the gas phase. In this work,
we use data from NIST to calculate the thermochemical data of all species.?%

10.3 Results and Discussion

10.3.1 Modeling the Graphene Wall

Constructing a model: As a first step, we focus on quantifying the interactions between
the graphene wall (i.e. the bulk of a graphene sheet) and the Ge(001) surface. We are primarily
interested how these interactions control the preferred orientation of the graphene lattice with
respect to the Ge(001) surface. In our model, we use periodic boundary conditions for graphene
and Ge. These periodic boundary conditions require matching unit cell sizes for graphene and the

substrate, and only specific orientations of graphene satisfy this constraint while remaining
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computationally accessible. Our aim is therefore to identify rectangular graphene unit cells that fit
within multiples of the primitive Ge(001) unit cells. Representative images of the Ge(001) surface

and the primitive Ge(001) surface unit cell are shown in Fig. 10.1a.

Figure 10.1: (a) Top and side views of Ge(001) surface with 2 x1 buckled dimer surface reconstruction.
The primitive Ge(001) unit cell is shown with a dashed red box. Ge dimer atoms are shown in blue and Ge
bulk atoms are shown in green. (b) Schematic of graphene unit cell. In this schematic, a; and a, are the unit
vectors for graphene, C is the chiral vector of the graphene sheet, and T is the translational vector of the
graphene sheet. The chiral vector is defined by n and m, where the zig-zag direction is defined by the
coordinates (n, m=0) and the armchair direction is defined by (n, m=n). The chiral angle 0 indicates the
angle between the chiral angle and the zig-zag edge.
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We calculate the length, L, (equation 3) and width, W, (equation 4) of a rectangular

graphene sheet as?%°:

and
_ 3L (10.4)
W =|T| = L
dg

where a is the graphene lattice constant (calculated to be 2.49 A), n and m are integer multipliers
of the graphene lattice vectors that describe the orientation of the graphene sheet (see Fig. 10.1b),
and dr is the greatest common devisor of 2n+m and 2m-+n. The angle between the zig-zag direction
of the graphene sheet with respect to the Ge[110] or Ge[110] direction can then be expressed

as2%°:

B ( J3 ) (10.5)

The hexagonal symmetry of graphene furthermore implies that all potential orientations can be

described by graphene orientations with 6 between 0°and 30°.

Using these relations, we then identify values of n and m where: (i) L and W are multiples
of the length and width of the Ge(001) primitive unit cell, within a 5% error, (ii) the resulting
graphene unit cell is small enough to be described with DFT (i.e., less than ~1500 atoms/unit cell
for graphene and Ge(001) surface), and (iii) there is a range of rotation values for 6 between 0 and
30°with respect to the dimer rows on the surface. Based on these criteria, we select (n,m) = (1,0),

(10,1), (11,2), and (3,1), which correspond to rotation angles of 0°(Fig. 10.2a) & 30°(Fig. 10.2b),
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25° (Fig. 10.2¢) & 5° (Fig. 10.2d), 8° (Fig. 10.2e) & 22° (Fig. 10.2f), and 16° (Fig. 10.2g) & 14°
(Fig. 10.2h), respectively, between the armchair direction of graphene and the dimer rows on the
Ge(001) surface. For the data point at 16°, the converged structure contains a graphene sheet that
is unphysically corrugated and has a positive binding energy; therefore, this structure was omitted

in further analyses.
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Figure 10.2: Unit cells for analyzing interactions between Ge(001) and graphene wall. The angle between
the armchair direction of the graphene sheet and the dimer rows of the surface are (a) 0°, (b) 30° (c) 25°,
(d)5° (e) 87, (f) 227 (g) 16°, and (h) 14°. Yellow arrows in a) and b) indicate the angle between the armchair
direction and the dimer rows. C atoms are shown in brown, Ge surface dimer atoms are shown in blue, and
Ge bulk atoms are shown in green.
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How the graphene wall interacts with Ge(001): To quantify the interaction strength
between bulk graphene and the surface, we calculate the binding energy of the graphene sheet per

wall C atom (BE/C), defined as:

BE/C = (Eslab+graphene — Lgslab ™ Egraphene)/NC (10-6)

where Esian+graphene IS the total energy of the Ge slab with graphene adsorbed, Esia is the total energy
of the clean surface, Egraphene IS the total energy of isolated graphene, and Nc is the number of
carbon atoms in the unit cell. Representative images of the graphene sheet adsorbed on the Ge(001)
surface are shown in Fig. 10.3a (side view) and Fig. 10.3b (top view). The binding energies and

average distances between the graphene sheet and the surface are shown in Fig. 10.3c.
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Figure 10.3: (a) Side view of Ge(001) with graphene layer adsorbed on top. The distance between graphene
and the upper Ge atom in the buckled dimer is marked as dc-ce. (b) Top view of Ge(001) with a graphene
layer adsorbed on top. The direction of the dimer rows is indicated with a yellow arrow. In this figure, the
armchair direction of the graphene sheet is oriented 0°from the dimer rows. (c) Binding energy per wall C
atom (BE/C, shown with blue circles) and distance between the surface and graphene (dc.ge, Shown with
red squares) as a function of the angle between the armchair (AC) direction of the graphene sheet and the
dimer rows on the Ge(001) surface. C atoms are shown in brown, Ge surface dimer atoms are shown in
blue, and Ge bulk atoms are shown in green.



194

In Fig. 10.3c, we see that the minimum energy states for the graphene wall interacting with
the surface are when the armchair edge is rotated 0° or 30° from the dimer rows. These angles
correspond to the armchair direction of graphene being aligned along the Ge(110) directions of a
Ge(001) surface, which is the same way GNRs grown on Ge(001) orient themselves. At these
conditions, the distance between graphene and the closest Ge atom is 3.04 A and graphene binds
with an energy of -34 meV/C to the surface. Additionally, we find that there is a local energy
minimum when the armchair direction is rotated 14 “from the dimer rows, which could lead to mis-
aligned graphene if graphene seeds or crystals cannot overcome the barrier needed to rotate to a
more favorable state. Indeed, experimental results show that for unseeded growth, a small portion
of graphene crystals grown on Ge(001) are low aspect ratio, non-ribbon crystals where the AC
direction of the crystals is rotated 15° from the Ge(110) directions.”> We discuss the role of wall

interactions in contributing to rotation barriers further in the Section 10.3.3.

10.3.2 Modeling the Graphene Edge
Constructing a model: The relative amount of H- or Ge-passivated edges on a graphene

seed or GNR plays a critical role in how strongly graphene binds to Ge surfaces. In previous work,
we demonstrated that on vicinal Ge(001) surfaces, GNR growth rates and orientations are
controlled by whether graphene edges are largely passivated by H or Ge.?®? More specifically, we
found that one long edge of each ribbon is largely passivated by Ge at a step edge of the vicinal
Ge(001) surface, anchoring this edge to the surface and causing this edge to grow slowly.
Conversely, the other three edges of the GNRs are passivated by a larger proportion of H and grow
at faster rates than the edge anchored to the Ge step edge. Starting with this study as our inspiration,
we create DFT models of the graphene edges with various edge structures containing H- and Ge-

passivated sites along the graphene edge to model edge passivation on a Ge(001) terrace.
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To model the graphene edge, we optimize the structures of fully H-passivated armchair
and zig-zag nanoribbons that run both parallel and perpendicular to dimer rows on the Ge(001)
surface (i.e., along the Ge(110) directions of the Ge(001) surface). We note that the analyses in
this paper focus on armchair nanoribbons because they are relevant experimentally, but we provide
data for zig-zag ribbons and briefly comment on trends in our calculations for comparison. Unit
cells for armchair ribbons are shown in Fig. 10.4, and the unit cells for zig-zag ribbons are shown
in Fig. J.1. We select N = 13 armchair GNRs (where N is the number of C atoms along the zig-
zag chain that spans the ribbon width) and N=16 zig-zag GNRs (where N is the number of C atoms
along the armchair chain that spans the ribbon width) so that the ribbons are wide enough to
sufficiently model both the edge and the wall of graphene. After we optimize each structure, we
constrain the atoms on one side of the nanoribbon to represent the bulk of a graphene crystal so
that the opposite edge of the ribbon is in an optimal position to interact with Ge(001) on the surface.
This allows us to maximize the potential interactions between the GNR edges and Ge atoms on

the surface.
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Perpendicular Parallel

Side View

Figure 10.4: Top and side views of armchair GNRs on the Ge(001) surfaces. The nanoribbons are aligned
perpendicular and parallel to buckled-dimer rows of Ge atoms on the surface. Red boxes indicate the
smallest repeating unit of graphene along the edge. Relaxed C atoms are shown in brown, fixed C atoms
are shown in dark red, relaxed H atoms are shown in yellow, fixed H atoms are shown in pink, Ge surface
dimer atoms are shown in blue, and Ge bulk atoms are shown in green. Fixed portions of the GNRs are
representative of the wall (bulk) of graphene.

By looking at the armchair structures in Fig. 10.4, we can see that the edge structures form
periodic units consisting of either two (parallel alignment) or four (perpendicular alignment) edge
C atoms, which are outlined with dashed red boxes. For zig-zag edges, these periodic edge units
contain seven edge atoms for both alignments (Fig. J.1). These units serve as the basis for our edge
model. In our initial optimization, all edge C atoms are passivated with H atoms. However, edge
C atoms can also form bonds with the Ge. We therefore systematically remove H to allow the edge
C atoms to bond to Ge and re-optimize the edge structure for every possible combination of H-
and Ge-passivated edge C atoms. All possible combinations for armchair edges running parallel
and perpendicular to the dimer rows are shown in Fig. 10.5, and the energies of all possible edge

structures for armchair edges (Tables J.1 and J.2 for parallel and perpendicular edges, respectively)
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and zigzag edges (Tables J.3 and J.4 for parallel and perpendicular edges, respectively) are

tabulated in Appendix J, Section J.2.

Armchair edges aligned parallel to the dimer rows consist of repeating edge units
containing two binding sites where H or Ge can bond at the edge. Therefore, there are three
possible edge motifs that are possible for this unit: (i) These sites can both be bound to an H atom,
(ii) one site can be bound to one H atom and the other to one Ge atom (swapping the binding sites
is symmetrically equivalent in this case), or (iii) both sites can be bound to Ge atoms. For armchair
edges aligned perpendicular to dimer rows, each edge unit contains four distinct binding sites due
to the orientation of the edge relative to buckled Ge dimers on the surface; in total, there are sixteen
distinct edge motifs for the perpendicular edge. Due to the differences in stoichiometry, we cannot
directly compare the DFT energies of edge structures; however, we can compare the relative
energies of isomeric perpendicular motifs (Fig. 10.5). Overall, we find that removing H from either

of the two binding sites directly above the Ge dimer is energetically most favorable.

For zig-zag edges running both parallel and perpendicular to dimer rows, each graphene
edge unit contains seven distinct binding sites, and edge units are made up of a full unit cell (Fig.
J.1). In total, there are 128 different combinations of H- and Ge- passivated edge C atoms per unit
cell for the perpendicular edge. All of the possible edge structures are tabulated in Table J.3 and

J.4 for parallel and perpendicular zig-zag ribbons, respectively.
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Figure 10.5: Possible edge unit structures for armchair edges running (a) parallel and (b) perpendicular to
the buckled dimer rows on the Ge(001) surface. For perpendicular edges with a mixture of H- and Ge-
passivated sites, we report the energies relative to the minimum energy isomer and the corresponding
Boltzmann occupation at 1200 K, the temperature at which GNRSs are typically grown.! C atoms are shown
in brown, H atoms are shown in yellow, Ge surface dimer atoms are shown in blue, and Ge bulk atoms are
shown in green. “Up” atom and “Down” atom indicate the relative position of atoms in the Ge buckled
dimer.

Given that these edge units have varying ratios of H- to Ge-passivated sites (and that
armchair and zig-zag edges have different numbers of C atoms per unit cell), we cannot directly
compare all of the edge motifs to one another to determine the most energetically favorable edge
structure. Depending on the temperature and partial pressure of growth precursors CH4 and Hz, we
expect different combinations of these graphene edge structures to be present on growing graphene
crystals. Previous studies from Li at al. have shown that Monte Carlo simulations are a useful tool

to model the structure of graphene edges that are grown using CVD of methane on Cu(111).24
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Therefore, we use the DFT-calculated energies of these edge structures on Ge(001) as an input in

a Monte Carlo algorithm to evaluate the energetics and structures of an extended graphene edge.

As a first step towards such a model, we represent the graphene edge as a vector, N, with
N components. The i-th unit has a value ni, which can vary between one and the number of potential

edge configurations of the specific edge. Next, we assign a total energy E* to the edge vector by

calculating:
N _ _ (10.7)
B = (Ey, + OSES, , +05ET, )
i=1
where E,, corresponds to the DFT energies calculated for each edge unit nj, and E,ﬁ%i_ Je1 is the

interaction energy between edge segments n; and ni+1. For the first and last units of the edge, we
assumed ni.1 = nn for ny and that ni+1 = ny for nn so that the first and last edge units interact with
each other. To calculate E,,;, we set E,"[ifili = 0. In other words, we set the interaction energies for
neighboring edge units of the same type to zero. This allows us to use our DFT models to calculate

the energy of each edge unit:

EPET w,. (10.8)
full i
Eng == = — i, (P, T)

where Ef/j] is the DFT energy of the modeled unit cell containing k edge units of type ni. The

second term in equation (8) corrects the energy of the edge segment for the w,,, H atoms adsorbed

to the graphene edge with respect to u#2 (P, T), the pressure- and temperature-dependent chemical

potential of Hz. Subsequently, we calculate:
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where Efj is the DFT energy of a unit cell containing my,, and m,, . numbers of edge units ni and

n;j in the unit cell, and k is again the total number of edge segments in the modeled unit cell. We
calculate E,i[;’;“lj for all armchair edges running parallel and perpendicular to the Ge(001) dimer

rows (numerical values given in Table J.5 and J.6 for parallel and perpendicular edges,

respectively).

For zig-zag edges we omit the calculation of the E,"[l?ﬁlj for two reasons. (i) The contribution
of E,i[iﬁil]. to the total edge energy per C atom gets smaller as the edge unit size becomes longer. For
the zig-zag edge, an edge segment consists of seven unique edge C atoms and is thus significantly
larger than the edge segments of the armchair edges. This implies that the impact of the E;;Tiﬁ;j will

be significantly smaller for zig-zag edges than for armchair edges. (ii) When considering all
possible H and Ge terminations, seven unique edge C atoms allow for 128 different edge units,
which would require a total of 32,768 calculations to calculate all E,‘;’l.filj values. Additionally,

calculating these interactions requires unit cells that are twice as large as the ones used in this

study. The significant computational cost for these of these calculations render them unfeasible.

To calculate the energy of the graphene edges at various conditions, we minimize the total
energy of the graphene edge using a Monte Carlo model based on the vector N and E® (shown in

Scheme 10.1). First, we initialized N with a random guess for the edge structure. In each
subsequent trial move, we then changed one n; and decided whether that trial move was accepted

based on the Metropolis-Hastings algorithm. We allowed the system to equilibrate until the total
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energy of the edge changed by less than 102 eV between trial moves and then collected energetic
data for 108 successful trial moves. Each simulation contains 2000 edge C atoms that could be
passivated by H or Ge, and we achieved convergence after at most 10* trial moves. We utilize this
algorithm to simulate armchair and zig-zag edges aligned parallel and perpendicular to dimer rows

as a function of the partial pressure of hydrogen in the gas phase.
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Scheme 10.1: Metropolis Monte Carlo algorithm used to model graphene edges as a function of the
chemical potential of H. In the bottom portion of the figure, we show an example edge vector N and the
relative energy of potential edge units. In the Metropolis algorithm, we randomly select an edge unit (i=2,
in this example) and randomly select a new edge unit. We calculate the total energy of the original state

and the new state, including interaction energies before calculating AE.

How Graphene Edges Interact with Ge(001): In this section, we used the results from our

Monte Carlo algorithm to investigate the interactions between the edges of graphene and Ge(001)
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by focusing on armchair edges that run parallel and perpendicular to dimer rows on the surface.
We also briefly comment on zig-zag edges. As mentioned above, the edges of the ribbons are
aligned near Ge atoms on the surface to gauge the maximum Ge passivation at each edge. To keep
the discussion tractable, we will focus results for armchair edges in the main text. Results and
figures for zig-zag edges are given in Appendix J, Section J.1 and only the main conclusions will

be mentioned in the main text.

First, we analyze the hydrogen coverage (i.e. the percentage of an edge passivated by
hydrogen) of the different edge structures as a function of Hz gas pressure and temperature. The H
coverage for armchair edges running perpendicular and parallel to the surface at different
conditions is shown in Fig. 10.6a. Corresponding figures for zig-zag edges can be found in Fig.
J.2a. We begin our analysis by discussing the results for armchair edges. At large hydrogen partial
pressures, edges running both perpendicular and parallel to dimer rows have edges where the
majority of sites are passivated by hydrogen. Parallel edges in particular are essentially passivated
entirely by hydrogen at high hydrogen partial pressures. By reducing the hydrogen pressure, the
hydrogen coverage decreases on both edges. For perpendicular edges, the hydrogen coverage
asymptotically approaches 0.5, meaning that half of the edge sites are bound to H while half are
bound to Ge. For every two edge binding sites, there is only one dangling Ge bond on the surface
when edges run perpendicular to dimer rows. Thus, we would expect that the hydrogen coverage
should never be less than 0.5 for perpendicular edges. For parallel edges, we find that lowering the
partial pressure of hydrogen causes the edges to be entirely passivated by Ge. Unlike perpendicular
edges, parallel edges are exposed to one dangling Ge bond per edge binding site. Thus, the

hydrogen coverage can be reduced far more on parallel edges than perpendicular edges.
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Figure 10.6: (a) Hydrogen coverage on perpendicular and parallel armchair edges as a function of gas-
phase hydrogen pressure and temperature. The red bar indicates typical growth conditions for GNRs. (b)
The distribution of H or Ge passivated sites of edge vector N for perpendicular and parallel armchair edges
at T = 1200 K for several H; pressures. H passivated sites are in dark blue and Ge passivated sites are in
light blue. (c) The distribution of edge unit structures of edge vector N for perpendicular and parallel
armchair edges at T =1200 K for several H; pressures. Colors in (c) correspond to color code in Fig. 10.5,
and most prevalent edge structures for perpendicular edges are shown as “predominant motifs”.
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Additionally, we analyze the effect of interaction energies on determining the coverage of
H on perpendicular and parallel armchair edges. We show the coverage of H with and without
interaction energies for armchair edges running perpendicular and parallel to Ge dimer rows in
Fig. J.3. For perpendicular edges (which have edge units containing four edge C atoms), including
interaction energies has little effect on the H coverage. However, removing interaction energies
for parallel edges (which have edge units containing two edge C atoms) causes armchair edges to

be fully passivated by H at lower Pw, values. This is because there is an energetically favorable

interaction energy between an edge unit passivated by two H atoms and an edge unit passivated
by two Ge atoms. Because there are only three possible arrangements of H and Ge passivated sites,
including this favorable interaction energy increases the odds that parallel edge sites are passivated
by Ge. Additionally, these results show that interaction energies are more important for edge unit
containing small numbers of edge C atoms and help validate our assumption that we do not need

to include interaction energies for zig-zag edge units due to their large size.

We can also examine the role of temperature in determining the H coverage of edge sites.
By increasing the temperature, a higher fraction of edge sites is passivated by Ge until the
maximum asymptotic Ge passivation is reached. Furthermore, we find that at typical GNR growth

conditions (P, values indicated by a red bar and T ~1200 K), edges perpendicular to dimer rows

are ~55% passivated by H, and edges parallel to dimer rows are about 75% passivated by H. We
also find that zig-zag edges behave in a manner that is similar to that of armchair edges. Although
the edge structures are different, both armchair and zig-zag edges interact with similar ratios of
edge binding sites to dangling Ge bonds for parallel and perpendicular edges. Thus, the orientation

of the graphene edge relative to surface Ge atoms plays a substantial role in determining the
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passivation of the graphene edges.

As a next step in our analysis, we focused on the distribution of H-passivated sites along
the edge structures. Fig. 10.6b shows the distribution of H- and Ge-passivated sites along a
graphene edge for perpendicular and parallel armchair edges, respectively, at 1200 K and several
H> partial pressures. The corresponding images for zig-zag edges are shown in Fig. J.2b. For all
the cases we have studied, H is homogenously distributed along the edge, and the edges do not
contain extended regions of varying H concentrations. Additionally, we examined the most
common motifs of edge units that appeared in the Monte Carlo simulation along the graphene
edges. Fig. 10.6c shows the distribution edge motif structures along the graphene edge for
perpendicular and parallel armchair edges, respectively, at 1200 K at several H; partial pressures.
For parallel edges, we found that edge units are either passivated with two H or with two Ge, but
almost never with one of each. For perpendicular edges we find that H can only be removed from

the central two C atoms in each unit (which are directly positioned above the Ge dimer).

These results indicate that two driving forces control the passivation of graphene edge
structures: (i) graphene crystals avoid strain caused by bending at the edge, and (ii) graphene binds
strongly to Ge. Based on observation (i), edge C atoms that are farther away from Ge atoms on the
surface will have higher amounts of hydrogen coverage on their edges, because interacting with
Ge will require a significant bending of the graphene bulk. At the same time, edge C atoms that
are close to a surface Ge atom will have a lower H coverage, since C forms strong bonds with Ge
and only a minor bend of graphene is required to allow for this bonding configuration. Depending
on the temperature and partial pressure of Hy, this balance can shift. The results in Fig. 10.6a show

that decreasing the amount of available hydrogen or increasing the temperature of the system
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makes Ge passivated sites more accessible.

Beyond H coverages, the Monte Carlo algorithm also provides a total energy for armchair and zig-
zag edges in specific orientations with respect to the surface. First, we determine how armchair
and zig-zag edges prefer to orient themselves with the Ge(001) surface. Fig. J.4 shows the energy
difference between being oriented parallel or perpendicular to the dimer rows for both edge
structures. For armchair edges, the preferred orientation is parallel at low Hz pressures,
perpendicular at medium Hx pressures, and parallel at high H; pressures. Increasing the
temperature shifts the point at which perpendicular edges are preferred to higher Hz pressures. At

typical operating conditions (Pn, values indicated by the red bar and T ~1200 K), armchair edges

prefer to align themselves perpendicular to the dimer rows by ~0.06 eV/A.. Although this difference
may appear small, it becomes large when considering that GNRs can be hundreds of nanometers

long. Zig-zag edges always prefer to be oriented parallel to dimer rows at all conditions studied.
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Figure 10.7: Difference in grand potential for armchair (AC) and zig-zag (ZZ) edges as a function of H;
partial pressure at several temperatures. Typical GNR growth conditions are indicated with a red bar. Grand
potentials are calculated using a CH4 partial pressure of 6.7 x 10 atm, which is typical for GNR growth
conditions.

Next, we compare the energy difference between the lowest energy armchair edges and
zig-zag edges as a function of Hz partial pressure and temperature as shown in Fig. 10.7. At low
H> partial pressures, zig-zag edges are energetically more stable. As the partial pressure of H»
increases, the relative energies linearly decrease until armchair edges become more favorable. This
transition point between the two edge structures occurs at higher partial pressures of H» as
temperature increases. Most importantly, we find that at typical GNR growth conditions, armchair
edges are more energetically favorable by ~0.15 eV/A. Again, this is a large difference considering
the length of GNRs. These findings explain why GNRs grown on Ge(001) have armchair edges as

opposed to zig-zag edges.

10.3.3 When Graphene Wall Interactions Dominate Graphene Edge Interactions
Finally, we combine the above information on bulk graphene interactions and graphene

edge interactions to examine which forces control the orientation of graphene crystals.
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Understanding the interplay of these forces is particularly important for understanding seeded
GNR growth on Ge(001). In experiments that utilize graphene seeds, seeds are annealed in an array
on a Ge(001) surface before GNRs are grown from these seeds using CVD of CHsand H. The
orientation of the seeds is directly correlated to the orientation of the GNRs; therefore, controlling

the orientation of small graphene islands is crucial for arriving at well-aligned GNRs.>%2¢0

Zhang et al. describes a simple method for determining when interactions between the bulk
of graphene and the surface or interactions between the edges of the graphene and the surface
dominate the orientation of circular graphene seeds.?! This method uses geometrical correlations

to estimate the total binding energy between the graphene bulk and the surface as:
Ecw,rot ~ Eew X N¢ (10.10)

where Ecw Tot is the total binding energy of the graphene wall with the surface, Ecw is the binding
energy per carbon atom of the graphene wall, and Nc is the number of carbon atoms in the graphene
wall of the graphene seed. Similarly, we can estimate the total binding energy of the edge of

graphene with the surface as:

Eggrot ~ Ege X Ng~Egg+/6N¢ (10.12)

where Ece 1ot is the total binding energy of the graphene edge with the surface, Ece is the binding
energy per carbon atom of the graphene edge, and Ne is the number of carbon atoms along the
graphene edge. Assuming that the larger energy contribution between Egy ror and Egg 1o Will
determine graphene orientation, we can then determine the critical graphene size, Ncrit, above

which bulk graphene interactions dominate graphene edge interactions:
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Nerie = 6(EGE/EGW)2 (10-12)

In the case of graphene seeds on Ge(001), we calculate Ecg as -0.03 eV, and we can estimate Ece
as ~-0.26 eV (the binding energy of the most probable edge motif per C edge site for an armchair
edge at typical growth conditions minus graphene wall interactions). We find that Ncrit is about
450 carbon atoms, which corresponds to a graphene seed diameter of ~4 nm. Therefore, we
estimate that the orientation of graphene seeds above ~4 nm will be dominated by interactions

between the wall of graphene rather than the edge of graphene.

Additionally, we can also estimate the maximum size for which we expect that mis-aligned
graphene seeds can rotate. Experimentally, seeds less than ~18 nm in diameter are able to rotate
after ~1 hour of annealing so that the armchair direction is aligned with a Ge{110) direction.?®
We can utilize the binding energy per graphene wall C (BE/C) of seeds that are greater than 4 nm
in diameter to estimate the rotational barrier for a graphene seed. We note that the edges of
graphene seeds likely form bonds with Ge, so this barrier serves as lower bound for the total
rotation barrier. Using the BE/C plot shown in Fig. 10.3c, we estimate the barrier for rotating from
the metastable position where the armchair direction is mis-aligned from the direction of the dimer
rows by 14° to 0° or 30°. If the seed rotates so the armchair direction rotates from 14° to 0° relative
to the dimer rows (i.e. aligned with Ge[110]), the barrier is the difference between the BE/C for
an 8° mis-alignment and the BE/C for a 14° mis-alignment. Similarly, if the seed rotates so the
armchair direction is aligned from 14° to 30° relative to the dimer rows (i.e. aligned with the
Ge[110] direction), the barrier is the difference between the BE/C for a 22° mis-alignment and the
BE/C for a 14° mis-alignment. For our analysis, we will focus on the lower of the two barriers,

which is 1.29 meV/C for rotating from BE/C from 14° to 30° (the reverse barrier for rotating from
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30°to 14°is 1.44 meV/C). Using this barrier, we can evaluate how the total rotation barrier changes

as size of the seed changes. Additionally, we can calculate the probability, P, of a graphene seed

of a given diameter rotating within 1 hour from 14° to 30° as:

P=1-—e* where=

kyT

_Ea(d)

—_ kpT
e B
h

(13)

where 2 is the turnover frequency (in hrt), h is the Planck constant, and E, (d) is the total rotation

barrier for a graphene seed as a function of seed diameter. The probability of seeds rotating within

1 hour and the rotation barrier as a function of seed diameter are shown in Fig. 10.8.
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Figure 10.8: The probability of a graphene seed rotating so that the armchair direction is oriented 14° from
dimer rows to 30° from dimer rows (left axis) at a range of temperatures. We also show the total rotational
barrier from the graphene wall interacting with the Ge(001) surface (right axis).

Overall, we find that the total rotation barrier for a graphene seed rotating from a meta-

stable position where the armchair edges are not aligned with the Ge[110] direction to being

aligned with Ge[110] scales exponentially with the seed diameter. This leads to the probability of

a misaligned seed rotating to decreasing rapidly for seeds around ~10 nm, which we calculate is

the maximum size that a graphene seed can rotate at experimental conditions. We note that
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experimental results also find a similar step function relating the probability of rotating to the seed
diameter.?®® This result is of the same order of magnitude but lower than the estimated
experimental value of ~18 nm for the maximum seed diameter for rotation. We note that this
mismatch between experiments and theory can arise from in errors calculating van der Waals
interactions in our DFT calculations or errors in estimating this maximum diameter from
experiments. Regardless, we find a similar relationship between the probability of rotation and

seed diameter seen in experiments.

10.4 Conclusions
In this contribution, we used a combination of DFT calculations and Monte Carlo

simulations to evaluate the interactions between graphene and Ge(001). Our efforts were focused
on two interactions, namely the interactions of the graphene wall and the graphene edges with the
Ge(001) surface. We find that the armchair direction of the graphene bulk prefers to be aligned
with the (110) directions of the Ge(001) surface. Additionally, we find a local energetic minimum
where graphene is rotated by 14° with respect to its preferred orientation. We also studied the
relative stability of various graphene edges on Ge(001) and found that they are predominantly
passivated by hydrogen under growth conditions. Additionally, we found that armchair edges are
energetically favorable when the armchair direction of graphene is oriented along the Ge(110)
directions. Finally, we used our model to determine the dominant bonding interactions between
graphene and Ge(001) and found that for graphene seeds smaller than 4 nm, edge interactions
control the orientation of graphene seeds. Above this diameter, bulk interactions determine the

preferred orientation.

Our model helps explain several aspects of graphene growth on Ge(001) observed in
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experimental measurements. We find that the orientation of GNRs on Ge(001) is mainly
determined by the interactions between the graphene wall and the Ge substrate. This leads to a
preferential alignment between GNRs and the high symmetry axes of the substrate, but can also
result in mis-aligned, low-aspect crystals, which correspond to a local energy minimum in
graphene bulk interaction with respect to the substrate. In the end, we use this model to estimate a
lower bound for rotational barriers of graphene seeds and find qualitative agreement with
experimental measurements. In the future, we hope that the insights gained here will aid in

optimizing graphene seeds and seeded growth of GNR arrays on Ge(001).
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Chapter 11: Conclusions and Future Directions

11.1 Conclusions

In this thesis, we presented several examples of how we can utilize first-principles
calculations to evaluate and design catalytic materials. In particular, this work characterizes
interfacial interactions between the liquid and solid phases of electrocatalytic systems and
interfacial interactions between graphene and Ge(001). These insights serve as a basis for the
development of materials descriptors that can be leveraged to design improved electrocatalytic and

electronic materials.

Our work demonstrates that interfacial water plays a key role in determining the activity
and selectivity of reactions on charged electrode surfaces. We showed that by only modeling
adsorbates on unsolvated and uncharged surfaces, we could not capture experimental trends in
reactivity for the oxygen reduction reaction (ORR). However, by utilizing a holistic model that
captures the interactions between water, adsorbates (including spectator species), and charged
electrode surfaces, we can accurately evaluate the reactivity of the overall interfacial system. On
Au(100), the Au(100)-hex surface forms a high density of hydrogen bonds within interfacial water
that leads to a particularly active ORR catalyst. Furthermore, we showed that Au(111), which has
a similar hexagonal surface structure, cannot catalyze the ORR as effectively as Au(100)-hex
because of differences in the electronic structure between the two surfaces. Our calculations also
revealed that when we examine the ORR on Pt(111) at experimentally relevant hydroxyl

coverages, water destabilizes ORR intermediates, facilitating the reaction at lower overpotentials.
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Inspired by these results, we further analyzed the structure of interfacial water on Au(100) and

Pt(111) electrode surfaces for both clean and hydroxyl covered surfaces.

In addition to screening for new reactivity descriptors, we also utilized well-developed
reactivity descriptors to screen for improved catalysts for formic acid electrooxidation. Using high-
throughput DFT calculations, we screened bimetallic Pt- and Pd-based alloys with improved
activity and resistance to CO poisoning. Through this analysis, we determined that alloying Pt or

Pd with Ir, Ru, or Re may result in far more active catalysts for this reaction.

Finally, we demonstrated how a combination of experiments and theory allow us to
optimize graphene nanoribbon (GNR) growth on Ge(001). By using vicinal Ge(001) surfaces, we
can achieve unidirectional GNR growth, a prerequisite for creating uniform arrays of GNRs. Our
DFT calculations demonstrated that the interactions between one edge of each GNR and Ge anchor
graphene to the surface, leading to unidirectional alignment and the anchored edge having a slower
growth rate. Additionally, we examined seed-initiated GNR growth on Ge(001), which allowed us
to control the position, orientation, and length/width dispersity of GNRs. Using a combination of
a transport model and DFT calculations, we evaluated the transport properties of several potential
graphene growth species. Furthermore, we used a combination of DFT and Monte Carlo
calculations to examine the forces at the interface between graphene and Ge(001) that control the

orientation of graphene crystals and the structure of GNR edges.

11.2 Future Directions
11.2.1 Microkinetic and Kinetic Modeling of ORR on Au(100), Au(111), and Pt(111)

In Chapters 3 and 4, we used ab initio molecular dynamics (AIMD) simulations to evaluate
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the structures and energies of oxygen reduction reaction (ORR) intermediates on catalytic surfaces
to examine the effect of an applied potential drop across a water layer on Au(100), Au(111), and
Pt(111) electrode surfaces. These simulations assumed coverages of reaction intermediates and
spectator species based on estimates from cyclic voltammetry (CV) measurements from
experiments. To provide a link between our ab initio calculations and experiments, we then utilized
the computational hydrogen electrode to calculate the onset potential ORR pathways in our
calculations to compare with experiments. Our analysis assumed that if we calculated a similar
onset potential as was seen experimentally, then we captured all relevant structural information

about the water/electrode interface.

In future work, microkinetic modeling can provide a more extensive analysis of ORR
kinetics on each of the catalyst surfaces we studied. In this model, we can derive rate expressions
for each elementary step involved in the ORR. These rate expressions should be a function of the
potential-dependent reaction energies calculated from AIMD simulations and the energy barriers
for each elementary step. Thus, reaction barriers for each elementary step must first be calculated
before constructing a model. In this work, we have not calculated reaction barriers because we
were limited by the use of a DFT code that utilizes a conventional canonical-ensemble algorithm
to model electronic structures. In periodic DFT calculations, modeling charge transfer reactions
using a canonical ensemble can lead to artificial overcharging of the surface during the course of
reaction that results in barriers that are far too large. DFT codes that utilize a grand canonical
algorithm avoid this problem and should be used in these types of calculations.?®® After calculating
all the necessary energetic information to calculate reaction rates, we can then define a set of

ordinary differential equations that describe these rates.
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By adjusting the applied potential and pH in a microkinetic model, we can then calculate
the onset potential for the ORR as well as the current that we would generate at a given potential.
This information can be directly compared with polarization sweeps in rotating disc electrode
experiments. Furthermore, microkinetic models can provide us with updated coverages of ORR
reaction intermediates. If the expected coverages under relevant conditions vary from the
coverages modeled using AIMD simulations, we can then repeat our AIMD simulations with the
microkinetic-model-predicted coverages. We can iteratively reformulate and update our AIMD
models and the potential-dependent energies that we utilize in our microkinetic models until the
coverages predicted with AIMD simulations and microkinetic models are consistent and the
calculated potential sweeps match experiments. This process will provide us with the most
accurate picture of the active site as well as additional information about reaction fluxes and rate-

controlling steps in the ORR as a function of potential and coverage.

11.2.2 Evaluating Trends in the Role of Water in Electrochemistry on Transition Metal

Surfaces

Over the past several decades, researchers have made tremendous efforts in extracting
reactivity descriptors and designing new heterogeneous catalysts with optimized properties based
on these reactivity descriptors. While these design principles have proven to also be useful for
designing catalysts in liquid-phase reactions, these reactivity descriptors often neglect the role that
solvent plays in catalysis. As we have shown in Chapters 3-6 of this work, the catalytic properties
of an electrocatalytic system can be dictated not only by the interactions between the solid and
reaction intermediates, but also by the interactions between the surface, solvent, and reaction

intermediates. Therefore, rational catalyst design does not have to be limited to the properties of a
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solid catalyst surface alone.

Given the large range of potential solvent systems that could be utilized in electrocatalysis,
we must first understand how common solvents impact the reactivity of electrocatalytic systems.
No solvent is more ubiquitous than water— even ‘dry’ solvents often contain some amount of
water. Despite the prevalence of water in electrocatalytic systems, many researchers tend to apply
simple energy corrections to account for stabilization effects from water or model unrealistic
honeycomb bilayer structures to capture the effects of water. In this work, we show that the role
of water can be complex and can strongly depend on the identity of the catalyst surface.
Furthermore, water can both stabilize and destabilize adsorbates. To better characterize the role of
water, we must first identify trends in how water impacts the structures and binding energies of
common adsorbates on a range of catalyst surfaces. Using AIMD simulations, one can calculate
the structure and energy of adsorbates to a catalyst surface with and without water for a range of
transition metals and several facets often studied in catalysis literature. Additionally, these studies
can also evaluate the role of OH*, O*, or other adsorbates that may be present on the catalyst

surface during reaction conditions at a range of relevant coverages.

11.2.3 Determining the Role of Alkali Metal ions in Electrochemistry on Transition Metal

Surfaces

In addition to solvents, alkali metal ions are always present in electrocatalytic systems and
can play a role in altering the catalytic activity of an electrocatalytic solid/liquid interface. For
example, experimental work has demonstrated that Li* ions in aqueous media form Li2O2, which
the authors suggest play a role in activating water in the ORR in alkaline environments on

Au(100).%8 Additionally, non-covalent interactions between partially solvated alkali metal ions,
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such as Cs*, K*, Na*, Li*, and Ba* can also impact the kinetics of the ORR and hydrogen oxidation
reaction (HOR).%12® Because the hydration energy and charge of these species vary, we expect
that these species will form different solvated structures that interact with adsorbates on the
surface. For example, these solvated clusters can bind to adsorbates on the surface to block reaction
sites or alter the binding energy of adsorbates on the surface. Because of how ubiquitous these ions
are in electrochemistry, AIMD models that address how the interplay of water, ions, metal
surfaces, and adsorbates impact adsorbate structures and energies can provide valuable
information that can be used to tailor electrochemical interfaces for improved activity and

selectivity of electrocatalysts.

11.2.4 Constructing a Full Kinetic and Transport Model of GNR Growth from DFT-based

Parameters

Finally, in Chapters 7-10, we utilized a combination of theory and experiments to evaluate
and tailor the graphene nanoribbon (GNR) growth process on the Ge(001) surface. Throughout
this work, we utilized DFT calculations to model interactions between the edge and wall of
graphene with Ge(001). We also considered the interactions of graphene precursor species with
the Ge(001) surface and calculated the barriers for interconverting between these species. While
these insights provide key information about the driving forces for graphene growth on Ge(001),
they cannot easily be utilized to determine how GNR growth will change under different growth
conditions. In the past, our group has created an empirical kinetic Monte Carlo (kMC) model to
describe the growth of GNRs on the Ge(001) surface.?®” By integrating our DFT-derived
parameters into this type of KMC model, we can study how growth species evolve on the Ge(001)

surface at various conditions to form GNRs. These insights can then be used to further optimize
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the GNR growth process.
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Appendix: A Comparing the Performance of Density
Functionals in Describing the Adsorption of Atoms and Small
Molecules on Ni(111)"

A.1 Introduction
A variety of reactions take place on the surface of heterogeneous catalysts to produce a

plethora of desired chemical products. The preference of one chemical pathway in a reaction
network over another, as well as the associated selectivity of the process, depends on the stability
of various reaction intermediates and activation energy barriers for their interconversion. This
information is therefore necessary to understand and predict catalyst performance.?® However,
because reactions in heterogeneous catalysis are complex, multi-step processes, obtaining
energetic data for all reaction intermediates and activation energies from experimental

measurements is often not practical or even possible.

The advent of first-principles modeling has offered a critical toolset for obtaining energetics
at the atomic level related to reaction kinetics and thermochemistry. In particular, first-principles
calculations based on density functional theory (DFT) can provide binding energies that describe
the interaction strength between reaction intermediates and catalyst surfaces, as well as activation

and reaction energies for surface-catalyzed elementary reaction steps. These energetics can then

“Adapted from “Comparing the performance of density functionals in describing the adsorption of atoms and
small molecules on Ni(111)”, F. Goltl¥, E. A. Murray?, S. A. Tacey, S. Rangarajan, and M. Mavrikakis (* equal
contribution), Surface Science 700, 121675 (2020).
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be used to rationalize experimental observations,?®

predict catalytic properties of specific
catalysts,?’*?"* and design improved catalysts for specific applications.'®2"2 However, the quality

of these insights is intimately linked to the accuracy of the applied DFT methods.

The accuracy of DFT is critically dependent on the density functional implemented to
calculate energetics. Density functionals are typically parameterized to minimize the error for a
specific test set of either molecular gas-phase systems or simple surface adsorbates;’®2"3-27¢ yet,
their ability to describe more complex interactions present in heterogeneous catalysis is often not
considered. For specific systems, significant discrepancies between DFT calculations and
experimental data have been shown.?’"-2° Consequently, a detailed understanding of the errors
associated with these calculations is crucial for assessing the reliability of DFT for predicting

catalytic properties of a given material. 230281

Due to their pervasiveness in catalysis, the interaction between various hydrocarbons and
transition-metal surfaces has been studied extensively.?82285 A large portion of this research has
focused on methyl (CH3),28%287 as it is one of the simplest hydrocarbon fragments interacting with
transition-metal surfaces. Importantly, to arrive at a quantitative understanding of how CH3 binds
on a Ni surface, Carey et al. studied the adsorption of methyl iodide on Ni(111) using single-crystal
adsorption calorimetry.?®® In particular, they determined heats of adsorption for the molecular and
dissociative adsorption of methyl iodide by performing measurements at different temperatures.
They subsequently extracted the coverage-dependent heat of adsorption of CHs using
thermochemical cycles and compared their results to electronic-structure calculations in the
literature. Based on these comparisons, they concluded that 'DFT calculations routinely

underestimate this bond strength [i.e., that between CHs and the Ni(111) surface]'. 2% Although
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this statement correctly described the differences between their experimental measurements and
the DFT studies they used for comparison, the DFT studies they considered utilized a limited
number of density functionals and did not consider the exact same coverages and surface
adsorbates represented in the experiments. Nevertheless, the disagreement between theory and
experiment raises the following question: Are there currently available density functionals that

accurately describe the interactions of CHs and | with the Ni(111) surface?

Here, we seek to answer this question by studying the adsorption of CHsl, CHs, and | on
Ni(111) at different surface coverages and by utilizing different density functionals. We perform
a rigorous analysis of the performance of these functionals and compare adsorption energetics to
those measured experimentally.?®® In addition, we calculate the adsorption energy of H on the
Ni(111) surface and compare the performance of different functionals in predicting the dissociative
adsorption energy for CHs on Ni(111), an important step in CH4 steam reforming over nickel

catalysts.?®

A.2 Methods
A.2.1 Theoretical Setup
All calculations were carried out using the Vienna Ab Initio Simulation Package

(VASP) 8229 3 plane-wave code that uses periodic boundary conditions and projector augmented-
wave (PAW) pseudopotentials.t?1?t All calculations were spin-polarized, the energy cut-off was
set to 420 eV, and the electronic structure was assumed to be converged for energy differences
between electronic iterations smaller than 10 eV. To minimize errors due to the computational

implementation, we chose the ‘Accurate’ setting in VASP for all calculations.

In this work, we compare the performance of different functionals. Specifically, we choose
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the local-density approximation (LDA), as well as the generalized-gradient approximation (GGA)
functionals PW91,%°* PBE,” and RPBE,?”. Additionally, we combine GGA functionals with the
D2 (PBE-D2, RPBE-D2),%” D3 (PBE-D3, RPBE-D3),'° TS (PBE-TS),22 and dDsC (PBE-
dDsC)?* dispersion corrections to account for dispersion force fields. We also include functionals
with a non-local description of correlation: vdw-DF,?** vdw-DF2,2% BEEF-vdW,?"* optB86b-

vdW,2’8 optB88-vdW, 2°¢ and optPBE-vdW.?®

Lattice parameters for Ni were optimized in the primitive fcc bulk unit cell using a 15x15x15
Monkhorst-Pack k-point grid?? for each functional. The DFT-calculated values are given in Table
B.2. All parameters lie within 3% of the experimentally measured value of 3.524 A .13 Specifically,
LDA (3.428 A), PBE-TS (3.426 A), and PBE-dDsC (3.498 A) show the smallest DFT-calculated
lattice constants, while vdW-DF (3.569 A) and vdW-DF2 (3.608 A) show the largest DFT-

calculated lattice constants.

To model Ni(111), we constructed four-layer slabs with the bottom two layers fixed in their
bulk lattice position and the top two layers relaxed. We used 6x6x1 (2x3 surface unit cell), 4x4x1
(\N7x~7 surface unit cell), and 2x2x1 (5x5 surface unit cell) Monkhorst-Pack k-point grids.'?
Successive slabs in the z direction were separated by a vacuum layer of at least 14 A, and dipole
corrections were applied to correct for bias in the z direction.'®?%" Reference gas-phase energies
were calculated by placing each gas-phase species in a 10x11x12 A rectangular unit cell and
performing calculations for a fixed spin state (i.e., CHsl, CHa, and I> were fixed in a singlet spin
state, while H and CHs were fixed in a doublet spin state). Structures were optimized using the
limited-memory Broyden-Fletcher-Goldfarb-Shanno algorithm?®® and were considered to be

converged for forces smaller than 0.02 eV/A. Vibrational frequencies required for finite-
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temperature effects were calculated using the Hessian by numerically differentiating energies
using a second-order finite difference approach. In these calculations, vibrational frequencies for
the adsorbates were calculated while surface atoms remained fixed?®® and the individual bonds

were stretched/compressed with a step size of 0.01 A.

We seek to compare our DFT predictions to heats of adsorption reported by Carey et al. at
160 K. If not explicitly stated otherwise, we report enthalpies of adsorption of molecule A at

160 K (AH(A, T = 160 K)) as:
AH(A, T = 160 K) = HA*S1b (T = 160 K) — HS'* (T = 160 K) — HAW)(T = 160 K) (A1)

Here, H refers to the enthalpy for the systems as marked by the corresponding superscript (slab
for the clean surface, A+slab for species A adsorbed on the surface, and A(g) for gas-phase species
A). H for a specific system is obtained by calculating DFT energies and subsequently applying
zero-point energy corrections and finite-temperature corrections based on the harmonic
approximation. To make more direct comparisons with the work by Carey et al.,?® the enthalpy
of adsorption for CHzl was calculated with respect to gas-phase CHzsl, while the enthalpies of

adsorption for CHz and I were calculated with respect to gas-phase CHz and ¥ I, respectively.

To assess the accuracy of our computational setup, we evaluated the impact of the slab
thickness and the impact of the cutoff force for geometry optimization on the adsorption of CHs
in the V7x/7 surface unit cell. More specifically, we increased the number of layers included in
our slab model from four to six (where the two bottom layers were always fixed) and we optimized
structures up until forces smaller than 0.005 eV/A. For both cases the enthalpy of adsorption of

CHz on Ni(111) increased by less than 3 kJ/mol. Due to these small changes, we suggest that the
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slab thickness and force criterion chosen for the entire study are suitable to model the adsorption

processes of interest.

A.2.2 Adsorption Geometries
To understand and reproduce the experimental results for CHsl interacting with Ni(111)2%

through DFT calculations, we focus on three different systems: adsorption of CHs, adsorption of
I, and molecular versus dissociative adsorption of CHsl. To correctly capture coverage effects
discovered through calorimetry experiments, we studied three different unit cells: a 2x3 Ni(111)
surface for a coverage of 1/6 monolayer (ML), a V7x\7 Ni(111) surface for a coverage of 1/7 ML,
and a 5x5 Ni(111) surface for a coverage of 1/25 ML. Following the definition from Carey et al., 2%
coverage is defined as the number of gas-phase molecules adsorbed per surface atom. For example,
we consider the coverage of co-adsorbed CHs and | that forms from the dissociative adsorption of

CHsl from the gas phase in a Y7x~\7 unit cell to be 1/7 ML.

To identify stable and minimum energy adsorption structures, we focus on a series of
different possible adsorption geometries for each adsorbate. For CH3z and I, we examine all
possible high-symmetry sites (fcc, hep, top, and bridge) on Ni(111), including several high-
symmetry rotational structures for CH3 3% (the exact configurations are shown in Fig. A.1A for
CHs and Fig. A.1B for I). We calculate the relative stability of all possible adsorption structures
on the V7x\7 unit cell but focus our calculations on the most stable adsorbed structure on the 2x3
and 5x5 unit cells. Additionally, we further examined the adsorption site preference of CHs and

compared the relative stability of adsorption in the top and fcc sites between functionals.
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Figure A.1: Top view of stable adsorption structures for (A) CHz and (B) | on a V7x7 Ni(111) surface.
Ni atoms are shown in silver, C atoms in brown, H atoms in white, and | atoms in magenta. Black lines
We furthermore probe nine symmetrically different adsorption sites for the molecular
To describe the dissociative adsorption of CHzl on Ni(111), we performed preliminary

denote the surface unit cell.
calculations at the PBE level for all unique co-adsorbed states of CHz and 1. An fcc /hcp structure

for CHa/I co-adsorption is most stable for the 2x3 and V7x~7 unit cells (see Fig. A.2B) for all but
one functional, which is discussed in more detail in Section B.2 of Appendix B. For these two unit

adsorption of CHsl on the \7x~7 unit cell. However, only three structures were predicted to be

most stable using any functional. These structures are displayed in Fig. A.2A.
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cells, CHz and | occupy third-nearest-neighbor hollow sites. For the 5x5 unit cell, however, both
adsorbates are found in fcc sites with a significantly larger separation between CHz and I.
Throughout the manuscript, we focus on these specific structures. To explore the adsorption site
preference of co-adsorbed CHa/l, we also modeled a top/hcp configuration for CHa/l, which is

displayed in Fig. B.1.
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Figure A.2: (A) Preferred adsorption structures for the molecular adsorption of CHsl at a coverage of 1/7
ML. (B) Preferred adsorption structures for the dissociative adsorption of CHal at a coverage (6) of 1/6 ML
(left), 1/7 ML (middle), and 1/25 ML (right). Structures shown were calculated using the PBE functional.
Ni atoms are shown in silver, C atoms in brown, H atoms in white, and | atoms in magenta. In (B), the unit
cells for each coverage are marked by black lines.

A.3 Results and Discussion
We first present DFT data obtained from each functional and subsequently compare these

values to experimental measurements. We start our discussion with the molecular adsorption of

CHzsl, followed by the adsorption of CHs and 1, and last discuss the dissociative adsorption of
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CHsl. Then, we present DFT results for the adsorption of H on Ni(111) and the dissociative
adsorption of CH4 on Ni(111). We report enthalpies of adsorption at 160K, but for comparison
with data published in the literature, we also provide data calculated using the PBE functional
without zero-point or finite-temperature corrections in Section B.1 of Appendix B. Further, a
comprehensive discussion of the CHz adsorption site preference is given in Section B.2 of

Appendix B.

A.3.1 Adsorption Energies from Different Functionals:
Molecular adsorption of CHsl on Ni(111): The first step in our analysis was determining

the enthalpy of adsorption for the molecular adsorption of CHal at 160 K. For each functional, we
find several stable adsorption structures, all within 10 kJ/mol. However, the most stable structure
varies depending on the functional. For some functionals, the | atom of CHal is located over a top
position with the CHs group located above either a neighboring bridge site (CHsl-1 in Fig. A.2A,
observed for PBE-D2, RPBE-D2, and vdW-DF) or an adjacent top position (CHsl-2 in Fig. A.2A,
observed for vdW-DF2). For the remaining functionals, the minimum energy adsorption structure
for CHzsl has the | atom located over an fcc site and the CHs group atop a neighboring Ni atom

(CHazl-3in Fig. A.2A).

Several stable adsorption structures close lying in energy are typical for an adsorption
process that is dominated by dispersion interactions, as these interactions are particularly difficult
to describe in semi-local DFT calculations. These challenges are reflected by the large differences
between the calculated enthalpies of adsorption at 160 K for CHasl in a ¥7x~7 unit cell across the
studied functionals (see Fig. A.3, numerical values are given in Table B.3). Naturally, functionals

that do not include dispersion interactions (e.g., RPBE (-17 kJ/mol), PBE (-48 kJ/mol), and PW91
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(-51 kJ/mol)) lead to the weakest adsorption strengths. However, the calculated adsorption
enthalpies for vdW-DF (-54 kJ/mol), vdW-DF2 (-48 kJ/mol), and BEEF-vdW (-56 kJ/mol) are
comparable to functionals without dispersion corrections. PBE-TS (-140 kJ/mol), RPBE-D2 (-131
kJ/mol), and LDA (-130 kJ/mol), on the other hand, lead to the strongest adsorption strengths.
Based on these results, the enthalpies of adsorption at 160 K vary dramatically depending on the
selected functional, ranging from -17 kJ/mol for RPBE to -140 kJ/mol for PBE-TS (see Fig. A.3).
Therefore, it is readily apparent that the choice of functional largely dictates the predicted
adsorption behavior of CHsl on Ni(111). The optB88-vdW functional best captures the
experimentally measured energetics for CHsl molecular adsorption on Ni(111). A more detailed

discussion is forthcoming in Section A.3.2.
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Figure A.3: Enthalpies of molecular adsorption for CHsl (AH(CH;3I)) on Ni(111) at 160 K calculated for
different density functionals at a coverage (0) of 1/7 ML. Vertical blue bars represent the calculated value
for each functional. The horizontal blue bars correspond to the experimentally determined heat of
adsorption for a coverage of 1/7 ML, where the solid line represents the measured value of -94 kJ/mol. The
width of the blue shaded area represents the experimental error (£6 kJ/mol). Experimental data is from ref.
288.

Adsorption of CH3 on Ni(111): Next, we studied the adsorption of CHz on Ni(111). All but
one functional prefers CHs adsorption at an fcc site, which is in agreement with experimental
measurements.?®28” The only exception is for the vdW-DF2 functional, which predicts that CHs
preferentially adsorbs at a top site. A more detailed discussion on CHz adsorption site preference

is given in Section B.2 of Appendix B.

The calculated enthalpy of adsorption for CHz at 160 K for each functional is given in Fig.
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A.4 (tabulated data in Table B.4) for coverages of 1/25 ML (green bars), 1/7 ML (blue bars), and
1/6 ML (orange bars). Again, the choice of functional leads to a large spread in the enthalpy of
adsorption. For example, the LDA functional at a coverage of 1/7 ML results in the highest
enthalpy of adsorption (-295 kJ/mol), while the lowest values arise from the RPBE (-143 kJ/mol)
and vdW-DF2 (-142 kJ/mol) functionals, which are both less than half the magnitude of the LDA
value. Additionally, lateral interactions slightly weaken the adsorption strength by 1-7 kJ/mol
when moving from a 1/25 ML to a 1/7 ML coverage. Enthalpies of adsorption for coverages of
1/7 ML and 1/6 ML are similar to each other. The PBE-D2, PBE-D3, PBE-TS, RPBE-D2, RPBE-
D3, and optB86b-vdW functionals best capture the experimentally measured energetics for CH3

adsorption on Ni(111). A more detailed discussion is forthcoming in Section A.3.2.
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Figure A.4: Enthalpy of adsorption for CHs (AH(CH3)) on Ni(111) at 160 K calculated using different
density functionals at a coverage (6) of 1/25 ML (green bars), 1/7 ML (blue bars), and 1/6 ML (orange
bars). The horizontal green bar corresponds to the experimentally determined heat of adsorption for a
coverage of 1/25 ML where the solid line represents the measured value, and the width of the green shaded
area represents the experimental error. The experimental data is from ref. 288.

Adsorption of I on Ni(111): For all functionals studied, atomic iodine always prefers to
bind to an fcc site on Ni(111). The overall trends for how the functionals describe the enthalpy of
adsorption for 1 on Ni(111) are similar to those for CHs on Ni(111); respective values are shown
in Fig. A.5 (numerical values in Table B.5). While lateral interactions between adsorbed atomic
iodine species are comparable (3-8 kJ/mol) to those between adsorbed CHs species (1-7 kJ/mol),
it is interesting to note that the adsorption of atomic I is weakest at 1/7 ML coverage, rather than

for a 1/6 ML coverage, opposite to what we found for CH3 adsorption. Overall, the difference in
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the calculated enthalpy of adsorption between functionals is smaller than that for CHs. For
example, the LDA, PBE-TS, RPBE-D2, and PBE-D2 functionals lead to heats of adsorption
between -239 kJ/mol and -214 kJ/mol, whereas the vdW-DF2 and RPBE functionals lead to values
between -157 kJ/mol and -147 kJ/mol. The PW91, PBE, BEEF-vdW, and optPBE-vdW
functionals best capture the experimentally measured energetics for atomic | adsorption on

Ni(111). A more detailed discussion is forthcoming in Section A.3.2.
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Figure A.5: Heat of adsorption for atomic | (AH (1)) on Ni(111) at 160 K calculated using different density
functionals at a coverage (0) of 1/25 ML (green bars), 1/7 ML (blue bars), and 1/6 ML (orange bars). The
horizontal green bar corresponds to the experimentally determined heat of adsorption for a coverage of 1/25
ML, where the solid line represents the measured value, and the width of the green shaded area represents
the experimental error. The experimental data is from ref. 288.

250

Dissociative adsorption of CHzl on Ni(111): The dissociative adsorption of CHsl on
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Ni(111) produces CHs and I adsorbed on the surface. First, we compared the relative stability of
co-adsorbed CHs+I with CH3 binding to an fcc or a top site and I binding to an hcp site at a surface
coverage of 1/7 ML (a detailed discussion for adsorption site preference is given in Section B.2 of
Appendix B). The preferred minimum energy co-adsorbed structure for all but one of the studied
functionals has CHs bound to an fcc site and | bound to an hcp site (see Fig. A.2B). Only the vdW-
DF2 functional leads to a preferred co-adsorption structure with CHz on a top site and I in an hcp

site (see Fig. B.2).

The enthalpy change upon the dissociative adsorption of CHzl from the gas phase on
Ni(111) is displayed in Fig. A.6 (numerical values are given in Table B.6) for coverages of 1/25
ML (green bars), 1/7 ML (blue bars), and 1/6 ML (orange bars). For all functionals, we find
significant differences between the calculated value at a coverage of 1/25 ML and those at
coverages of 1/7 ML and 1/6 ML, with differences ranging from 7 kJ/mol to 32 kJ/mol. The heats
of adsorption for coverages of 1/6 ML and 1/7 ML are similar. These values indicate that lateral
interactions destabilize co-adsorbed CHz and I. The LDA functional predicts the largest
dissociative adsorption enthalpy at 160 K, while the RPBE, vdW-DF, and vdW-DF2 functionals
predict the smallest dissociative adsorption enthalpies. Interestingly, there is no single functional
among those studied that would do well in all three reported experimental coverages. At 1/25 ML
coverage (Fig. A.6, green bars), the PBE-D2, RPBE-D2, and optB86b-vdW functionals compare
well with the experimental value, whereas at 1/7 ML coverage (Fig. A.6, blue bars) only the PBE-
D2 and RPBE-D3 functionals agree with the experimental values. At 1/6 ML coverage (Fig. A.6,

yellow bars), only the PBE-D3 and optB86b-vdW functionals agree well with experiments. A more
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detailed discussion is forthcoming in Section B.3.2.
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Figure A.6: Heat of adsorption for the dissociative adsorption of CHsl (AH(CH3 + 1)) on Ni(111) at 160
K calculated using different density functionals at a coverage (0) of 1/25 ML (green bars), 1/7 ML (blue
bars), and 1/6 ML (orange bars). Horizontal bars correspond to the experimentally determined heats of
adsorption for a coverage of 1/25 ML (green), 1/7 ML (blue), and 1/6 ML (orange), where the solid lines
represent the measured values and the width of each shaded area represents the experimental error for each
coverage. The experimental data are from ref. 288.

A.3.2 Gas phase recombination energy for CHzl
One possible source of error for each of the functionals is how they describe the gas-phase

energetics. To address this effect, we report the reaction enthalpies for CHsl — CHz+ % I, at 0 K
(see Table A.1). We find that optB86b-vdW (0 kJ/mol error relative to the experimental value of
-163 kJ/mol) and PW91 (-1 kJ/mol relative to the experimental value) accurately describe the

overall gas-phase reaction compared to experimental measurements performed at standard
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conditions.®® LDA produces the largest error (-36 kd/mol relative to the experimental value). All
other functionals underestimate the reaction energy, where optB88-vdW, optPBE-vdW, and the
PBE-based functionals underestimate the reaction energy by ~10 kJ/mol or less, while the
remaining functionals underestimate the reaction energy by ~20-30 kJ/mol. To avoid referencing
energies of gas-phase radicals, we also report the reaction enthalpies for CHzl + %2 Ho— CHa + %
I> (see Table A.1). We find that all functionals describe the reaction energy within 5 kJ/mol of the

experimental value at standard conditions.3%

Table A.1: Gas phase reaction enthalpies (AH, in kJ/mol) for CHzl — CHs+ % I, and CHsl + %2 H,— CHg4
+% 1,

CHsl = CHs+ % 12 CHsl + % H2— CHa+ % 12
Functional AH [kJ/mol] AH [kJ/mol]
LDA -199 -65
PW91 -164 -62
PBE -153 -63
PBE-D2 -156 -63
PBE-D3 -155 -68
PBE-dDsC -152 -66
PBE-TS -153 -66
RPBE -142 -68
RPBE-D2 -146 -67
RPBE-D3 -148 -67
vdW-DF -142 -68
vdW-DF2 -135 -65
optB86b-vdW -140 -63
optB88-vdW -163 -64
optPBE-vdW -157 -68
BEEF-vdW -154 -65
Experimental®® -163 -63

A.3.3 Comparison to Experimental Measurements
In this section, we compare our calculated results with experimental data from Carey et al.,
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who performed calorimetric measurements on the adsorption of CHsl on Ni(111).2% These authors
present the differential heat of adsorption as a function of coverage, f(4). To obtain values that are
comparable to the theoretical calculations, we calculate H(#), the heat of adsorption at coverage 6,

as:

INIQLE (A2)

H(O) = 5

Additionally, we rely on experimental data from Carey et al. and use error propagation®® to assign

an experimental error to their obtained measurements.

We classify the density functionals used in our study into three groups: (i) a group that
predicts enthalpies of adsorption within the experimental errors, (ii) a group of functionals that
lead to errors smaller than the experimental errors £ 20 kJ/mol (a value typically used to describe
DFT error®®), and (iii) a group of functionals with errors larger than the experimental error +20

kJ/mol.

Molecular adsorption of CHsl on Ni(111): We start our analysis by considering the
adsorption of CHsl on Ni(111) (shown in Fig. A.3 and Table B.3). We compare theoretical values
for the enthalpies of adsorption to the experimental heats of adsorption at a coverage of 1/7 ML
and find that only optB88-vdW (+0 kJ/mol error) leads to values within the reported experimental
error range of £6 kJ/mol (see Fig. A.3). Several other functionals (PBE-D2 (-11 kJ/mol error),
PBE-D3 (+11 kJ/mol error), PBE-dDsC (+14 kJ/mol error), RPBE-D2 (-19 kJ/mol error),
optB86b-vdW (-13 kJ/mol error), and optPBE-vdW (+11 kJ/mol error)) lie within an additional

error of +20 kJ/mol.
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Dissociative adsorption of CHsl on Ni(111): Comparing the proficiency of different
functionals in capturing the dissociative adsorption of CHzsl is more complicated (see Fig. A.6 and
Table B.6). While calculating H(1/25 ML) (-270£8 kJ/mol) and H(1/7 ML) (-253%8 kJ/mol) is
straightforward using the equations reported by Carey et al.,?® it is more complex to do so for a
coverage of 1/6 ML. Since the long-term sticking probabilities at this coverage are 0,2 accurately
measuring the differential heat of adsorption at this coverage is impossible. To arrive at an estimate
of this value, we assume that CHzl adsorption can be described with an Arrhenius expression where
the lifetime of CHsl adsorbed on the surface is 60 ms (below the time resolution of heat of
adsorption measurements of 120 ms) and the vibrational prefactor is 104 5,39 These assumptions
lead to a calculated differential heat of adsorption of -40 kJ/mol for CHzsl at 1/6 ML coverage at
160 K, in good agreement with the formation of multilayers reported for physisorption?®. We
assume a linear decrease in adsorption strength between coverages of 1/7 ML and 1/6 ML and find

an integral heat of adsorption of -235+8 kJ/mol for the dissociative adsorption of CHsl at 1/6 ML.

Comparing these values to our theoretical predictions shows that, for a coverage of 1/25
ML, only two functionals (PBE-D2 (-6 kJ/mol error) and optB86b-vdW (+7 kJ/mol error)) lead to
an enthalpy of adsorption at 160 K within the experimental error bars of £8 kJ/mol. Four more
functionals lie within an additional error £20 kJ/mol (PBE-D3 (+9 kJ/mol error), PBE-TS (-23
kJ/mol error), RPBE-D2 (+11 kJ/mol error), and RPBE-D3 (+13 kJ/mol error); see Fig. A.6, green

bars).

For a coverage of 1/7 ML, PBE-D2 (-7 kJ/mol error) and RPBE-D3 (+4 kJ/mol error) are
accurate within experimental error. Furthermore, the PBE-D3 (+11 kJ/mol error), PBE-TS (-16

kJ/mol error), RPBE-D2 (-19 kJ/mol error), and optB86b-vdW (+11 kJ/mol error) functionals are
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accurate within an additional DFT error of £20 kJ/mol.

For a coverage of 1/6 ML, no functional is accurate within experimental error, while six
functionals lie within an additional error of +20 kJ/mol (PBE-D3 (-11 kJ/mol error), PBE-dDsC
(+24 kJ/mol error), RPBE-D3 (-19 kJ/mol error), optB88-vdW (-12 kJ/mol error), optB88-vdW

(+10 kJ/mol error), and optPBE-vdW (+28 kJ/mol error)).

For all three coverages, several functionals (LDA (-30 kJ/mol to -59 kJ/mol), PW91 (-63
kJ/mol to +84 kJ/mol), PBE (+65 kJ/mol to +87 kJ/mol), RPBE (+115 kJ/mol to +136 kJ/mol),
vdW-DF (+75 kJ/mol to +100 kJ/mol), vdW-DF2 (+89 kJ/mol to +120 kJ/mol), and BEEF-vdW
(+69 kJ/mol to +92 kJ/mol)) show errors larger than the experimental error combined with the
typically assumed DFT error range of +20 kJ/mol.3* Such large errors can lead to significant errors
in the quantitative description of reaction thermodynamics or reaction kinetics. When using a
microkinetic model, for example, large errors would vastly influence predicted outcomes, such as
surface coverages, reaction rates, and selectivities. This observation is alarming, as some of these

functionals are among the most used for studying surface-catalyzed reactions.

One potential explanation for the large errors in the DFT calculations is that the functionals
do not properly capture dispersion interactions encountered during molecular adsorption. Yet, if
subsequent reaction steps were described accurately by the applied functional, quantitative errors
for molecular adsorption would be far less concerning. In this scenario, the bulk of a reaction
network would be described accurately, and only adsorption energies would need to be corrected.
To explore this possibility, we studied the dissociation enthalpy of CHzl on the Ni(111) surface,
i.e., the difference in enthalpy between molecularly and dissociatively adsorbed CHal at a coverage

of 1/7 ML, and compared the results to experimental values. Numerical values (Table B.9) and a
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graphical representation (Fig. B.3) are shown in Section B.5 of Appendix B. We find that only the
LDA functional (-4 kJ/mol) quantitatively captures the dissociation enthalpy of adsorbed CHal to
adsorbed CHs and | while all other functionals underestimate this quantity. Furthermore, the PBE-
D2 (+14 kJ/mol), PBE-D3 (+21 kJ/mol), RPBE-D2 (+18 kJ/mol), RPBE-D3 (+14 kJ/mol) and
optB86h-vdW (+23 kJ/mol) functionals are accurate within an additional £20 kJ/mol on top of the
experimental error. The largest errors are found for the vdW-DF2 (+64 kJ/mol), RPBE (+58
kJ/mol), vdW-DF (+58 kJ/mol) and BEEF-vdW (+53 kJ/mol) functionals. However, these error
ranges are smaller than those for the dissociative adsorption from the gas phase (the largest error
is +134 kJ/mol for the RPBE functional). This observation indicates that quantitative errors for
dissociative adsorption of CHsl from the gas phase on Ni(111) are only in part caused by

challenges in describing the molecular adsorption of CHal to this surface.

Aside from these large quantitative errors, our model also fails to correctly predict the
qualitative features of the experimental measurements. Carey et al. observed a modest increase in
adsorption strength up to a coverage of 1/7 ML, followed by a steep decrease in the adsorption
strength at higher coverages.?®® These authors attribute this observed behavior to a favorable 1/7
ML adsorption geometry. In the calculations presented here, the 1/7 ML adsorption structure is
less stable than the 1/6 ML structure for all functionals except vdW-DF2. It is not obvious what
phenomena lead to the differences between the experimentally observed and the theoretically
calculated behaviors. A possible reason for explaining these inconsistencies is the following:
While we studied all possible co-adsorption configurations of CHz and | on the V7xv7 Ni(111)
surface unit cell to determine the most stable configuration, the structure attained in experiments

might have a longer-range periodicity than the one captured in this unit cell and yet have the same
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total coverage of ~1/7 ML.

Adsorption of either CHs or I on Ni(111): While Carey et al. only measured the molecular
and dissociative adsorption of CHal, they also combined thermochemical cycles with literature
data to extrapolate their measurements to determine heats of adsorption for both CH3 and atomic
| on Ni(111).28 Importantly, lateral interactions between co-adsorbed species can significantly
influence the adsorption energetics, particularly at higher coverages. Therefore, their analysis
focused on a coverage of 1/25 ML to reduce interaction effects. To better understand the ability of
the studied functionals to describe the adsorption behavior of both CHz and I, we further compared
the individual adsorption strengths for each species on Ni(111) at this coverage. Using this
approach, we expect to identify which functionals correctly describe the adsorption behavior of

these two adsorbed species on Ni(111).

For CHs adsorption on Ni(111) at a coverage of 1/25 ML, we see that several functionals
(PBE-D2 (-6 kd/mol), PBE-D3 (-2 kJ/mol), PBE-dDsC (+13 ki/mol), PBE-TS (-12 kJ/mol),
RPBE-D2 (+5 kJ/mol), RPBE-D3 (+8 kJ/mol), optB86b-vdW (-8 kJ/mol), and optB88-vdW (+10
kJ/mol); DFT error with respect to the experimental value in parentheses) predict enthalpies of
adsorption within the experimental error of 13 kJ/mol 28 (see Fig. A.4, green bars; tabulated data
in Table B.4). Furthermore, two functionals predict values within an additional error of £20 kJ/mol

(PWO1 (+22 kJ/mol error) and optPBE-vdW (+24 kJ/mol error).

For atomic | adsorption on Ni(111) at a 1/25 ML coverage (see Fig. A.5, green bars, Table
B.5), a different set of functionals (PW91 (+2 kJ/mol error), PBE (+4 kJ/mol error), and BEEF-
vdW (+7 kd/mol error)) predict values within the experimental error of +9 kJ/mol.?® Other

functionals (PBE-D3 (-27 kJ/mol), PBE-dDsC (-14 kJ/mol), RPBE (+27 kJ/mol), RPBE-D3 (-27
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kJ/mol), vdW-DF (+13 kJ/mol), vdW-DF2 (+27 kJ/mol), optB88-vdW (-21 kJ/mol), and optPBE-
vdW (-11 kJ/mol); DFT error with respect to experimental value in parentheses) predict values

within an additional error of £20 kJ/mol.

A.3.4 Dissociative Adsorption of CH4 on Ni(111)
Because it is the rate-controlling step in, e.g., methane steam reforming on Ni catalysts

under specific reaction conditions,?®® we hereby explore how each density functional affects the
enthalpy change during the dissociative adsorption of CHz on Ni(111). To estimate the dissociative
adsorption enthalpy of CHg at the infinite-separation limit for the products, we used our calculated
data for CHs adsorption on the 5x5 surface (see Fig. A.4, green bars) and calculated the respective

data for the adsorption enthalpy of H on Ni(111) at 160 K (see Fig. A.7A).

Adsorption of H on Ni(111): We calculated the heat of adsorption for H on Ni(111) at
coverages of 1/25 ML, 1/7ML, and 1/6 ML (see Fig. A.7A and Table B.7). Importantly, the
calculated heats of adsorption show a variation of less than 3 kJ/mol across the studied range of
coverages, indicating that coverage effects for H adsorption are small for coverages of 1/6 ML or
lower. We find that all functionals studied predict that H prefers to adsorb at an fcc site and that
all functionals, except the LDA functional, lead to an enthalpy of adsorption of H on Ni(111) at
160 K of -275+18 kJ/mol. Only the LDA functional leads to a significantly increased enthalpy of
adsorption (~-326 kJ/mol). Experimental measurements show a heat of adsorption of -47 kJ/mol
for the dissociative adsorption of Hz on Ni(111).2® Accounting for the enthalpy of formation of
H; in the gas phase (-216 kJ/mol),>® this leads to an experimental value of -263 kJ/mol for the
heat of adsorption of H on Ni(111) at 160 K. Three functionals (RPBE (+4 kJ/mol), vdW-DF2 (+0

kJ/mol), and BEEF-vdW (+0 kJ/mol)) show chemical accuracy with respect to the experimental
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value (i.e., an error smaller than 4.2 kJ/mol). Furthermore, the remaining functionals, with the
exception of LDA (+63 kJ/mol error), optB86b-vdW (+30 kJ/mol error), and optB88-vdW (+25
kJ/mol error), predict enthalpies of adsorption that lie within an additional error of £20 kJ/mol on

top of the experimental error, which is the typically accepted error of DFT.3%

Dissociative adsorption of CH4 on Ni(111): Next, we calculated the enthalpy for the
dissociative adsorption of CH4 as adsorbed CHs and atomic H on the (5x5) surface unit cell of

Ni(111) at 160 K and at the infinite-separation limit (AH(CH,4, o, T = 160 K)):

AH(CH,, ,T = 160 K) = HS'*b+CHs(T = 160 K) + HS'P*H(T = 160 K) — (A.3)

_ZHSlab(T =160 K) — HCH4(g)(T =160 K)

Here, H represents the enthalpy at 160 K for the system denoted by the superscript (slab for the
clean metal slab, slab+CHs for one CH3 adsorbed on the slab, slab+H for one H atom adsorbed
on the slab, and CHa(g) for a gas-phase CH4 molecule) after applying both zero-point vibrational
energy and finite-temperature corrections. The results of this analysis are provided in Fig. A.7B,
and numerical values are given in Table B.8. As expected from the data for CHs adsorption, we
find a large range of enthalpy changes for the dissociative adsorption of CH4, ranging from highly
exothermic (LDA: -70 kJ/mol) to highly endothermic (vdW-DF2: +51 kJ/mol). Three functionals
(PBE-D3 (-3 kJ/mol error), PBE-D2 (+4 kJ/mol error), and optB86b-vdW (+4 kJ/mol error))
accurately predict the experimental value of -43 kJ/mol reported by Carey et al..?®8 The PBE-dDsC
(+18 kJ/mol error), PBE-TS (-11 kJ/mol error), RPBE-D2 (+5 kJ/mol error), and RPBE-D3 (+5
kJ/mol error) functionals all lie within an additional error of 20 kJ/mol on top of the experimental

value. These trends strongly agree with those established for the adsorption of CHz alone on
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Ni(111), suggesting that accurately capturing the adsorption properties of CHsz on Ni(111) is

critical to accurately describe the dissociative adsorption of CHz on Ni(111).
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Figure A.7: (A) Enthalpy of adsorption for atomic H (AH(H)) on Ni(111) at 160 K calculated using
different density functionals at a coverage of 1/25 ML (green bars), 1/7 ML (blue bars), and 1/6 ML (orange
bars). The experimental value (from references 3% and %) is a non-calorimetric based estimate and marked
by a black horizontal line. (B) The enthalpy change for the dissociative adsorption of gas-phase CH, to
adsorbed CHs; and atomic H on Ni(111) at 160 K (AH(CH,4, o)) calculated using different density
functionals at the infinite-separation limit between adsorbed CHs and atomic H. The experimental value of
-43 kJ/mol was calculated at a coverage of 1/25 ML and is denoted by a green horizontal line. The data was

obtained from reference 228,
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3.4 Performance of the adaptively weighted SW method:

Comparisons between experimental work and DFT calculations have shown that different
functionals perform very differently for various types of adsorption processes. In the past, large
errors have been attributed to how dispersion forces are included in semi-local density functionals.
While some of the functionals used in this work include dispersion forces, others are not able to
capture them. To address this problem for adsorption on transition-metal surfaces, Hensley et al.
developed the sigmoid-weighted (SW) method which relies on two different functionals.®*” In their
approach, they combined adsorption energies of two different functionals using a weighting
function that allowed them to switch between the two functionals. If the chosen weighting function
is 0, the adsorption energy will correspond to the RPBE-calculated energy, which should
accurately describe chemisorption. Conversely, if the weighting function is 1, the adsorption
energy will correspond to the optB86b-vdW (SW-R86) or optB88-vdW (SW-R88) calculated
energy, which should accurately describe physisorption. So far, the performance of this method
has mainly been evaluated for the CE39 experimental test set,3%® but it has not been tested for a

system such as the adsorption of CHsl or CH4 on a Ni(111) surface.

In most cases, the SW method will reproduce the values of the underlying functionals.
These values have already been discussed in detail in the results section, and we will focus on the
question of whether the SW method correctly switches between the functionals. More specifically,
we evaluate the switching function for each studied adsorption process (see Table A.2) and see
whether it correctly reproduces the adsorption energy with smaller errors with respect to the

experiment values.

Indeed, we find that the SW-R86 and SW-R88 switching functionals correctly predict that
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opt-B86b and opt-B88 are more suitable than RPBE for modeling the molecular or dissociative
adsorption of CHsl and the adsorption of CH4. Furthermore, SW-R86 and SW-R88 also predict
that RPBE is a more suitable functional for describing H adsorption. However, for the adsorption
of 1 and CHs, the SW method predicts that RPBE should be used, even though optB86b-vdW and
optB88-vdW lead to significantly better agreement with experimental measurements. For both
species, SW-R88 incorrectly predicts that RPBE describes CHz adsorption best, while SW-R86
prefers a mixture of RPBE and optB86-vdW that shows a larger error with respect to experiments

than the optB86-vdW functional alone.

Table A.2: Values of the switching function in the SW method for the adsorption processes studied in this
work. For a value of 1, enthalpies of adsorption for the SW method correspond to the optB86b-vdW values
(SW-R86) or optB88-vdW values (SW-R88); For a value of 0, enthalpies of adsorption for the SW method
correspond to RPBE values.

Adsorbate SW-R86 SW-R88
CHsl, molecular 1 1
CHGal, dissociative 1 1
CHs 0.34 0
I 0 0
H 0 0
CHa 1 1

Overall, the SW method does not improve the description of enthalpies for the adsorption
processes on Ni(111) studied here. This shortcoming is related in part to the functionals used in
the SW method, which are not among the most accurate methods for describing the adsorption of
the studied surface intermediates. Additionally, this method only selects the functional with the
smaller error for four out of six adsorption processes studied here. These problems might be
addressed by parameterizing the SW method for different functionals, e.g. by choosing functionals

based on PBE and using the SW method to include or exclude dispersion corrections. However,
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the performance of such a method will need to be thoroughly evaluated in the future.’

3.5 Mean absolute errors of functionals:

To evaluate the overall performance of each functional in describing the chemistries
discussed in this paper, we evaluate the mean absolute error (MAE) for each functional (see Fig.
A.8, numerical values given in Table B.10). Overall, RPBE-D3 (13 kJ/mol) and PBE-D3 (15
kJ/mol) have the smallest MAEs, but PBE-D2 (18 kJ/mol) and optB86b-vdW (18 kJ/mol) also
have MAEs below 20 kJ/mol. These four functionals therefore fall within the +20 kJ/mol often
ascribed to DFT error. Another group of functionals have MAEs smaller than 30 kJ/mol (PBE-
dDsC (22 kJ/mol), RPBE-D2 (22 kJ/mol), optB88-vdW (20 kJ/mol), optPBE-vdW (29 kJ/mol),

and PBE-TS 27 (kJ/mol)). All other functionals show MAEs larger than 40 kJ/mol.
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Figure A.8: Mean absolute error (MAE) in enthalpies of adsorption for the six adsorption processes studied
in this work.

A.4 Conclusions

In this work, we determined the accuracy of currently available density functionals for
describing the thermochemistry of: the molecular and dissociative adsorption of CHal, the
adsorption of CHs, I, and H, and the dissociative adsorption of CH4 on Ni(111). We found that for
each adsorption process at least one functional exists that quantitatively reproduces experimental
measurements within experimental error. For the molecular adsorption of CHzsl, this is the optB88-
vdW functional; for the dissociative adsorption of CHzsl, these are the PBE-D2 and optB86b-vdW

functionals; for the adsorption of CHs, these are the PBE-D2, PBE-D3, PBE-dDsC, RPBE-D2,
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RPBE-D3, optB86b-vdW, and optB88-vdW functionals; for the adsorption of I, these are the
PW091, PBE, and BEEF-vdW functionals; for the adsorption of H, these are the RPBE, vdW-DF2,
and BEEF-vdW functionals; and for the dissociative adsorption of CHs, these are the PBE-D2,
PBE-D3, and optB86b-vdW functionals. However, not a single functional of those evaluated here
can describe all adsorption processes accurately within the respective experimental error. Only
when an additional error of £20 kJ/mol is considered on top of the experimental error, the PBE-
D3 and RPBE-D3 functionals are accurate for all adsorption processes studied, whereas the PBE-
D2, PBE-dDsC, and RPBE-D2 functionals are accurate for five out of the six adsorption processes
considered. Similar conclusions are reached when focusing on the mean absolute error (MAE) for
each functional. PBE-D2, PBE-D3, RPBE-D3, and optB86b-vdW are the only functionals with
MAEs below 20 kJ/mol. Another group of functionals have MAEs smaller than 30 kJ/mol (PBE-
dDsC, RPBE-D2, optB88-vdW, optPBE-vdW, and PBE-TS). All other functionals have MAEs

larger than 40 kJ/mol.

These results indicate that density functionals could exist for describing the
thermochemistry of a specific adsorption process accurately. However, identifying a specific
functional that accurately describes the thermochemistry of several elementary processes that
could be relevant to a specific catalytic reaction might be a significant challenge. To select the
most suitable functional for developing an accurate theoretical model, it is therefore important to
critically evaluate the performance of various functionals for specific catalytic reactions.
Accordingly, accurate single-crystal adsorption microcalorimetry experiments will continue to

play an important role for benchmarking density functionals.
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Appendix: B Supplementary Materials for ‘Comparing the
Performance of Density Functionals in Describing the
Adsorption of Atoms and Small Molecules on Ni(111)>"

B.1 PBE Calculations without Enthalpic Corrections
To compare with experimental data, calculated adsorption enthalpies at 160K are reported

in the main manuscript. However, DFT literature typically reports adsorption energies directly
obtained from static DFT calculations at 0 K.28:287.30030% These numbers are not directly
comparable to data reported in the main text, even though such a comparison would be desirable.
In this section, we report the structures and adsorption energies for CHz and | calculated at the
PBE level without including zero-point energy or finite-temperature corrections. These results can

be directly compared to computational data reported in the literature.

We first determine the preferred binding site and orientation of CHsz on the v7x+/7 surface
unit cell. Following Che et al.,3% we examined all possible high-symmetry sites (fcc, hcp, top, and
bridge) on Ni(111) and several high-symmetry rotational structures for CHs (the exact
configurations are shown in the main text, Fig. A.1A). All numerical values for the relative

adsorption energies with respect to the most stable structures are given in Table B.1.

*Adapted from “Comparing the performance of density functionals in describing the adsorption of atoms and
small molecules on Ni(111)”, F. Goltl¥, E. A. Murray?, S. A. Tacey, S. Rangarajan, and M. Mavrikakis (* equal
contribution), Surface Science 700, 121675 (2020).
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Table B.1: Relative stability (AE) of CHz and | adsorbed at the high-symmetry sites of Ni(111) in a V7x\7
surface unit cell. An entry of zero for AE corresponds to the most stable adsorption structure (using the

PBE functional). Structures are shown in Figure A.1 of the main text. n.s. stands for not stable.

CHs

Site AE [kJ/mol] Site AE [kJ/mol]

top.1 31.1 top 47.3

top.2 31.2 bridge n.s.

top.3 31.3 fcc 0.0
bridge.1 19.9 hcp 2.8
bridge.2 n.s.
bridge.3 17.7

fcc.l 0.0

fcc.2 38.2

hcp.1 3.1

hcp.2 38.9

In agreement with the literature, the PBE functional predicts that the fcc and hcp sites are

the most stable for adsorbed CHz and 1.286.287:300309 \wjth the fcc position being slightly favored over

the hcp for both adsorbates. The most energetically favorable adsorption structure for CHs has its

H atoms aligned with the top positions of the surrounding Ni atoms for both hollow sites, with an

adsorption energy (without zero-point energy or finite-temperature corrections) of -183.8 kJ/mol

in the fcc site and -180.7 kJ/mol in the hcp site. CH3 adsorption to the bridge and top states of CH3

is 20 kJ/mol and 31 kJ/mol less stable than to the fcc site, respectively. While these relative values

agree well with the study by Che et al.,*® who used the PW91 functional for their adsorption

energy calculations, the adsorption energy of CHs is about 15 kJ/mol more positive than the

reported values. These differences could be rooted in the differences in the computational setup,

the choice of unit cell, or the pseudopotentials used.

We further calculate that | prefers to bind to fcc and hcp sites, with an adsorption energy of
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-173.8 kJ/mol and -171.0 kJ/mol, respectively (see Fig. A.1B in the main manuscript and Table
B.1). The reference state for calculating the CHs and | adsorption energies is gas-phase CH3 and

gas-phase Iz, respectively.

B.2 Adsorption Site Preference for Different Functionals
The ability of a functional to predict the correct adsorption site is critical in evaluating its

performance. In this context, the CO adsorption puzzle,?’’ i.e. the prediction of the correct
adsorption sites of CO on metal surfaces, is one of the most famous shortcomings of semi-local
GGA functionals. For the adsorption of CHs on Ni(111), the preference for the fcc site is well-
established experimentally,®® and we probe whether this property is well-reproduced by the
different functionals used in this work. In the following, we investigate the adsorption site
preference for CHs between top and fcc sites on Ni(111) at a coverage of 1/7 ML. These structures
are shown Fig. A.1A of the main text. In this context, we calculate AE™P', the energetic difference

between CHs in the top and fcc positions, as:

AEtop—fcc — ECHg—top _ ECH3—fcc (B.l)

where EH3~toP js the DFT-calculated energy of CHjs in the top position and E€H3~/¢¢ is the DFT-

calculated energy for CHs in the fcc position.
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Figure B.1: Adsorption structure for the dissociative adsorption of CH3I with CHjs in the top position and
I in the fcc position for a coverage of 1/7 ML. In the atomistic representation, Ni atoms are shown in silver,
C atoms in brown, H atoms in white, and | atoms in magenta. The unit cell is shown by the black lines.

For CHs adsorption (red bars in Fig. B.2), we find significant variations in the preference
for adsorption structures between functionals. Almost all functionals predict the experimentally
verified adsorbed fcc position as most stable. Only the vdW-DF2 functional prefers the top site
over the fcc site. Additionally, the numerical values for AEP vary significantly. The LDA
functional shows the largest preference for the fcc position (+67 kJ/mol for CHz), while the vdW-
DF2 functional prefers the top site over the fcc site by -4 kJ/mol for CHa. In this context especially,
the disagreement between the vdW-DF2 functional and experiments in terms of adsorption site
preference is concerning and indicates that this functional might not be ideal to describe the studied

adsorption process.

When comparing the relative stability of co-adsorbed CHsz and | between an fcc/hcp
structure (see Fig. 2B in the main text) and a top/fcc structure (see Fig. B.1), we find similar trends

in adsorption site preference as with adsorption of CHs (see blue bars in Fig. B.2).
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using different density functionals for CH3 adsorption (red bars) and the dissociative adsorption of CHsl to
adsorbed CHs and | (blue bars) at a surface coverage of 1/7 ML.
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B.3 Lattice Constants for Ni

Table B.2: DFT-calculated minimum energy lattice constants (a) and error with respect to experimental
values (Aa)*?® for bulk Ni using different density functionals.

Functional a [A] Aa [%]
LDA 3.428 -3
PW-91 3.523 0
PBE 3.520 0
PBE-D2 3.462 -2
PBE-D3 3.479 -1
PBE-dDsC 3.498 -3
PBE-TS 3.426 -3
RPBE 3.545 +1
RPBE-D2 3.444 -2
RPBE-D3 3.465 -2
vdW-DF 3.569 +1
vdW-DF2 3.608 +2
BEEF-vdW 3.539 +1
optB86b-vdW 3.484 -1
optB88-vdW 3.507 0
optPBE-vdW 3.526 0

Experimental
123 3.524
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B.4 Numerical Values for Enthalpies of Adsorption

Table B.3: Enthalpy of molecular adsorption (AH) for CHsl on Ni(111) at 160 K in a V7x\7 surface unit
cell. Energy reference state is CHal in the gas phase.

Functional AH[kJ/mol]
LDA -129.8
PW9I1 -51.2
PBE -48.3
PBE-D2 -115.2
PBE-D3 -104.5
PBE-dDsC -79.8
PBE-TS -139.5
RPBE -16.2
RPBE-D2 -131.0
RPBE-D3 -105.2
vdW-DF -53.9
vdW-DF2 -47.9
BEEF-vdW -56.3
optB86b-vdW -106.8
optB88-vdW -93.8
OptPBE-vdW -83.0

Experimental 2 -93.8+6
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Table B.4: Enthalpy of adsorption (AH) of CH; on Ni(111) at 160 K using different unit cells and different
density functionals. The most stable site is listed for comparison. Energy reference state is CHs in the gas
phase.

AH [kJ/mol]

Functional Site 2x3  \7x\7  5x5

LDA fcc -295.0 -295.2 -301.3
PW91 fcc -189.8 -190.5 -1944
PBE fcc -177.6  -1775 -182.9
PBE-D2 fcc 2171 -217.7 -221.7
PBE-D3 fcc -2141 -21477 -2184
PBE-dDsC fcc -197.9 -199.2 -203.3
PBE-TS fcc -222.6 -222.7 -2284
RPBE fcc -141.4 -1425 -146.4
RPBE-D2 fcc -206.7 -207.6 -210.8
RPBE-D3 fcc -2045 -2054  -208.2
vdW-DF fcc -150.8 -151.7 -1545
vdW-DF2 top -140.4 -141.8 -140.2
optB86b-vdW fcc -151.6 -152.7 -1554
optB88-vdW fcc -219.4 -219.9 -223.9
OptPBE-vdW fcc -201.1  -201.7 -206.1
BEEF-vdW fcc -188.0 -188.8 -192.1

Experimental 2 -216+13
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Table B.5: Enthalpy of adsorption (AH) for 1 on Ni(111) at 160 K using different unit cells and density
functionals. The most stable site is fcc in all cases. Energy reference state is %2l in the gas phase.

AH [kJ/mol]
Functional Site 2x3  \7x\y7  5x5
LDA fcc -232.1 -226.4  -239.2
PWI1 fcc -176.0 -171.3 -181.9
PBE fcc -174.4  -169.3 -179.8
PBE-D2 fcc -220.2  -2141 -2235
PBE-D3 fcc -208.0 -202.3 -210.9
PBE-dDsC fcc -192.2 -187.9 -198.1
PBE-TS fcc -229.4 -223.8 -2335
RPBE fcc -152.2  -147.1 -157.0
RPBE-D2 fcc -228.2 -2219 -229.7
RPBE-D3 fcc -209.5 -203.1 -210.6
vdW-DF fcc -169.1 -163.1 -171.5
vdW-DF2 fcc -154.7 -148.7 -157.4
BEEF-vdW fcc -1749 -169.2 -1775
optB86h-vdW fcc -212.2  -206.3 -215.9
optB88-vdW fcc -201.4 -199.7 -205.3
OptPBE-vdW fcc -192.0 -186.1 -195.0

Experimental 2 -184+9
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Table B.6: Enthalpy of dissociative adsorption (AH) of CHszl on Ni(111) at 160 K using different unit cells
and a variety of density functionals. The most stable site is listed for comparison. Energy reference state is
CHzsl in the gas phase.

AH [kJ/mol]

Functional CHa/l Site 2x3 V7x\7 5x5

LDA fce/hep -294.0 -293.3 -325.8
PW91 fce/hep -171.6 -170.4 -197.3
PBE fce/hep -169.7 -167.5 -194.5
PBE-D2 fce/hep -264.0 -260.7 -275.3
PBE-D3 fce/hep -246.3 -242.7 -260.5
PBE-dDsC fce/hep -211.2 -210.9 -234.3
PBE-TS fce/hep -274.0 -269.8 -292.6
RPBE fce/hep -120.3 -118.3 -146.4
RPBE-D2 fce/hep -276.4 -272.7 -280.2
RPBE-D3 fce/hep -253.9 -250.3 -256.8
vdW-DF fce/hep -159.9 -155.9 -170.0
vdW-DF2 top/hcp -146.3 -142.5 -149.6
BEEF-vdW fce/hep -165.9 -162.5 -178.4
optB86h-vdW fce/hep -246.6 -242.9 -262.3
optB88-vdW fce/hep -224.8 -221.2 -239.4
optPBE-vdW fce/hep -206.9 -203.1 -218.7

Experimental 2% -234.9+8 -253.3+8 -269.948
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Table B.7: Enthalpy of adsorption (AH) of atomic H on Ni(111) at 160 K calculated in different surface
unit cells using different density functionals. Energy reference state is gas-phase atomic H.

AH [kJ/mol]

Functional Site 2x3 \T7x\7 5x5

LDA fcc -325.3 -325.7 -326.1
PWI1 fcc -273.3 -274.1 -274.4
PBE fcc -270.2 -270.9 -272.1
PBE-D2 fcc -278.1 -278.8 -279.4
PBE-D3 fcc -280.0 -280.9 -281.4
PBE-dDsC fcc -274.2 -274.6 -275.3
PBE-TS fcc -277.7 -278.6 -279.3
RPBE fcc -258.6 -259.2 -260.0
RPBE-D2 fcc -271.6 -272.5 -273.0
RPBE-D3 fcc -274.5 -275.5 -275.2
vdW-DF fcc -269.2 -270.8 -271.5
vdW-DF2 fcc -262.0 -262.6 -263.9
optB86b-vdW fcc -262.0 -263.2 -263.2
optB88-vdW fcc -292.0 -292.8 -293.3
optPBE-vdW fcc -287.0 -287.8 -288.8
BEEF-vdW fcc -281.5 -282.3 -282.7

Experimental
123,311 -263.0
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Table B.8: Enthalpy of adsorption (AH) for the dissociative adsorption of CH4 on Ni(111) at 160 K on a
5%5 surface unit cell using different density functionals. Energy reference state is CH, in the gas phase.

Functional AH [kJ/mol]
LDA -113.2
PW91 -2.5
PBE -1.7
PBE-D2 -47.2
PBE-D3 -46.3
PBE-dDsC -25.3
PBE-TS -54.1
RPBE 38.4
RPBE-D2 -38.1
RPBE-D3 -38.0
vdW-DF 36.3
vdW-DF2 50.7
optB86b-vdW 33.6
optB88-vdW -39.6
OptPBE-vdW -19.8
BEEF-vdW -3.8

Experimental 2 -43.0
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B.5 Enthalpy Change Upon the Dissociation of CHsl to CHs and | on Ni(111)
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Figure B.3: Enthalpies of dissociation for adsorbed CHsl to adsorbed CHs and | (AH(CHsI*—CHz*+1%))
on Ni(111) at 160 K calculated for different density functionals at a coverage (0) of 1/7 ML. Vertical blue
bars represent the calculated value for each functional. The horizontal blue bars correspond to the
experimentally determined heat of adsorption for a coverage of 1/7 ML. The solid line represents the
measured value of -160 kJ/mol, while the width of the blue shaded area denotes the experimental error (8
kJ/mol). Experimental data from ref. 288.
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Table B.9: Enthalpy of dissociation (AH) for adsorbed CHsl to adsorbed CH3; and | on Ni(111) at 160 K in

a V7x\7 surface unit cell.

Functional AH[kJ/mol]
LDA -163.6
PW91 -119.2
PBE -119.2
PBE-D2 -145.5
PBE-D3 -138.2
PBE-dDsC -131.1
PBE-TS -130.2
RPBE -101.7
RPBE-D2 -141.7
RPBE-D3 -145.2
vdW-DF -102.0
vdW-DF2 -94.7
BEEF-vdW -106.2
optB86b-vdW -136.1
optB88-vdW -127.4
optPBE-vdW -120.1
Experimental 2 -159.548
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Table B.10: Mean absolute errors (MAE, kJ/mol) of functionals with respect to experimental values for all
adsorption processes studied in this work.

Functional MAE [kJ/mol]
LDA 58
PW91 42
PBE 45
PBE-D2 18
PBE-D3 15
PBE-dDsC 22
PBE-TS 27
RPBE 79
RPBE-D2 22
RPBE-D3 13
vdW-DF 59
vdW-DF2 70
BEEF-vdW 54
optB86b-vdW 19
optB88-vdW 20

optPBE-vdW 29
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Appendix: C Supplementary Materials for ‘Interfacial
Water Structures on Gold Electrodes Lead to Increased
Oxygen Reduction Rates in Alkaline Media’

C.1 Supplementary Methods
C.1.1 Static DFT Calculations
For static DFT calculations, we relaxed each structure until the forces acting upon each

atom were < 0.01 eV/A. We calculated the vibrational frequencies of species using a numerical
differentiation of forces using a second-order finite difference approach as determined from
diagonalizing the mass-weighted Hessian matrix. We fixed all Au atoms in the surface for

vibrational frequency calculations.
We calculated the free energy of a species as:
G = Eprr+ ZPE -TS (C.1)

where Eprr is the total energy of a system from DFT, ZPE is the zero-point energy, and S is the

vibrational entropy.

C.1.2 AIMD Simulations
Our molecular dynamics simulations utilized the standard Verlet algorithm to propagate

the ionic trajectories with a 1 fs time step. We utilized the mass of deuterium for hydrogen to
accelerate convergence. All simulations were performed in the NVT ensemble at 298 K, and the
ionic temperature was controlled using a Nosé-Hoover thermostat.'?>'%® To probe multiple
adsorption sites, we initialized a series of simulations where each species was adsorbed in various

positions on the Au(100) surface. Each trajectory was typically run for at least a 2 ps equilibrium
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period and a production period of at least 10 ps. For systems with multiple binding sites, we used
up to 200 ps of molecular dynamics data at a given potential consisting of many trajectories. We

then calculated the average free energy of all trajectories for a given system as:

G(T) = <E> + 1/B(<exp(BAE)>) (C.2)

where g is 1/ksT, E is the potential energy and AF is the difference between the average potential

energy and the energy in each step.

In our AIMD structural analysis, we defined a hydrogen bond with a cutoff of 3.5 A for

the O-O distance and an H-O-O angle less than 30°.1%¢

C.1.3 Reference States
In static, unsolvated DFT calculations, we used gas-phase Oz, H2O, and H>O> for our

reference states for species not bound to the Au(100) surface. The energy of each species was
calculated in a 14x15x16 A box. In our static, solvated DFT calculations, we reference gas-phase
0. and solvated H20 and H2O2 energies. The energy of each species was calculated ina 14 x15x16
A box with implicit solvent. In our solvated AIMD analysis, we reference gas-phase O, and
solvated H>O and H20- energies. To calculate the solvated energy of H-.O and H202, we ran AIMD
simulations in a 14.23x14.23x14.23A box containing 96 water molecules and 97 water molecules

+ H203, respectively.
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C.2 Supplementary Figures
Top View Top View Top View
Side View Side View Side View

mmm

Figure C.1: Top (top image) and side image (bottom image) of most stable adsorption structures on
Au(100)-(1x%1) based on static DFT calculations including (a) O*, (b) OH*, and (c) OOH*. Au atoms are
shown in gold, O is shown in red, and H is shown in white.
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Top View Top View ) Top View

Side View Side View Side View

B i i

Figure C.2: Top (top image) and side image (bottom image) of most stable adsorption structures on

Au(100)-AR based on static DFT calculations including (a) O*, (b) OH*, and (c) OOH*. Au atoms are
shown in gold, Au additional row atoms (AR) are shown in brown, O is shown in red, and H is shown in

white.
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a) Top View b) Top View c) Top View

Side View Side View Side View

)

Figure C.3: Top (top image) and side image (bottom image) of most stable adsorption structures on
Au(100)-hex based on static DFT calculations including (a) O*, (b) OH*, and (c) OOH*. Au atoms are
shown in gold, O is shown in red, and H is shown in white.
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Figure C.4: Free energy diagram determined by static, unsolvated DFT calculations for the ORR at pH =
13 on (a) Au(100)-(1x1) at a potential of 1.20 V/RHE, (b) Au(100)-AR at a potential of 1.20 V/RHE, (c)
Au(100)-(1x1) at a potential of 0.57 V/RHE (onset potential for 4e- and 2e" pathways), and (d) Au(100)-
AR at a potential of 0.58 V/RHE (onset potential for 4e” and 2e pathways).
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a) Top View b) Top View

Side View

- C)l

Figure C.5: Top (top image) and side image (bottom image) of representative stable adsorption structures
on Au(100)-(1x1) at the pzc based on AIMD calculations including (a) OH* and (b) OOH*. Au atoms are
shown in gold, O is shown in red, and H is shown in white. Interfacial water is shown as stick models for

clarity.
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a) Top View b) Top View

Side View

)

Figure C.6: Top (top image) and side image (bottom image) of representative stable adsorption structures
on Au(100)-AR at the pzc based on AIMD calculations including (a) OH* and (b) OOH*. Au atoms are
shown in gold, Au additional row atoms (AR) are shown in brown, O is shown in red, and H is shown in

white. Interfacial water is shown as stick models for clarity.
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Top View

Figure C.7: Top (top image) and side image (bottom image) of representative stable adsorption structures
on Au(100)-hex at the pzc based on AIMD calculations including (a) O*, (b) OH*, and (c) OOH*. Au
atoms are shown in gold, O is shown in red, and H is shown in white. Interfacial water is shown as stick

models for clarity.
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Figure C.8: Radial distribution function between bottom-most oxygen (closest to the surface) of adsorbate
and Au for (a) O*, (b) OH*, and (c) OOH* at the pzc in the most energetically favorable AIMD simulations.
Data for Au(100)-(1x1) is shown in purple, data for Au(100)-AR is shown in blue, and data for Au(100)-
hex is shown in orange.
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Figure C.9: Free energy diagram determined by solvated AIMD simulations for the ORR at pH = 13 on
(a) Au(100)-(1x1) at a potential of 1.20 V/RHE, (b) Au(100)-(1x1) at a potential of 0.66 V/RHE (onset
potential for 4e” pathway), (c) Au(100)-(1x1) at a potential of 0.65 V/RHE (onset potential for 2e” pathway),
(d) Au(100)-AR at a potential of 1.20 V/RHE, and (e) Au(100)-AR at a potential of 0.58 V/RHE (onset

potential for 4e” and 2e” pathways).



277

Y
S—

Au(100)-hex

4
.
o]
H
% 3
©
=4
o
a3}
g 2 /A<_
B4
-
0 Ll T T T T T
40 05 00 05 1.0 15 20 25
U/RHE (V)

Figure C.10: Average number of hydrogen bonds formed between O* and water at all potentials studied
on Au(100)-hex, the only Au(100) reconstruction where O* is stable. Lines in the figure are to guide the
eye. (b) Snapshot of O* on Au(100)-hex from AIMD simulations with representative hydrogen bonding
environments. Au atoms are shown in gold, oxygen is shown in red, and hydrogen is shown in white. Water
not hydrogen bonded to adsorbate are shown as stick models for clarity.
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Figure C.11: Average number of hydrogen bonds formed between OH* and water at all potentials studied
on (a) Au(100)-(1x1), (b) Au(100)-AR, and (c) Au(100)-hex. Accepted hydrogen bonds (blue) are bonds
that are donated by water and accepted by OH*. Donated hydrogen bonds (red) are bonds that are donated
by OH* and accepted by water. The total number of hydrogen bonds formed between OH* and water is

shown in black.



Hyydrogen Bonds wath O0OH"
- o

Au(100)-(1x1)

Hydrogen Bonds with G0H"
a .

b)

[

=

Au{100)-AR
. e .
. " g -
—
- ; L]
i.lp:'lr-!”l: I‘\."i

Accepted H-Bonds (Bottom O)
Accepisd H-Bonds (Top O)
Accepied H-Bonds

Donated H-Bonds

Tolal H-bonds:

Hydrogen Bonds with OOH"
- " i "

Au(100)-hex

——
——
———

279

Figure C.12: Average number of hydrogen bonds formed between OOH* and water at all potentials studied
on (a) Au(100)-(1x1), (b) Au(100)-AR, and (c) Au(100)-hex. Accepted hydrogen bonds (total; dark blue,
sold line) are bonds that are donated by water and accepted by OOH* to either the bottom O atom (closest
to the surface; dashed light blue lines) or the top O atom (farthest from the surface, dash-dotted light blue
lines) of OOH*. Donated hydrogen bonds (red) are bonds that are donated by OOH* and accepted by water.
The total number of hydrogen bonds formed between OOH* and water is shown in black.
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Figure C.13: Free energy diagram determined by static DFT calculations with implicit water for the ORR
at pH = 13 on (a) Au(100)-(1x1) at a potential of 1.20 V/RHE, (b) Au(100)-(1x1) at a potential of 0.46
V/RHE (onset potential for 4e” and 2e” pathways), (c) Au(100)-AR at a potential of 1.20 V/RHE, (d)
Au(100)-AR at a potential of 0.29 V/RHE (onset potential for 4e” and 2e” pathways), (e) Au(100)-hex at a
potential of 1.20 V/RHE, and (f) Au(100)-hex at a potential of 0.13 VV/RHE (onset potential for 4e- and 2e

pathways)
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Figure C.14: Top (top image) and side views (bottom image) of Au(100) surface reconstructions including
(a) Au(100)-(1x1) surface with no reconstruction, (b) Au(100)-hex surface with a hexagonal reconstruction
on the top layer, and (c) an Au(100)-AR surface with an additional row of Au atoms on the top layer of the
Au(100) surface. Au atoms are shown in gold. Unit cells are indicated with dashed black lines.
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(1x1), (b) Au(100)-AR, and (c) Au(100)-hex surface reconstructions. Au atoms are shown in gold, Au
additional row atoms (AR) are shown in brown, O is shown in red, and H is shown in white.
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Figure C.16: Fitted total potential energies of Au(100)-(1x1) surface systems from AIMD simulations.
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Figure C.17: Fitted total potential energies of Au(100)-AR surface systems from AIMD simulations.
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Figure C.18: Fitted total potential energies of Au(100)-hex surface systems from AIMD simulations.
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C.3 Supplementary Tables

Table C.1: Fitted parameters for calculating the free energy of Au(100)-(1x1) systems from AIMD
simulations

System C (eVIV?) Upze (V vs SHE) Epz (eV) R?2
Water 2.40 -0.31 -1652.05 0.99
OOH* 2.60 -0.31 -1651.57 0.95

OH* 2.27 -0.23 -1643.66 0.95
0* - - - -

Table C.2: Fitted parameters for calculating the free energy of Au(100)-AR systems from AIMD
simulations

System C (EV/VZ) Upzc (V vs SHE) Epzc (eV) R?
Water 2.86 0.06 -1637.03 0.98
OOH* 2.47 0.09 -1636.04 0.96
OH* 2.75 0.13 -1628.37 0.93
o* - - - -

Table C.3: Fitted parameters for calculating the free energy of Au(100)-hex systems from AIMD
simulations

System C (EV/VZ) Upzc (V vs SHE) Epzc (eV) R?

Water 1.95 -0.02 -1666.80 0.85

OOH* 1.72 0.01 -1666.46 0.95
OH* 1.79 0.03 -1658.05 0.91
O*+ -0.71 2.95 -1647.23 1.00

 Quadratic fit only contains 3 data points. Because of the poor fit, we took the C and Up.c values
from water for O* in Fig. 3.3d-f in the main text
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Table C.4: Fitted parameters for calculating the free energy of Au(100)-(1x1) systems from VASPsol
calculations

System C (eV/IV?) Upze (V vs SHE) Epz (eV) R?
Water 1.21 0.14 -165.19 1.00
OOH* 1.58 0.16 -192.35 1.00
OH* 1.37 0.11 -184.68 1.00
Oo* 1.24 0.21 -175.38 1.00

Table C.5: Fitted parameters for calculating the free energy of Au(100)-AR systems from VASPsol
simulations

System C (eVIV?) Upzc (V vs SHE) Epz (eV) R?
Water 1.23 0.17 -179.69 1.00
OOH* 151 0.23 -206.92 1.00
OH* 1.31 0.12 -198.91 1.00
O* 131 0.39 -189.25 1.00

Table C.6: Fitted parameters for calculating the free energy of Au(100)-hex systems from VASPsol
calculations

System C (eVIV?) Upzc (V vs SHE) Epzc (eV) R?
Water 1.08 0.10 -180.58 1.00
OOH* 1.50 0.31 -207.24 1.00

OH* 1.33 0.27 -198.98 1.00

o* 1.25 0.35 -189.40 1.00
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Appendix: D Supplementary Materials for ‘Determining the
Role of Water in the Electric Double Layer on the Oxygen
Reduction Reaction on Au(111l) and Pt(111) in Alkaline
Media’

D.1 Supplementary Figures
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Figure D.1: Fitted total free energies of Au(111) surface systems from AIMD simulations.
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Figure D.2: Fitted total free energies of Pt(111) surface systems from AIMD simulations.
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OOH* OH* O*

Static DFT

Figure D.3: Representative structures for adsorbates as seen from the side in static, unsolvated DFT and
solvated AIMD simulations on Au(111). Au atoms are shown in gold, O atoms are shown in red, and H
atoms are shown in white. Interfacial water molecules are shown as stick models for clarity.
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O*

OH*

OOH*

Figure D.4: Radial distribution functions between bottom-most oxygen (closest to the surface) of adsorbate
and Au for O*, OH*, and OOH* from AIMD simulations.
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Figure D.5: (a) Average number of hydrogen bonds formed per water molecule (Nn-bonas/H20) along the
surface normal direction (zero corresponds to Au atoms in the top layer of the slab) for solvated Au(111)
surface without adsorbates at the pzc. The total nu-pongs/H20 is shown purple, the accepted Nu-pongs/H20 is
shown in blue, and the donated Nu-sonds/H20 is shown in orange. Grey dashed lines and dotted lines indicate
the average position of the bottom-most oxygen in OH* and OOH*, respectively, in the most energetically
favorable AIMD simulations for reference. (b) Average number of hydrogen bonds formed between OH*
or OOH* and water (nu-nonas/adsorbate) at all potentials studied. Yellow region corresponds to potential
region typically considered for ORR. Lines in the figure are to guide the eye. (c) Snapshot of OOH* and
OH*on Au(111) with representative hydrogen bonds (black dashed lines). Au atoms are shown in gold,
oxygen atoms are shown in red, and hydrogen atoms are shown in white. Water not hydrogen-bonded to
adsorbates in (c) are shown as stick models for clarity.
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Figure D.6: Free energy diagrams for the ORR on Pt(111) from static, unsolvated DFT calculations in the
presence of co-adsorbed OH* at pH=13, including: 2/9 ML OH* at (a) 1.20 V/RHE and (b) 0.46 V/RHE
(the onset of the ORR); 3/9 ML OH* at (c) 1.20 V/RHE and (d) 0.32 VV/RHE (the onset of the ORR); and
4/9 ML OH* at (e) 1.20 V/RHE and (f) 0.49 V/RHE (the onset of the ORR).
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Figure D.7: Binding free energy (BFE) of OH and O relative to the gas phase energy of each respective
species as a function of applied potential as calculated from static DFT and solvated AIMD simulations at
pH = 13 in the presence of (a) 2/9 ML co-adsorbed OH* and (b) 3/9 ML co-adsorbed OH*. Free energy
diagrams for the ORR on Pt(111) at 1.20 V/RHE and pH = 13 in the presence of (c) 2/9 ML co-adsorbed
OH* and (d) 3/9 ML co-adsorbed OH* at 1.20 VV/RHE. Free energy diagrams for the ORR on Pt(111) at
1.20 V/RHE and pH = 13 in the presence of (e) 2/9 ML co-adsorbed OH* and (f) 3/9 ML co-adsorbed OH*
at the onset potentials for the ORR.
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D.2 Supplementary Tables

Table D.1: Fitted parameters for calculating the free energy of Au(111) systems from AIMD simulations

System C (eVIV?) | Upze(V Vs SHE) | Epzc(eV) R?
Water 1.15 -0.05 -1208.80 0.91
1/9 ML OOH* + water 1.36 -0.17 -1207.89 0.98
1/9 ML OH* + water 1.42 -0.10 -1200.08 0.92
1/9 ML O* + water 191 0.42 -1190.03 1.00

Table D.2: Fitted parameters for calculating the free energy of Pt(111) systems from AIMD simulations

System C (eV/IV?) | Upzc(VVSSHE) | Epzc (eV) R?
Water 2.17 0.17 -1382.65 0.99
1/9 ML OH* + water 1.06 -0.39 -1374.86 0.96
2/9 ML OH* + water 1.63 -0.32 -1367.54 0.94
3/9 ML OH* + water 1.32 -0.16 -1358.89 0.97
4/9 ML OH* + water 0.96 0.24 -1348.76 0.99
5/9 ML OH* + water 1.94 0.56 -1338.37 0.97
1/9 ML O* + water 2.52 0.00 -1365.20 0.91
1/9 ML O* + 2/9 ML OH* + water 2.60 -0.05 -1348.14 0.99
1/9 ML O* + 3/9 ML OH* + water 1.85 0.45 -1339.52 0.90
1/9 ML O* + 4/9 ML OH* + water 5.40 0.29 -1329.03 1.00
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Appendix: E Supplementary Materials for ‘Evaluating
Interfacial Water Structures on Clean and Hydroxyl-covered
Electrified Au(100) Surface Reconstructions with Ab Initio
Molecular Dynamics Simulations’

1/10 ML OH*

1/5 ML OH*

Figure E.1: Representative images of water and OH* on Au(100) surface reconstructions at the
point of zero charge (pzc) for the most energetically stable configurations of OH* as determined
from AIMD calculations (red: O in water, dark red: O in OH*, white: H, gold: Au, dark gold:
additional row (AR) Au). Top views of Au(100) surfaces are 4 A from the surface and include
water in the high-density sub layer closest to the surface.
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Figure E.2: Density of oxygen atoms (po) in water as a function of distance from the surface for Au(100)-
(1x1), Au(100)-AR, and Au(100)-hex surfaces with and without OH* at a range of potentials. The zero
coordinate corresponds to average position of Au atoms on the top surface layer of each model (excluding
AR atoms on Au(100)-AR)). Position of AR atoms is denoted with a line.
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Figure E.3: Orientation of water on Au(100) surface reconstructions with 1/10 ML OH*. Distribution of
the angle between the water bisector and the surface normal, ¢, within 4 A of the (a) Au(100)-(1x1), (b)
Au(100)-AR, and (c) Au(100)-hex surfaces at a range of potentials. Distribution of the angle between the
O-H bonds of water and the surface normal, 6, within 4 A of the (d) Au(100)-(1x1), (e) Au(100)-AR, and
() Au(100)-hex surfaces at a range of potentials. Inset of (a) illustrates ¢, while the inset of (d) illustrates
0. All potentials are referenced with respect to the SHE.
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Figure E.4: Hydrogen bond density (nH-bonds/H20) along the surface normal direction on Au(100) surface
reconstructions covered with 1/10 ML OH* at a range of potentials. Donated hydrogen bonds include H-
bonds donated to OH* or other water molecules, and accepted hydrogen bonds include H-bonds accepted
by OH* or other water molecules. The zero coordinate corresponds to average position of Au atoms on the
top surface layer of each model (excluding AR atoms on Au(100)-AR)). All potentials are referenced with
respect to the SHE.
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Figure E.5: Hydrogen bond density (nH-bonds/H20) along the surface normal direction on Au(100) surface
reconstructions covered with 2/10 ML OH* at a range of potentials. Donated hydrogen bonds include H-
bonds donated to OH* or other water molecules, and accepted hydrogen bonds include H-bonds accepted
by OH* or other water molecules. The zero coordinate corresponds to average position of Au atoms on the
top surface layer of each model (excluding AR atoms on Au(100)-AR)). All potentials are referenced with
respect to the SHE.
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Appendix: F Supplementary Materials for ‘Evaluating
Interfacial Water Structures on Electrified Hydroxyl-covered
Pt(111) through Ab Initio Molecular Dynamics Simulations’
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Distance from Surface (A)
Figure F.1: Density of oxygen in water (po) along the surface normal direction on hydroxyl-covered,
electrified Pt(111) surfaces, where zero distance corresponds to the center of the top layer of Pt. All
potentials are referenced with respect to the SHE.
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Figure F.2: Probability distribution of angle 6 between the O-H bonds of water and the surface normal for
interfacial water for the OH* coverages not present in Pourbaix diagram within 3.0 A of the surface and
within 3.0 and 4.5 A of the surface. All potentials are referenced with respect to the SHE.
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Figure F.3: Probability distribution of angle ¢ between the water bisector and the surface normal of
interfacial water for the OH* coverages not present in Pourbaix diagram within 3.0 A of the surface and
within 3.0 and 4.5 A of the surface. All potentials are referenced with respect to the SHE.
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Figure F.4: Representative images of interfacial water within 3.1 A of the surface from AIMD simulations.
Coverages refer to the average total coverage of oxygenates (OH* + H,0). Pt atoms are shown in gray, O
atoms from water are shown in red, O atoms from OH* are shown in dark red, and H atoms are shown in
white. All potentials are referenced with respect to the SHE.
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Flgure F.5: Minimum energy structures of OH* adsorbates adsorbed on Pt(111) with a honeycomb water

bilayer model. Pt atoms are shown in gray, O atoms from water are shown in red, O atoms from OH* are
shown in dark red, and H atoms are shown in white.
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Appendix: G Supplementary Materials for ‘First-Principles
Trends of Formic Acid Electro-oxidation on Transition
Metals Alloyed with Platinum and Palladium’

G.1 Supplementary Tables

Table G.1: Lattice constants of transition metals and platinum or palladium alloyed with transition metals.
Lattice constants for bulk alloys were calculated using a cubic unit cell with one overall lattice constant.

System aoet (A) aexp (A%
Au 4,174 4.065
Ag 4.158 4.079
Cu 3.636 3.597

Ir 3.882 3.839
Pd 3.956 3.859
Pt 3.986 3.924
Rh 3.844 3.803

Ru  2.727(cla=1.580)  2.706 (c/a = 1.582)
Re  2778(cla=1.615) 2761 (c/a=1.614)

PtsAu 4.030
Pt:Ag 4.015 -
PtsCu 3.911 -
Ptalr 3.960 -
PtsPd 3.975 -
PtsRh 3.951 -
PtsRu 3.944 -
Pt:Re 3.960 -
PdsAu 4.011 -
Pd3Ag 4.002 -
PtsCu 3.890 -
Pdalr 3.931 -
PdsPd 3.961 -
PdsRh 3.929 -
PdsRu 3.018 -

PdsRe 3.940 -
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Table G.2: Gibbs free energy (eV) of adsorbates relative to gas-phase CO,, Hz, and H.O bound to transition

metals and platinum alloyed with transition metals at 298 K. The bulk-terminated alloys are bolded.

Surface

G(CO) G(COOH) G(OH) G(HCOO)

Pt

-0.84 0.28 1.33 0.71

PtsAu-01
PtsAu-02
PtsAu-11
PtsAu-1;
PtsAu-13
PtsAu-21
PtsAu-2

-0.81 0.35 1.42 0.85
-1.03 0.16 1.20 0.63
-0.68 0.50 1.47 0.87
-1.05 0.10 1.16 0.53
-1.04 0.11 1.15 0.50
-0.55 0.55 1.46 0.81
-0.93 0.16 1.18 0.47

Au

0.56 1.24 1.77 1.15

PtsAg-01
PtzAg-02
Pt:Ag-11
Pt:Ag-1»
PtsAg-13
PtsAg-21
PtsAg-2,

-0.81 0.36 1.44 0.91
-1.00 0.22 1.21 0.68
-0.70 0.47 1.31 0.79
-1.14 -0.01 1.00 0.43
-1.12 0.00 0.99 0.39
-0.76 0.35 1.20 0.53
-1.17 -0.10 0.91 0.22

Ag

0.57 1.38 1.05 0.57

Pt3Cu-01
Pt3Cu-02
Pt:Cu-11
Pt;Cu-1>
PtsCu-13
Pt;Cu-21
PtsCu-22

-0.45 0.51 1.63 1.02
-0.67 0.42 1.25 0.67
-0.52 0.54 1.37 0.82
-1.00 -0.02 0.98 0.44
-1.01 0.06 0.95 0.46
-0.87 0.17 1.05 0.41
-1.27 -0.27 0.69 0.10

Cu

-0.02 0.88 0.58 0.24

Ptslr-01
Ptslr-02
Ptslr-11
Ptslr-1;
Ptslr-13
Ptslr-21
Ptslr-22

-0.38 0.58 1.57 0.93
-0.69 0.33 1.25 0.60
-0.96 0.43 1.12 0.71
-1.32 0.12 0.80 0.38
-1.31 0.09 0.80 0.34
-1.13 0.09 1.08 0.38
-1.42 -0.29 0.72 -0.01

Ir

-1.02 0.12 1.00 0.23

PtsPd-01
PtsPd-02
PtsPd-11
PtsPd-12
PtsPd-13
PtsPd-21
PtsPd-2,

-0.67 0.44 1.48 0.89
-0.86 0.27 1.30 0.70
-0.71 0.42 1.36 0.81
-0.93 0.16 1.16 0.58
-0.96 0.14 1.16 0.57
-0.81 0.31 1.26 0.68
-1.04 0.06 1.06 0.46

Surface

G(CO) G(COOH) G(OH) G(HCOO)




Pd -1.02 0.42 1.13 0.62
PtsRh-01 -0.40 0.59 1.66 1.00
PtsRh-02 -0.67 0.35 1.37 0.72
PtsRh-11 -0.69 0.37 1.34 0.72
PtsRh-1. -0.96 0.11 1.08 0.46
PtsRh-13 -0.96 0.07 1.05 0.44
PtsRh-21 -0.83 0.20 1.00 0.40
PtsRh-2; -1.09 -0.06 0.72 0.11

Rh -1.07 0.06 0.63 0.09
PtsRu-01 -0.24 0.67 1.70 0.99
PtsRu-02 -0.54 0.41 1.35 0.67
PtsRu-11 -0.86 0.31 0.98 0.57
PtsRu-1. -1.07 -0.04 0.63 0.20
PtsRu-13 -1.02 -0.08 0.67 0.24
PtsRu-21 -0.90 0.11 0.67 0.05
PtsRu-2 -1.25 -0.19 0.36 -0.30

Ru -0.95 -0.03 0.25 -0.34
PtsRe-0; -0.55 0.36 1.07 0.42
PtsRe-02 -0.44 0.47 1.29 0.61
PtsRe-11 -1.51 -0.10 -0.24 -0.12
PtsRe-1; -0.94 -0.16 -0.08 -0.19
PtsRe-13 -0.93 -0.16 0.02 -0.05
PtsRe-2; -1.41 -0.70 -0.62 -1.04
PtsRe-2; -1.16 -0.41 0.01 -0.85

Re -0.96 0.10 -0.13 -0.47
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Table G.3: Gibbs free energy (eV) of adsorbates relative to gas-phase CO,, Hz, and H.O bound to transition

metals and palladium alloyed with transition metals at 298 K. The bulk-terminated alloys are bolded.

Surface

G(CO) G(COOH) G(OH) G(HCOO)

Pd

-1.02 0.42 1.13 0.62

PdsAu-01
PdsAu-02
PdsAu-11
PdsAu-12
PdsAu-13
PdsAu-21
PdsAu-2

-0.99 0.49 1.19 0.69
-1.07 0.44 1.11 0.61
-0.93 0.62 1.35 0.81
-0.99 0.49 1.21 0.70
-1.08 0.42 1.12 0.58
-0.95 0.62 1.36 0.81
-0.56 0.71 1.39 0.83

Au

0.56 1.24 1.77 1.15

PdsAg-01
Pd3Ag-02
PdsAg-11
PdsAg-1.
Pd3Ag-13
PdsAg-21
Pd3Ag-22

-0.96 0.50 1.18 0.73
-1.10 0.38 1.02 0.61
-0.87 0.57 1.18 0.68
-0.94 0.59 1.22 0.70
-1.16 0.35 0.97 0.45
-0.71 0.57 1.11 0.55
-0.89 0.36 0.96 0.38

Ag

0.57 1.38 1.05 0.57

PdsCu-0;
PdsCu-0;
PdsCu-11
PdsCu-12
PdsCu-13
PdsCu-21
PdsCu-2;

-0.71 0.62 1.33 0.82
-0.89 0.49 1.10 0.62
-0.73 0.63 1.14 0.68
-1.02 0.38 0.97 0.49
-1.05 0.38 0.92 0.50
-0.79 0.45 0.85 0.49
-0.94 0.25 0.66 0.33

Cu

-0.02 0.88 0.58 0.24

Pdslr-01
Pdslr-02
Pdslr-11
Pdslr-1;
Pdslr-13
Pdslr-21
Pdslr-2;

-0.66 0.59 1.12 0.63
-0.81 0.41 0.95 0.43
-1.24 0.10 0.82 0.47
-1.48 -0.11 0.52 0.19
-1.45 -0.07 0.55 0.19
-1.40 -0.17 0.75 0.17
-1.58 -0.49 0.48 -0.14

Ir

-1.02 0.12 1.00 0.23

PdsPt-01
PdsPt-02
PdsPt-11
PdsPt-1;
PdsPt-13
Pd3Pt-21
PdsPt-2,

-0.85 0.51 1.16 0.66
-1.03 0.35 1.01 0.50
-0.86 0.28 1.28 0.76
-1.05 0.04 1.00 0.53
-1.04 0.01 0.98 0.50
-0.88 0.28 1.33 0.79
-1.04 0.15 1.15 0.60

Surface

G(CO) G(COOH) G(OH) G(HCOO)




Pt -0.84 0.28 1.33 0.71
PdsRh-01 -0.73 0.60 1.20 0.71
PdsRh-02 -0.87 0.44 1.05 0.55
PdsRh-11 -0.98 0.24 0.95 0.47
PdsRh-12 -1.17 0.08 0.76 0.28
PdsRh-13 -1.15 0.10 0.76 0.28
PdsRh-2; -1.17 -0.06 0.63 0.13
PdsRh-2; -1.34 -0.29 0.44 -0.10

Rh -1.07 0.06 0.63 0.09
PdsRu-01 -0.58 0.68 1.17 0.70
PdsRu-02 -0.76 0.54 1.02 0.50
PdsRu-11 -1.17 0.24 0.67 0.27
PdsRu-1> -1.18 0.16 0.36 0.00
PdsRu-13 -1.15 0.16 0.43 0.06
PdsRu-21 -1.18 -0.24 0.22 -0.28
PdsRu-2; -1.36 -0.34 0.15 -0.43

Ru -0.95 -0.03 0.25 -0.34
PdsRe-01 -0.70 0.45 0.78 0.28
PdsRe-02 -0.62 0.62 1.07 0.50
PdsRe-11 -1.66 -0.20 -0.43 -0.35
PdsRe-1; -1.07 0.10 -0.32 -0.40
PdsRe-13 -1.03 0.09 -0.16 -0.19
PdsRe-2; -1.69 -1.13 -0.87 -1.43
PdsRe-2; -1.26 -0.66 -0.30 -1.00

Re -0.96 0.10 -0.13 -0.47
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Table G.4: Onset potential of FA electro-oxidation pathways on transition metals and platinum alloyed
with transition metals. The bulk-terminated alloys are bolded.

Direct Formic Direct Carboxyl  Indirect Carboxyl

Surface Oxidation Onset ~ Oxidation Onset ~ Oxidation Onset

Potential (Urue)  Potential (Urne)  Potential (Urke)
Pt 0.45 0.02 1.12
PtsAu-01 0.60 0.09 1.16
PtsAu-02 0.37 -0.09 1.19
PtsAu-11 0.62 0.25 1.19
PtsAu-1> 0.27 -0.10 1.16
PtsAu-13 0.24 -0.11 1.15
PtsAu-21 0.55 0.30 1.10
PtsAu-2 0.22 -0.10 1.09
Au 0.89 0.98 0.68
PtsAg-01 0.65 0.10 1.16
PtsAg-02 0.42 -0.04 1.21
PtsAg-11 0.53 0.21 1.17
PtsAg-1> 0.18 0.01 1.00
PtsAg-13 0.14 0.00 0.99
PtsAg-21 0.27 0.09 1.11
PtsAg-2, -0.04 0.10 0.91
Ag 0.31 1.12 0.81
PtsCu-01 0.77 0.26 0.96
PtsCu-02 0.42 0.16 1.09
PtsCu-11 0.57 0.29 1.06
PtsCu-1, 0.19 0.02 0.98
PtsCu-13 0.20 -0.06 0.95
PtsCu-21 0.15 -0.09 1.04
PtsCu-22 0.01 0.27 0.69
Cu -0.02 0.62 0.58
Ptslr-01 0.67 0.33 0.96
Ptslr-0. 0.35 0.07 1.02
Ptslr-1: 0.46 0.17 1.12
Ptslr-1, 0.12 -0.12 0.80
Ptslr-13 0.08 -0.09 0.80
Ptslr-2; 0.12 -0.09 1.08
Ptslr-2; -0.11 0.29 0.72
Ir -0.02 -0.12 1.00
PtsPd-01 0.63 0.18 1.11
PtsPd-02 0.45 0.02 1.12
PtsPd-11 0.56 0.17 1.13
PtsPd-1, 0.32 -0.09 1.09
PtsPd-13 0.31 -0.12 1.10
PtsPd-21 0.43 0.06 1.12




Direct Formic

Direct Carboxyl

Indirect Carboxyl

Surface Oxidation Onset Oxidation Onset Oxidation Onset
Potential (Urue)  Potential (Urne)  Potential (Urke)
PtsPd-2 -0.11 -0.06 1.06
Pd 0.37 0.16 1.13
Pt3Rh-01 0.75 0.33 0.99
PtsRh-02 0.46 0.09 1.01
PtsRh-11 0.46 0.12 1.07
PtsRh-12 0.20 -0.11 1.07
PtsRh-13 0.18 -0.07 1.04
PtsRh-2; 0.15 -0.06 1.00
PtsRh-2; -0.11 0.06 0.72
Rh -0.09 -0.06 0.63
PtsRu-01 0.74 0.42 0.92
PtsRu-02 0.42 0.16 0.95
PtsRu-11 0.32 0.05 0.98
PtsRu-1, -0.06 0.04 0.63
PtsRu-13 -0.02 0.08 0.67
PtsRu-21 -0.05 -0.11 0.67
PtsRuU-2; -0.11 0.19 0.89
Ru 0.34 0.03 0.70
PtsRe-01 0.17 0.10 0.90
PtsRe-02 0.36 0.22 0.91
PtsRe-11 0.12 0.10 1.41
PtsRe-1» 0.19 0.16 0.78
PtsRe-13 0.05 0.16 0.77
PtsRe-2; 1.04 0.70 0.71
PtsRe-22 0.85 0.41 0.75
Re 0.47 -0.10 1.05
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Table G.5: Onset potential of FA electro-oxidation pathways on transition metals and palladium alloyed
with transition metals. The bulk-terminated alloys are bolded.

Direct Formic Direct Carboxyl Indirect Carboxyl

Surface Oxidation Onset Oxidation Onset Oxidation Onset

Potential (UrnE) Potential (UrkE) Potential (Urke)
Pd 0.37 0.16 1.13
PdsAu-01 0.44 0.23 1.19
PdsAu-0, 0.35 0.18 1.11
PdsAu-11 0.55 0.36 1.35
PdsAu-1, 0.44 0.23 1.21
PdsAu-13 0.33 0.17 1.12
PdsAu-2; 0.55 0.37 1.36
PdzAu-2, 0.58 0.45 1.26
Au 0.89 0.98 0.68
PdsAg-01 0.47 0.24 1.18
PdsAg-0. 0.35 0.13 1.02
PdsAg-11 0.43 0.32 1.18
PdsAg-1> 0.45 0.33 1.22
PdsAg-13 0.19 0.09 0.97
PdsAg-21 0.29 0.32 1.11
PdsAg-2, 0.12 0.10 0.96
Ag 0.31 1.12 0.81
PdsCu-01 0.57 0.37 1.33
PdsCu-0 0.37 0.24 1.10
PdsCu-11 0.42 0.37 1.14
PdsCu-1> 0.24 0.12 0.97
PdsCu-13 0.25 0.12 0.92
PdsCu-2; 0.23 0.20 0.85
PdsCu-2> 0.14 0.00 0.66
Cu -0.02 0.62 0.58
Pdslr-01 0.38 0.34 1.12
Pdslr-02 0.17 0.16 0.95
Pdslr-11 0.21 -0.10 0.82
Pdaslr-1, -0.06 0.11 0.96
Pdalr-13 -0.07 0.07 0.90
Pdalr-21 -0.09 0.17 0.75
Pdslr-2, 0.14 0.49 1.10
Ir -0.02 -0.12 1.00
PdsPt-01 0.40 0.25 1.16
PdsPt-02 0.24 0.10 1.01
PdsPt-11 0.50 0.02 1.14
PdsPt-1> 0.27 -0.04 1.00
PdsPt-13 0.24 -0.01 0.98
PdsPt-21 0.53 0.02 1.16




Direct Formic

Direct Carboxyl

Indirect Carboxyl

Surface Oxidation Onset Oxidation Onset Oxidation Onset
Potential (UrkE) Potential (Urne) Potential (Urke)

PdsPt-22 0.35 -0.11 1.15

Pt 0.45 0.02 1.12
PdsRh-01 0.45 0.35 1.20
PdsRh-02 0.29 0.19 1.05
PdsRh-11 0.22 -0.02 0.95
PdsRh-1, 0.02 -0.08 0.76
PdsRh-13 0.02 -0.10 0.76
PdsRh-21 -0.13 0.06 0.63
PdsRh-2, 0.10 0.29 0.91

Rh -0.09 -0.06 0.63
PdsRu-01 0.44 0.42 1.17
PdsRu-02 0.24 0.28 1.02
PdsRu-11 0.01 -0.02 0.67
PdsRu-1> 0.00 -0.09 0.83
PdsRu-13 -0.06 -0.10 0.72
PdsRu-2; 0.28 0.24 0.94
PdsRu-2 0.43 0.34 1.02

Ru 0.34 0.03 0.70
PdsRe-01 0.03 0.20 0.78
PdsRe-02 0.24 0.37 1.07
PdsRe-11 0.35 0.20 1.47
PdsRe-1> 0.40 -0.10 1.17
PdsRe-13 0.19 -0.09 1.12
PdsRe-21 1.43 1.13 0.56
PdsRe-2; 1.00 0.66 0.60

Re 0.47 -0.10 1.05

314



315

Table G.6: Gibbs free energy (eV) of steps in FA electro-oxidation pathways on transition metals and

platinum alloyed with transition metals. The bulk-terminated alloys are bolded.

CO* +
HCOO* H20(g) CO* +
Surface HCOOH(g)  —  HCOOH(g) COOH* = H20(g)  OH* —
HCOO* CO2(g) —» COOH* —CO2(g) COOH* — OH*+ CO2(g)+

+ 1/2H> + 1/2H, + 1/2H, + 1/2H> + 1/2H> 1/2H, 1/2H,

Pt 0.45 -0.71 0.02 -0.28 1.12 1.33 -0.49
PtzAu-01 0.60 -0.85 0.09 -0.35 1.16 1.42 -0.61
PtzAu-02 0.37 -0.63 -0.09 -0.16 1.19 1.20 -0.16
PtsAu-11 0.62 -0.87 0.25 -0.50 1.19 1.47 -0.79
PtsAu-1, 0.27 -0.53 -0.16 -0.10 1.16 1.16 -0.10
PtsAu-13 0.24 -0.50 -0.15 -0.11 1.15 1.15 -0.11
PtsAu-21 0.55 -0.81 0.30 -0.55 1.10 1.46 -0.91
Pt:Au-2» 0.22 -0.47 -0.10 -0.16 1.09 1.18 -0.25
Au 0.89 -1.15 0.98 -1.24 0.68 1.77 -2.33
PtsAg-01 0.65 -0.91 0.10 -0.36 1.16 1.44 -0.63
PtzAg-02 0.42 -0.68 -0.04 -0.22 1.22 1.21 -0.21
PtsAg-11 0.53 -0.79 0.21 -0.47 1.17 1.31 -0.61
Pt:Ag-1. 0.18 -0.43 -0.26 0.01 1.13 1.00 0.14
Pts:Ag-13 0.14 -0.39 -0.25 0.00 1.12 0.99 0.12
PtsAg-21 0.27 -0.53 0.09 -0.35 1.11 1.20 -0.44
Pt:Ag-2, -0.04 -0.22 -0.36 0.10 1.07 0.91 0.26
Ag 0.31 -0.57 1.12 -1.38 0.81 1.05 -1.61
Pt3Cu-01 0.77 -1.02 0.26 -0.51 0.96 1.63 -1.18
PtsCu-02 0.42 -0.67 0.16 -0.42 1.09 1.25 -0.57
PtsCu-11 0.57 -0.82 0.29 -0.54 1.06 1.37 -0.85
Pt3Cu-1 0.19 -0.44 -0.27 0.02 0.98 0.98 0.02
Pt:Cu-13 0.20 -0.46 -0.20 -0.06 1.07 0.95 0.06
Pt3Cu-2; 0.15 -0.41 -0.09 -0.17 1.04 1.05 -0.17
Pt:Cu-2, 0.01 -0.27 -0.53 0.27 0.99 0.69 0.58
Cu -0.02 -0.24 0.62 -0.88 0.90 0.58 -0.56
Ptslr-0y 0.67 -0.93 0.33 -0.58 0.96 1.57 -1.19
Ptslr-02 0.35 -0.60 0.07 -0.33 1.02 1.25 -0.56
Ptslr-11 0.46 -0.71 0.17 -0.43 1.39 1.12 -0.16
Ptslr-1, 0.12 -0.38 -0.14 -0.12 1.43 0.80 0.52
Ptalr-13 0.08 -0.34 -0.16 -0.09 1.40 0.80 0.50
Ptalr-2; 0.12 -0.38 -0.16 -0.09 1.23 1.08 0.05
Ptslr-2 -0.11 -0.15 -0.55 0.29 1.12 0.72 0.69
Ir -0.02 -0.23 -0.13 -0.12 1.14 1.00 0.01
PtsPd-01 0.63 -0.89 0.18 -0.44 1.11 1.48 -0.80
PtsPd-0. 0.45 -0.70 0.01 -0.27 1.13 1.30 -0.44
PtsPd-11 0.56 -0.81 0.17 -0.42 1.13 1.36 -0.65
PtsPd-1, 0.32 -0.58 -0.09 -0.16 1.09 1.16 -0.23
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CO* +
HCOO* H20(g) CO* +
Surface HCOOH(G)  —  HCOOH(g) COOH* = H20(g)  OH* —
L HCOO* CO2(g) — COOH* —CO2(g) COOH* —OH*+ CO2(g)+

+ 1/2H> + 1/2H, + 1/2H, + 1/2H> + 1/2H> 1/2H, 1/2H,

PtsPd-13 0.31 -0.57 -0.12 -0.14 1.10 1.16 -0.20
PtsPd-2; 0.43 -0.68 0.06 -0.31 1.12 1.26 -0.46
PtsPd-2, -0.11 -0.15 -0.20 -0.06 1.10 1.06 -0.02
Pd 0.37 -0.62 0.16 -0.42 1.44 1.13 -0.11
PtsRh-01 0.75 -1.00 0.33 -0.59 0.99 1.66 -1.25
Pt3Rh-0 0.46 -0.72 0.09 -0.35 1.01 1.37 -0.71
PtsRh-11 0.46 -0.72 0.12 -0.37 1.07 1.34 -0.64
PtsRh-1> 0.20 -0.46 -0.15 -0.11 1.07 1.08 -0.12
PtsRh-13 0.18 -0.44 -0.18 -0.07 1.04 1.05 -0.09
PtsRh-2; 0.15 -0.40 -0.06 -0.20 1.02 1.00 -0.17
PtsRh-2, -0.15 -0.11 -0.31 0.06 1.03 0.72 0.36
Rh -0.17 -0.09 -0.20 -0.06 1.13 0.63 0.44
PtsRu-01 0.74 -0.99 0.42 -0.67 0.92 1.70 -1.45
PtsRu-0. 0.42 -0.67 0.16 -0.41 0.95 1.35 -0.81
PtsRu-11 0.32 -0.57 0.05 -0.31 1.17 0.98 -0.12
PtsRu-1 -0.06 -0.20 -0.30 0.04 1.03 0.63 0.44
PtsRu-13 -0.02 -0.24 -0.33 0.08 0.94 0.67 0.35
PtsRu-21 -0.21 -0.05 -0.14 -0.11 1.01 0.67 0.23
PtsRu-2, -0.11 -0.15 -0.45 0.19 1.06 0.36 0.89
Ru -0.59 0.34 -0.28 0.03 0.92 0.25 0.70
PtsRe-01 0.17 -0.42 0.10 -0.36 0.90 1.07 -0.53
PtsRe-02 0.36 -0.61 0.22 -0.47 0.91 1.29 -0.85
PtsRe-11 -0.38 0.12 -0.35 0.10 141 -0.24 1.75
PtsRe-1> -0.45 0.19 -0.42 0.16 0.78 -0.08 1.02
PtsRe-13 -0.30 0.05 -0.42 0.16 0.77 0.02 0.90
PtsRe-2; -1.29 1.04 -0.96 0.70 0.71 -0.62 2.04
PtsRe-2, -1.10 0.85 -0.66 041 0.75 0.01 1.15
Re -0.73 0.47 -0.16 -0.10 1.05 -0.13 1.09
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Table G.7: Gibbs free energy (eV) of steps in FA electro-oxidation pathways on transition metals and

palladium alloyed with transition metals. The bulk-terminated alloys are bolded.

CO* +
HCOO* H20(g) CO* +
Surface HCOOH(g) —  HCOOH(g) COOH* = H20(g)  OH* —
L HCOO* CO02(g) —» COOH* —CO2(g) COOH* — OH*+ CO2(g) +

+ 1/2H> + 1/2H, + 1/2H, + 1/2H> + 1/2H> 1/2H, 1/2H,

Pd 0.37 -0.62 0.16 -0.42 1.44 1.13 -0.11
PdsAu-01 0.44 -0.69 0.23 -0.49 1.47 1.19 -0.21
PdsAu-0, 0.35 -0.61 0.18 -0.44 151 1.11 -0.04
PdsAu-11 0.55 -0.81 0.36 -0.62 1.55 1.35 -0.42
PdsAu-1, 0.44 -0.70 0.23 -0.49 1.47 1.21 -0.22
PdsAu-13 0.33 -0.58 0.17 -0.42 1.50 1.12 -0.05
PdsAu-2; 0.55 -0.81 0.37 -0.62 1.57 1.36 -0.41
PdsAu-2> 0.58 -0.83 0.45 -0.71 1.26 1.39 -0.83
Au 0.89 -1.15 0.98 -1.24 0.68 1.77 -2.33
PdsAg-01 0.47 -0.73 0.24 -0.50 1.45 1.18 -0.22
PdsAg-02 0.35 -0.61 0.13 -0.38 1.48 1.02 0.08
PdsAg-11 0.43 -0.68 0.32 -0.57 1.45 1.18 -0.31
PdsAg-1> 0.45 -0.70 0.33 -0.59 1.53 1.22 -0.28
PdsAg-13 0.19 -0.45 0.09 -0.35 151 0.97 0.19
PdsAg-21 0.29 -0.55 0.32 -0.57 1.28 1.11 -0.40
PdsAg-2, 0.12 -0.38 0.10 -0.36 1.25 0.96 -0.07
Ag 0.31 -0.57 1.12 -1.38 0.81 1.05 -1.61
Pd3Cu-01 0.57 -0.82 0.37 -0.62 1.33 1.33 -0.61
PdsCu-0 0.37 -0.62 0.24 -0.49 1.38 1.10 -0.21
PdsCu-11 0.42 -0.68 0.37 -0.63 1.35 1.14 -0.41
PdsCu-1, 0.24 -0.49 0.12 -0.38 1.40 0.97 0.06
PdsCu-13 0.25 -0.50 0.12 -0.38 1.43 0.92 0.13
PdsCu-21 0.23 -0.49 0.20 -0.45 1.24 0.85 -0.06
PdsCu-2> 0.14 -0.40 0.00 -0.25 1.19 0.66 0.28
Cu -0.02 -0.24 0.62 -0.88 0.90 0.58 -0.56
Pdslr-01 0.38 -0.63 0.34 -0.59 1.25 1.12 -0.46
Pdzlr-02 0.17 -0.43 0.16 -0.41 1.22 0.95 -0.14
Pdslr-11 0.21 -0.47 -0.16 -0.10 1.33 0.82 0.42
Pdalr-1> -0.06 -0.19 -0.36 0.11 1.37 0.52 0.96
Pdalr-13 -0.07 -0.19 -0.32 0.07 1.39 0.55 0.90
Pdalr-21 -0.09 -0.17 -0.43 0.17 1.24 0.75 0.65
Pdalr-2; -0.40 0.14 -0.74 0.49 1.10 0.48 1.10
Ir -0.02 -0.23 -0.13 -0.12 1.14 1.00 0.01
Pd3Pt-01 0.40 -0.66 0.25 -0.51 1.36 1.16 -0.31
PdsPt-0 0.24 -0.50 0.10 -0.35 1.38 1.01 0.02
PdsPt-11 0.50 -0.76 0.02 -0.28 1.14 1.28 -0.42
PdsPt-1, 0.27 -0.53 -0.21 -0.04 1.09 1.00 0.05
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CO* +
HCOO* H20(g) CO* +
Surface HCOOH(g) —  HCOOH(g) COOH* = H20(g)  OH* —
 HCOO* CO02(g) — COOH* —CO2(g) COOH* — OH*+ CO2(g) +
+ 1/2H> + 1/2H, + 1/2H, + 1/2H» + 1/2H» 1/2H, 1/2H,
PdaPt-13 0.24 -0.50 -0.24 -0.01 1.06 0.98 0.07
Pd3sPt-21 0.53 -0.79 0.02 -0.28 1.16 1.33 -0.45
PdaPt-2, 0.35 -0.60 -0.11 -0.15 1.19 1.15 -0.11
Pt 0.45 -0.71 0.02 -0.28 1.12 1.33 -0.49
PdsRh-01 0.45 -0.71 0.35 -0.60 1.34 1.20 -0.47
PdsRh-0. 0.29 -0.55 0.19 -0.44 1.32 1.05 -0.18
PdsRh-11 0.22 -0.47 -0.02 -0.24 1.21 0.95 0.02
PdsRh-1, 0.02 -0.28 -0.18 -0.08 1.25 0.76 0.41
PdsRh-13 0.02 -0.28 -0.16 -0.10 1.25 0.76 0.39
PdsRh-2; -0.13 -0.13 -0.31 0.06 1.12 0.63 0.54
PdsRh-2; -0.35 0.10 -0.54 0.29 1.06 0.44 0.91
Rh -0.17 -0.09 -0.20 -0.06 1.13 0.63 0.44
PdsRu-01 0.44 -0.70 0.42 -0.68 1.26 1.17 -0.60
PdsRu-0; 0.24 -0.50 0.28 -0.54 1.30 1.02 -0.26
PdsRu-1: 0.01 -0.27 -0.02 -0.24 141 0.67 0.49
PdsRu-1, -0.26 0.00 -0.09 -0.16 1.35 0.36 0.83
PdsRu-13 -0.19 -0.06 -0.10 -0.16 1.30 0.43 0.72
PdsRu-21 -0.54 0.28 -0.50 0.24 0.94 0.22 0.96
PdsRu-2> -0.68 0.43 -0.60 0.34 1.02 0.15 1.21
Ru -0.59 0.34 -0.28 0.03 0.92 0.25 0.70
PdsRe-01 0.03 -0.28 0.20 -0.45 1.15 0.78 -0.08
PdsRe-02 0.24 -0.50 0.37 -0.62 1.24 1.07 -0.45
PdsRe-11 -0.61 0.35 -0.46 0.20 1.47 -0.43 2.09
PdsRe-1 -0.66 0.40 -0.15 -0.10 1.17 -0.32 1.39
PdsRe-13 -0.45 0.19 -0.17 -0.09 1.12 -0.16 1.19
PdsRe-21 -1.69 1.43 -1.38 1.13 0.56 -0.87 2.56
PdsRe-2; -1.25 1.00 -0.92 0.66 0.60 -0.30 1.57
Re -0.73 0.47 -0.16 -0.10 1.05 -0.13 1.09
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Table G.8: Relative energy (eV) of 2x2 unit cells with platinum alloyed with transition metals compared
to the bulk-terminated alloy system (in bold).

Surface clean CO COOH OH HCOO
PtsAu-0;  0.38 0.25 0.23 0.34 0.36
PtzAu-0.  0.64 0.29 0.30 0.37 0.39
PtsAu-1:  0.00 0.00 0.00 0.00 0.00
Pt:Au-1,  0.32 -0.05 -0.09 0.00 -0.03
PtsAu-13  0.34 -0.01 -0.05 0.02 -0.03
PtsAu-2;1  -0.36 -0.23 -0.31 -0.38 -0.42
PtsAu-2,  0.02 -0.23 -0.33 -0.28 -0.38
PtsAg-0:  0.22 0.11 0.10 0.35 0.34
PtsAg-0.  0.50 0.20 0.25 0.41 0.40
PtsAg-11  0.00 0.00 0.00 0.00 0.00
PtsAg-1>  0.32 -0.11 -0.15 0.02 -0.03
PtsAg-13  0.39 -0.03 -0.08 0.07 -0.01
PtsAg-21  -0.23 -0.29 -0.35 -0.33 -0.49
PtsAg-2, 0.26 -0.21 -0.32 -0.14 -0.31
PtsCu-0:1  -0.12 -0.05 -0.14 0.14 0.09
PtsCu-0,  0.39 0.24 0.27 0.27 0.24
Pt:Cu-1:  0.00 0.00 0.00 0.00 0.00
Pt:Cu-1,  0.51 0.03 -0.05 0.12 0.13
PtsCu-13  0.73 0.23 0.25 0.31 0.36
PtsCu-21  0.65 0.30 0.28 0.33 0.24
Pt:Cu-2, 1.11 0.36 0.30 0.43 0.39

Pt3lr-01 -0.56 0.02 -0.40 -0.11 -0.34

Ptslr-02 -0.34 -0.07 -0.43 -0.20 -0.44
Ptalr-11 0.00 0.00 0.00 0.00 0.00

Ptslr-1, 0.19 -0.17 -0.12 -0.13 -0.15

Ptslr-13 0.09 -0.25 -0.24 -0.22 -0.28

Ptslr-2; 0.30 0.13 -0.03 0.27 -0.03

Ptslr-2 0.60 0.14 -0.12 0.20 -0.12
PtsPd-01  -0.03 0.01 -0.02 0.09 0.04
PtsPd-0,  0.17 0.02 0.02 0.11 0.06
PtsPd-1:  0.00 0.00 0.00 0.00 0.00
PtsPd-1,  0.22 0.00 -0.04 0.02 -0.01
PtsPd-13  0.24 -0.01 -0.04 0.04 0.00
PtsPd-2:  0.08 -0.01 -0.03 -0.01 -0.04
PtsPd-2,  0.31 -0.02 -0.06 0.02 -0.04
PtsRh-0;  -0.38 -0.10 -0.17 -0.07 -0.10
Pts3Rh-0,  -0.12 -0.10 -0.15 -0.08 -0.12
PtzRh-1:  0.00 0.00 0.00 0.00 0.00
PtsRh-1,  0.25 -0.02 -0.02 -0.01 -0.01
PtsRh-13  0.26 -0.02 -0.04 -0.03 -0.03
PtsRh-2;  0.45 0.32 0.27 0.12 0.14




Surface clean CO COOH OH HCOO
PtsRh-2,  0.68 0.29 0.25 0.07 0.08
PtsRu-01  -1.00 -0.38 -0.63 -0.29 -0.58
PtsRu-0,  -0.85 -0.53 -0.74 -0.48 -0.75
PtsRu-1:  0.00 0.00 0.00 0.00 0.00
PtsRu-1,  0.07 -0.14 -0.27 -0.28 -0.30
PtsRu-13  -0.12 -0.28 -0.51 -0.43 -0.46
PtsRu-2;  0.58 0.55 0.38 0.27 0.06
PtsRu-2,  0.71 0.32 0.21 0.09 -0.16
PtsRe-0; -2.16 -1.20 -1.70 -0.84 -1.61
PtsRe-0, -2.81 -1.74 -2.24 -1.28 -2.08
PtzRe-11  0.00 0.00 0.00 0.00 0.00
PtsRe-1,  -1.23 -0.66 -1.29 -1.06 -1.30
PtsRe-13  -1.64 -1.06 -1.70 -1.38 -1.56
PtsRe-2;  0.02 0.11 -0.59 -0.37 -0.89
PtsRe-2, -0.76 -0.41 -1.07 -0.51 -1.48
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Table G.9: Relative energy (eV) of 2x2 unit cells palladium alloyed with transition metals compared to the
bulk-terminated alloy system (in bold).

Surface clean CO COOH OH HCOO
PdsAu-0;  0.40 0.35 0.27 0.24 0.28
PdsAu-0, 0.21 0.07 0.02 -0.03 0.01
PdsAu-11  0.00 0.00 0.00 0.00 0.00
PdsAu-1  0.40 0.35 0.27 0.26 0.29
PdsAu-13  0.26 0.12 0.07 0.04 0.04
PdsAu-2;1  0.00 -0.02 0.00 0.01 0.00
PdsAu-2, -0.14 0.23 -0.05 -0.10 -0.11
PdsAg-01  0.23 0.15 0.15 0.23 0.28
PdsAg-0,  0.38 0.16 0.19 0.22 0.31
PdsAg-11  0.00 0.00 0.00 0.00 0.00
PdsAg-1>  -0.05 -0.11 -0.03 -0.01 -0.02
PdsAg-1z  0.18 -0.11 -0.04 -0.03 -0.05
PdsAg-2: -0.18 -0.02 -0.19 -0.26 -0.31
PdsAg-2,  0.01 -0.01 -0.21 -0.21 -0.29
PdsCu-01 -0.01 0.00 -0.02 0.18 0.13
PdsCu-0,  0.23 0.07 0.10 0.19 0.17
PdsCu-11  0.00 0.00 0.00 0.00 0.00
Pd;Cu-1> 0.24 -0.06 -0.01 0.07 0.05
PdsCu-13  0.32 0.00 0.08 0.11 0.15
PdsCu-2;  0.32 0.26 0.14 0.03 0.12
PdsCu-2,  0.50 0.28 0.12 0.02 0.14

Pdslr-01  -0.78 -0.20 -0.28 -0.47 -0.61

Pdslr-0,  -0.69 -0.27 -0.38 -0.56 -0.73
Pdslr-1:  0.00 0.00 0.00 0.00 0.00

Pdslr-1,  -0.02 -0.26 -0.22 -0.32 -0.30

Pdslr-13  -0.23 -0.45 -0.39 -0.50 -0.51

Pdslr-21 0.13 -0.03 -0.13 0.07 -0.16

Pdslr-2, 0.39 0.04 -0.19 0.06 -0.22

PdsPt-0;  -0.01 -0.01 0.22 -0.13 -0.11

PdsPt-0,  0.13 -0.03 0.21 -0.14 -0.12
PdsPt-1:  0.00 0.00 0.00 0.00 0.00

PdsPt-1,  0.15 -0.04 -0.08 -0.13 -0.08

PdsPt-13  0.16 -0.02 -0.11 -0.15 -0.10

PdsPt-2;  0.02 0.00 0.02 0.07 0.05

PdsPt-2,  0.18 0.01 0.05 0.05 0.03
PdsRh-0;  -0.45 -0.21 -0.08 -0.20 -0.22
PdsRh-02  -0.35 -0.25 -0.14 -0.25 -0.28
PdsRh-1:  0.00 0.00 0.00 0.00 0.00
PdsRh-1; 0.09 -0.11 -0.07 -0.11 -0.11
PdsRh-13  0.01 -0.17 -0.13 -0.18 -0.19
PdsRh-2;  0.27 0.07 -0.02 -0.05 -0.08




Surface clean CO COOH OH HCOO
PdsRh-2;  0.44 0.07 -0.08 -0.07 -0.13
PdsRu-0;1 -1.24 -0.65 -0.80 -0.74 -0.81
PdsRu-0,  -1.23 -0.83 -0.93 -0.88 -1.00
PdsRu-1:  0.00 0.00 0.00 0.00 0.00
PdsRu-1, -0.29 -0.30 -0.36 -0.60 -0.56
PdsRu-13  -0.57 -0.55 -0.65 -0.82 -0.78
PdsRu-2;  0.21 0.20 -0.27 -0.24 -0.34
PdsRu-2, 0.18 -0.01 -0.40 -0.33 -0.51
PdsRe-0; -2.82 -1.86 -2.17 -1.61 -2.19
PdsRe-0, -3.57 -2.53 -2.75 -2.07 -2.72
PdsRe-11  0.00 0.00 0.00 0.00 0.00
PdsRe-1, -1.86 -1.27 -1.56 -1.76 -1.91
PdsRe-13 -2.34 -1.71 -2.06 -2.07 -2.18
PdsRe-21  -0.61 -0.63 -1.53 -1.04 -1.68
PdsRe-2, -1.35 -0.95 -1.81 -1.22 -1.99
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G.2 Scaling Relationships
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Figure G.1: Scaling relationships between Gco & Geoon, between Grcoo & Gow, and between Geo & Gor.
These scaling relationships are formulated from the free energy of adsorbates on all reconstructions of all
of the alloys studied in this work in addition to pure Pt and Pd. Data points and scaling relationships for
just Pt and Pt alloys are shown in red, data points and scaling relationships for just Pd and Pd alloys are
shown in blue, and the scaling relationships for the two systems combined are shown in black. The scaling
relationships for the combined systems were used in generating the volcano plots shown in Figure 7.9 of

the main text.
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G.3 Top-down Images of Binding Structures of Adsorbates on Alloyed Surfaces

Text below each structure indicates the alloy(s) for which the structure is the most stable. Each
structure is denoted as P3sM-xy, where x is the number of solute atoms in the topmost layer per unit
cell (x =0, 1, or 2) and y differentiates between structures with the same x value. Note that while
the top atom structures may appear similar, the hollow site structures vary between different
models. Pt or Pd atoms are shown in grey, solute atoms (Au, Ag, Cu, Ir, Pd, Pt, Ir, Rh, Ru, and Re)
are shown in blue, O atoms are shown in red, C atoms are shown in brown, and H atoms are shown
in white.

PzM-01: CO* Structures
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PzM-01: OH* Structures
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PsM 01: COOH* Structures
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PsM 01: HCOO* Structures
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PzM-02: CO* Structures
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PsM-02: OH* Structures
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PsM 02: COOH* Structures
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: HCOO* Structures
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P3-11: CO* Structures
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PzM-11: OH* Structures
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P3M 11: COOH* Structures
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PsM-11: HCOO* Structures
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P3M-1z: CO* Structures
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PzM-12: OH* Structures
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PsM-lz: COOH* Structures
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P3M 12: HCOO* Structures

7' ')*'
e

\ /
» [ »

PtsAg, Pt3Au Pthu
PtsPd, PdzAg

PtsRe, PtaRh PtsRu,
Pdslr, PdsRe, PdsRu

.. |
L € ?Y B
.‘MY) "\Y)

JOX YOX )0




PzM-13: CO* Structures
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-13: OH* Structures
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PsM-13: COOH* Structures
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PsM-21: OH* Structures
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P3M 21: HCOO* Structures
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P3M-22: OH* Structures
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P3M-22: COOH* Structures
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Appendix: H Supplementary Materials for °‘Alignment of
Semiconducting Graphene Nanoribbons on Vicinal Ge(001)*”

H.1 DFT calculations
DFT calculations are performed using a plane wave basis set and the projector augmented

wave method (PAW)*?%12l as implemented in the Vienna Ab Initio Simulation Package
(VASP).818  Exchange-correlation interactions are treated using the generalized gradient
approximation (GGA) in the parameterization of Perdew, Burke, and Ernzerhof (PBE).” Van der
Waals forces are modeled with DFT-D22%" dispersion corrections and gamma-point-only k-point
settings are utilized.*?> The electron wave function is expanded in a plane-wave basis with
truncated Kkinetic energy cutoff of 400 eV. Calculations are performed using two Ge lattice
constants: (1) the calculated bulk lattice constant of 5.67 A, referred to as “relaxed” in the main
text, and (2) an expanded lattice constant of 6.04 A, referred to as “strained” in the main text, to
eliminate strain in the graphene lattice along the length of the ribbon, which has a calculated bulk
C—C bond distance of 1.42 A. Ge unit cells are modeled using a supercell with eight layers, in
which the top four layers are allowed to relax and the bottom four layers are fixed at either of the
lattice constants described above, and range from 16 x 24 A? to 24 x 37 A? to accommodate the

surface miscut and minimize interactions of ribbons between periodic unit cells. Periodic images

“Adapted from “Alignment of semiconducting graphene nanoribbons on vicinal Ge(001)”, R. M. Jacobberger, E.
A. Murray, M. Fortin-Deschénes, F. Géltl, W. A. Behn, Z. J. Krebs, P. L. Levesque, D. E. Savage, C. Smoot, M. G.
Lagally, P. Desjardins, R. Martel, V. Brar, O. Moutanabbir, M. Mavrikakis, M. S. Arnold, Nanoscale 11, 4864 (2019).
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in the z-direction are separated by at least 14 A of vacuum.

Phase diagrams for H coverage of Ge are constructed by calculating the grand potential (Q)
of a Ge(001)-0° surface ranging from 1/16™ monolayer (ML) of H to 1 ML of H (where 1 ML of
H is defined as one H atom per one surface Ge atom) exposed to varying pressures of Hz (Fig.
H.10a,b).312313 The grand potential (Q) for each coverage is defined as Q = Esiab+H — Estab — Nu*um,
where Esiab+H is the total energy of the slab and the adsorbed H, Esiab is the total energy of the clean
Ge slab, Ny is the total number of H atoms, and u+ is the chemical potential of H. The chemical
potential of Hz in the gas phase is calculated by unz = ke*T*IN(PH2/Po) + Enz + Hrz — HH2o0 — T*Sh2,
where kg is the Boltzmann constant, T is temperature, Pn2 is the partial pressure of Ha, P, is the
reference pressure of 1 atm, E w2 is the total energy of H. in the gas phase determined by DFT, Hu2
is the enthalpy of Hz, Huzo is found in the NIST JANAF tables for Hz,'° and Su2 is the entropy of
H> in the gas phase. We assume Hz(g) <> 2H* is at equilibrium where * signifies that H is adsorbed

on the Ge surface. Thus, the chemical potential of H on Ge(001)-0° is described as ux = 1/2uwe.

At temperatures at which graphene is grown (~ 1183 K), 1/16™ ML of H is the most stable
coverage by at least ~80 kJ mol™ at all Pw2 (Fig. H.10c-f). Thus, all Ge surfaces are modeled

without H passivation in subsequent calculations.

Phase diagrams for nanoribbons (Fig. 8.5e, Fig. H.11le and H.12) are constructed by
calculating the grand potential (Q) of N = 13 armchair graphene nanoribbons (where N is the
number of C atoms along the zigzag chain that spans the ribbon width) that are ~ 1.5 nm wide on
Ge(001)- 9° exposed to a gas phase with partial pressure of CH4 (Pch4) of 0.0067 atm and varying

Pr2.2° The grand potential is defined as ©Q = Esiab-+ribbon — Estab — Nc*c — Nu*un, where Estap+ribbon
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is the total energy of the slab and the ribbon, Esiap is the total energy of the clean Ge slab, N; is the

total number of i atoms in a ribbon, and w; is the chemical potential of atom i.

The chemical potential of CH4 and Hz in the gas phase are calculated by yj = ke*T*In(Pj/Po)
+ Ej + Hj — Hjo — T*S;, where kg is the Boltzmann constant, T is the temperature, P; is the partial
pressure of species j, Po is the reference pressure of 1 atm, E; is the total energy of species j in the
gas phase determined by DFT, H;j is the enthalpy of species j, Hjo is found in the NIST JANAF
tables for species j,'° and S; is the entropy of species j in the gas phase. We assume the following
reactions are at equilibrium: Hz(g) <> 2H* and CHa(g) < C* + 4H*, where * signifies that a
species is adsorbed on the Ge surface. Therefore, the chemical potential of H and C atoms on the

Ge surface are described as un = 1/2un2 and uc = pcHa — 4urz, respectively.

The energy difference between ribbons with their downhill edge pinned and uphill edge
pinned to Ge(001)-9° are calculated by comparing the total energy per edge C atom that forms a
covalent bond with the Ge surface in each unit cell. Relative energies of graphene nanoribbons
and Ge slabs are calculated by performing single-point calculations on the ribbon with the slab

removed and on the slab with the ribbon removed, respectively.

H.2 Supplementary Data
a

A

Figure H.1: SEM images of graphene grown on (a) Ge(001)-0°, (b) Ge(001)-6°, and (c) Gek(001);9°.
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Images of ribbons synthesized using this growth condition are used to characterize alignment, width, length,
and aspect ratio in Fig. 8.1g-j, respectively. Particles are likely due to surface contaminants that are present
on the as-purchased Ge wafers. Scale bars are 2 pm.

a
— 100+
= 1 o ° ’ asga , O
5 75] o 5
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< 504 . ;
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Anneal time [min]

Figure H.2: Effect of pre-growth anneal time on ribbon alignment. (a) Plot of alignment versus anneal
time for growth using 4.6 (red circles) and 2.8 (blue triangles) sccm of CH4 on Ge(001)-9°. (b-g) SEM
images of graphene crystals grown using 4.6 (b-d) and 2.8 (e-g) sccm of CH4 and anneal time of (a) 10, (b)
20, (c) 60, (d) 10, (e) 30, and (f) 45 min. Scale bars are 500 nm in (b,e) and 1 um in (c,d,f,g). Pre-growth
anneal time affects Ge surface topography,’? which in turn determines the Ge sites available for graphene
nucleation, and CH4 concentration affects feedstock chemical potential, which in turn impacts the type of
graphene crystals formed.?® Characterization of the graphene nucleation sites is beyond the scope of this
work. Nonetheless, it is clear that aligned ribbons preferentially nucleate when anneal time is long or CH4
concentration is high.
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Figure H.3: Raman spectroscopy of single-layer graphene grown on Ge(001)-9° using the same H2:CH.
used in Fig. 8.2, H.4, and H.5 of 50 (black), 36 (red), 22 (blue), and 16 (green). Each spectrum is the average
of at least 25 spectra obtained at different locations on the sample surface. Spectra are normalized to the
intensity of the 2D band at ~2700 cm™.
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Figure H.4: Effect of growth rate on nanoribbon aspect ratio. Aspect ratio of graphene nanoribbons with
lengths of 200-600 nm grown on Ge(001)-0° (black squares), Ge(001)-6° (red circles), and Ge(001)-9°
(blue triangles) plotted against growth rate in the direction of the ribbon length. x and y error bars are one
standard deviation. Trend lines are added to highlight the decreasing aspect ratio with increasing growth
rate on each surface. We define growth rate in the length direction to be I/(2t), where [ is crystal length and
t is growth time. This formula does not account for the incubation time required to form stable nuclei,
during which graphene does not grow. However, we have found this incubation time is significantly less
than the total growth time used in our experiments (see Fig. H.6), and therefore its effect on the calculated
growth rate is relatively small (< 10%).7
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Figure H.5: Effect of H2:CH4 on growth rate and aspect ratio. (a-f) Plot of growth rate (a-c) and aspect
ratio (d-f) versus H2:CH, on Ge(001)-0° (a,d), Ge(001)-6° (b,e), and Ge(001)-9° (c,f).
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Figure H.6: Effect of growth time on ribbon length. (a-b) Plot of ribbon length versus growth time on (a)
Ge(001)9° and (b) Ge(001)-6° for samples grown at 910 °C with a flow of 200 sccm of Ar, 100 sccm of
H,, and 2.0 sccm of CH.. The extracted incubation time for nucleation is ~0.5 h on both surfaces. In
comparison, the growth time used to determine growth rate in Fig. H.4 and H.5a-c is 6 h. The incubation
time, therefore, may increase the calculated growth rate by < 10%.
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Figure H.7: Effect of magnification and number of scans on SEM contrast after exposure of the sample to
air for 0 h. Representative SEM images of graphene on Ge(001)-9° at 5k (top), 10k (middle), and 20k
(bottom) magnification factor with increasing number of scans (left to right). Number of scans in a-i is 1,
2,3,1,5,9,1, 2, and 3, respectively. All images are obtained using the same brightness and contrast. Scale
bars are 1 um. At each magnification factor, graphene appears lighter than Ge after 1 scan. As the number
of scans increases, graphene still appears lighter than Ge, but the contrast is enhanced.
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Increasing number of scans —— >
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10k X
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air for 32 h. Representative SEM images of graphene on Ge(001)-9° at 5k (top), 10k (middle), and 20k
(bottom) magnification with increasing number of scans (left to right). Number of scans in (a-i) is 1, 4, 6,
1,5,9, 1, 2, and 3, respectively. All images are obtained using the same brightness and contrast. Scale bars
are 1 um. At each magnification factor, graphene appears darker than Ge after 1 scan. Conversely, graphene
appears lighter than Ge after 1 scan on samples that are exposed to air for 0 h (Fig. H.7a,d,g) instead of 32
h (Fig. H.8a,d,g), indicating that increasing the air exposure time can cause contrast reversal. Contrast
reversal upon exposure to air is likely due to oxidation of the Ge surface. As the number of scans increases
in Fig. H.8, contrast reverses and graphene appears lighter than Ge, which is likely due to deposition of
amorphous carbon upon sample exposure to the electron beam.
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Figure H.9: SEM image of graphene crystals on Ge(001)-9° used for LEEM and LEED studies in Fig.
8.3a,b. Scale bar is 1 pm.
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Figure H.10: DFT calculations of H coverage on Ge(001)-0°. (a,b) Thermodynamic phase diagram plotted
against temperature and Py,using the (a) strained and (b) relaxed Ge lattice. Regions of stability are shown

for Ge surfaces with 1/16th, 4/16th, and 1 ML of H (a) and 1/16th, 12/16th, and 1 ML of H (b). Shaded
regions indicate a range of temperatures and Py, at which ribbons have been grown.” (c-f) Cutouts of the

phase diagrams in (a,b), plotting grand potential for 1/16th (red), 2/16th (purple), 3/16th (blue), 4/16th
(green), 8/16th (orange), 12/16th (cyan), and 1 ML (magenta) of H versus Py, at 1183 K (c,d) and 1073 K

(e,f) using the strained (c,e) and relaxed (d,f) Ge lattice.
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Figure H.11: DFT calculations of graphene nanoribbons on Ge(001)-9°. (a-d) Side view (a,c) and top view
(b,d) of the minimum-energy structure in which the uphill (downhill) edge is not (is) terminated by H (a,b)
and vice versa (c,d). Charge density isosurfaces (insets) show regions of increased (red) and decreased
(green) electron density upon ribbon adsorption onto Ge(001)-9°. Green, blue, orange, and white atoms are
Ge (saturated, bulk), Ge (unsaturated, surface), C, and H, respectively, and dashed arrows point downhill.
(e) Thermodynamic phase diagram plotted against temperature and Px,. Regions of stability are shown for

ribbons with both edges pinned, only the downhill edge pinned, and both edges unpinned. Pcu, is 0.0067
atm. Shaded regions indicate a range of temperatures and Py, at which ribbons have been grown.”? Results
in a-e are calculated using the relaxed Ge lattice. Results for strained Ge are shown in Fig. 8.5.
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Figure H.12: DFT grand potential of nanoribbons on Ge(001)-9°. Cutouts of the phase diagrams in Fig.
8.5e and Fig. H.11e, plotting the difference in grand potential between a ribbon with its downhill edge
pinned and a ribbon with both edges unpinned (red), both edges pinned (blue), and only the uphill edge
pinned (green) versus Py, at 1183 K (a,b) and 1073 K (c,d) using the strained (a,c) and relaxed (b,d) Ge
lattice.
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Figure H.13: AFM of graphene on Ge(001)-6° and Ge(001)-9°. (a-d) AFM images of continuous graphene
films (a,b) and isolated graphene islands (c,d) grown on (a) Ge(001)-6° and (b-d) Ge(001)-9° in which the
Ge surface below graphene is nanofaceted. The faceting of Ge is selective and only occurs below graphene,
as shown in Fig. H.13c. Furthermore, the facet angle is relatively shallow below narrow ribbons (Fig. H.13d
and Fig. 8.4c¢,d) and only becomes steeper as the ribbons grow wider (Fig. H.13c) and eventually merge to
form a continuous graphene film (Fig. H.13b). Scale bars are 500 nm. Height scale is 20 nm. Arrows in d
highlight the position of graphene ribbons.
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Figure H.14: Charge transport of nanoribbons grown on Ge(001)-9°. (a-c) Plot of Igs (top curve) and lgs
(bottom curve) versus Vg for three nanoribbons at Vgs of 0.1 V, corresponding to the lgs versus Vgs curves

with the same color in Fig. 8.6b,c.
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Table H.1: Summary of growth conditions. Conditions used in this work, including temperature (T), anneal
time (tannear), growth time (tgrowtn), Ar flux (Ar), Hz flux (H2), and CHj4 flux (CH,). For each synthesis, the
same temperature, Ar flux, and H; flux are used for the anneal and growth steps.

Fig. T tamea tgrown  Ar H2 CHa

[°C] [min] [h] [sccm] [sccm] [sccm]
1d,e,f 910 30 15 200 100 4.6
1g,h,i,j 910 60 2 200 100 238
2a 910 45 200 100 20
2b,e,h 910 30 15 200 100 4.6
2¢,fi 910 30 042 210 90 5.7
2d,9 910 15 6 200 100 20
3a,b 910 10 2 200 100 2.8
3cd 910 30 15 200 100 4.6
4b 910 10 25 200 100 2.0
4cd 910 0 0.67 200 100 1.7
6 910 -5 2 200 100 20
S1 910 60 2 200 100 238
S2b 910 10 033 200 100 4.6
S2c 910 20 0.67 200 100 4.6
Sad 910 60 15 200 100 4.6
S2e 910 10 075 200 100 2.8
Sf 910 30 2 200 100 238
S2¢ 910 45 2 200 100 238
S3 910 60 40 200 100 2.0
S3 910 60 18 200 100 2.8
S3 910 60 9 200 100 46
S3 910 60 2 210 90 5.7
S7 910 45 15 200 100 4.6
S8 910 45 15 200 100 4.6
S9 910 10 2 200 100 238
S13c 910 30 15 200 100 4.6
S13d 910 15 6 200 100 20
S14 910 -5 2 200 100 20
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Appendix: | Supplementary Materials for ‘Anisotropic
Synthesis of Armchair Graphene Nanoribbon Arrays from
Sub-5 nm Seeds at Variable Pitches on Germanium’*”

I.1 Experimental methods
Preparation of the Ge(001) substrates: Ge(001) (Wafer World, resistivity > 40 Q-cm) is

coated with a 130 nm thick film of poly(methyl methacrylate) (PMMA). The wafers are then diced
into 1.0 x 0.75 cm? rectangles along the Ge(110) directions (precision of + 1.5°) with a
MicroAutomation 1006 dicing saw. Each sample is then soaked in acetone at 110 °C for 30 min
to remove PMMA from the surface before rinsing with isopropyl alcohol (IPA). Finally, the
substrates are annealed for 2 hr, in a horizontal quartz tube furnace, at 910 °C in a flow of 200

sccm of Ar (99.999% purity) and 100 sccm of Hz (99.999% purity).

Synthesis of graphene with sub-monolayer coverage on Cu foil via CVD: Cu foil (Alfa
Aesar, 25 um thick, 2.5 x 2.5 cm?, 99.8% purity) is etched in nitric acid for 30s to remove surface
contaminants. The CVD growth of graphene is performed as described previously.”? The Cu foil
is placed into a horizontal quartz tube furnace. The tube is filled with a mixture of 95% Ar and 5%
H>, with a total flow rate of 340 sccm at atmospheric pressure. The substrate is annealed at 1030
°C for 30 min before initiating graphene growth by introducing a mixture of 95% Ar and 5% CHya

with a total flow rate of 0.275 sccm. Growth proceeds for 2.5 hr. Finally, the sample is removed

“Adapted from “Anisotropic Synthesis of Armchair Graphene Nanoribbon Arrays from Sub-5 nm Seeds at
Variable Pitches on Germanium”, A. J. Way, E. A. Murray, F. Goltl, V. Saraswat, R. M. Jacobberger, M.
Mavrikakis, M. S. Arnold, Journal of Physical Chemistry Letters 10, 4266 (2019).
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from the furnace and rapidly cooled to terminate synthesis. Growth time is tailored so that ~50%
of the Cu foil surface is covered with hexagonally shaped crystals of graphene. These hexagons

possess a diameter of approximately 20 um and have zigzag edges.'*

Transfer of graphene onto Ge(001): After partial monolayer growth on Cu foil, the
hexagonally shaped domains of graphene are transferred onto Ge(001) through a wet transfer
technique. The graphene/Cu foil substrate is spin-coated with PMMA to form a 300 nm thick film.
Acetone is used to remove any PMMA on the back side of the Cu foil. The PMMA/graphene/Cu
foil stack is placed in a solution of 3:1 deionized water to APS (ammonium persulfate, Transene
Cu Etchant APS-100) and ultrasonicated to remove any graphene on the backside of the Cu foil.
The stack is placed in the solution for ~12 hr for the Cu foil to fully etch. The PMMA/graphene
membrane is removed from the etching solution and placed in three H>O baths before being
transferred onto Ge(001). The PMMA/graphene/Ge(001) is spin-dried for 4 min at 4000 rpm
before being baked on a hot plate (in an N2 environment with < 1 ppm of H20 and < 1 ppm of O>)
at 150 °C for 10 min. Finally, the sample is submerged in acetone at 110 °C for 20 min to remove
PMMA before rinsing in IPA. Scanning electron microscopy (SEM, Zeiss LEO 1530) is used to

confirm the transfer of hexagonal crystals of graphene onto the Ge(001) wafers.

Fabrication of the array of graphene seeds: The hexagonal crystals of graphene are
patterned into arrays of circular seeds on Ge(001). Ni etch masks with diameters of 20-55 nm are
fabricated by depositing PMMA electron-beam resist, performing electron-beam lithography,
developing the pattern, depositing 10 nm of Ni into the exposed pattern, and conducting lift-off to
remove residual material. The exposed graphene (not under the Ni etch mask) is removed by

exposure to an O2 plasma (50 W, 10 mTorr, 10 sccm of Oz) for 15 s (Unaxis 790 Reactive lon
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Etcher). The Ni etch mask is etched in dilute aqua regia (3:1:2 by volume of 37% HCI: 70%
HNO3:H,0) for 3 min, resulting in arrays of circular graphene seeds on Ge(001). The samples are
characterized throughout the process by SEM to confirm the Ni etch mask diameter and the angle
between the armchair edge of the graphene hexagon with respect to the Ge[110] direction

(measured in ImageJ).

Graphene nanoribbon growth via CVD: The arrays of graphene seeds on Ge(001) are
loaded into a horizontal quartz tube furnace. The system is evacuated to ~107 torr. Next, the system
is filled to atmospheric pressure with a mixture of 200 sccm of Ar and 100 sccm of Hz. The
substrate is annealed at 910 °C for 45-67.5 min to remove surface contamination and etch the
graphene seeds. After the anneal step, graphene nanoribbon growth is initiated by introducing a
flow of 2.0 sccm of CHa (99.99% purity). The furnace is then slid away from the substrates, and
the samples are rapidly cooled to terminate growth. Growth proceeds for 6 hr (unless otherwise
stated). The ribbon arrays are then characterized using SEM, and the ribbon dimensions are
measured using ImageJ. The armchair orientation of the graphene lattice with respect to Ge(110)
is random and differs for each hexagonally shaped crystal of graphene that is transferred from Cu
to Ge. High-aspect ratio nanoribbons evolve from seeds only when an armchair orientation and
the closest Ge[110] direction are aligned.>*® Analysis is therefore limited only to seeds aligned
within 5° of the Ge[110] direction in which high aspect ratio ribbons evolve. Analysis in Fig. 9.2
is moreover limited to seed arrays in which the nanoribbon yield is > 50% to avoid analysis of

over-etched arrays in which ds is poorly defined.
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1.2 Control growth of graphene nanoribbons without seeds

(a)
(b) (c) (d)
40 80
218 £53 nm _ 97%41nm 60 24.7+9.7
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320 3 40 3
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Figure 1.1: (a) SEM image of graphene nanoribbons grown without seeds under 200 sccm of Ar, 100 sccm

of H,, and 2.0 sccm of CHa, with a 20 min pre-growth anneal and 6 hr growth time. (b-d) Histograms of
ribbon lengths, widths, and aspect ratios with averages stated. Scale bar is 400 nm.
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The C.H represents a

Figure 1.2: Schematic of two graphene nanoribbons on Ge(001) with a pitch of Lp.

Lp, with an

potential growth species on the surface that has the capability of traveling a diffusion length,

effective surface lifetime of 7 until desorption from the surface.

1.3 Discussion of diffusion equation

One of the main goals of this work is to estimate the influence of nanoribbon pitch on

growth kinetics. To derive an analytical expression for the reduction of growth kinetics with

crowding effects, we choose a model system where parallel nanoribbons are aligned in the y

we choose periodic boundary conditions in the x direction,

direction. To represent this system,

we assume that the width of

with a box width of Lp and the ribbon placed at Lp/2. Furthermore

the graphene ribbons is negligible compared to the pitch and can be approximated as 0. A

we need to solve the steady-state

I.2. For this system

schematic of the system is shown in Fig.

one-dimensional diffusion equation:
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o%c _¢_ (1.1)
D=—+k[CH4] -2=0

where D is the diffusion constant of the growth species, k is the conversion rate of methane to the
growth species, [CH4] is the concentration of methane, and z is the lifetime of the growth species

on the surface. Equation (1.1) can be solved for concentration with an ansatz in the form of:

C(x) = Ae'p + Be o +kr [CH4]; VDt = Ly .

where Lp is the hydrocarbon intermediate diffusion length. Using equation (1.2) and the following

boundary conditions:

ac (1.3)
a(x = O) =0

£(e=2) = be(2)- o= 2 0

dx 2 D

where Lp is the nanoribbon pitch, h is the rate at which the concentration of growth species at the
edge of a ribbon converts into graphene, Co is the equilibrium concentration, and Rw is the growth
rate in the width direction. We assume that the concentration gradient halfway between two
ribbons (i.e., at x = 0) is zero due to symmetry (1.3) and the reduction in concentration at a ribbon
edge corresponds to the growth rate of the ribbon (1.4). We are able to solve for the concentration

as.:

X _x (1.5)
C, — kt[CH,] (eLD +e LD)
C(x) = T — + kt[CH,]
D =P D P
[(1 +LD—h)€2LD +(1—W)e 2Lp
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The derivative of this expression with respect to x is the growth rate along the width

direction, Rw, as a function of pitch, Lp, where:

_Lp 1.6
D is(1-eth) 19
R, (Lp) = ll)) D _ll:_p
(1+LD—h)+ (1—LD—h)e D
where S is a supersaturation term defined as:
Co — kt[CH,] (1.7)

S= C

By taking the limit of Ry (6) when Lp approaches infinity, we get the following expression:

D (1.8)

Using equation (1.8), we can simplify equation (1.6) to the following:

L
(1 3 e_ﬁ) (1.9)
RW(L) = RW,OO : D
I-77\ _L
1+ Lgh e Ip
1+ I h

where the term to the right of R, ., is the reduction coefficient. Taking the limits of the reduction
term in equation (1.9) for when nanoribbon growth kinetics are limited by diffusion of hydrocarbon
intermediates (i.e., h is large) (1.10) and when nanoribbon growth depends only on the attachment

barrier (i.e., D is large) (1.11) gives limits of the reduction term.
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_Lp (1.10)
Diffusion-limited reduction =

_Lp (1.11)
Attachment-limited reduction = =

1.4 Computational modeling details

All density functional theory (DFT) calculations reported in this work are performed using
the Vienna Ab Initio Simulation Package (VASP),*® a plane wave code using periodic boundary
conditions and PAW pseudopotentials.®” Exchange correlation interactions are modeled using the
generalized gradient approximation (GGA) utilizing the Perdew, Burk, and Ernzerhof (PBE)
parameterization®. van der Waals forces are modeled with DFT-D2 dispersion corrections.?” The
electron wave functions are expanded with a plane-wave basis and a kinetic energy cutoff of 400
eV. The surface of the Brillouin zone is sampled using a 4 x 4 x 1 Monkhorst-Pack k-point mesh.??

All calculations are performed on a slab model with an optimized bulk Ge lattice constant
of 5.67 A (see Fig. 1.3), which compares well to the experimental value of 5.66 A.*% The Ge(001)
unit cell is modeled with a (4x4) supercell containing 8 Ge layers, where the top 4 layers are
relaxed and the bottom 4 layers are fixed at the bulk lattice constant and terminated with hydrogen.
A dipole correction to the electrostatic potential is included in the z direction*?*. Periodic images
in the z direction are separated by ~14 A of vacuum.

Pre-factors are calculated as:

Ao kgT AS# (1.12)
= exp ks

where kg is the Boltzmann constant, T is the temperature of the growth, h is Planck’s constant and

AS* is the difference in entropy between the transition state and initial state. Entropy contributions
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from translation, vibration, and rotation of surface adsorbates are calculated by assuming each
species behaves as a quantum harmonic oscillator. The vibrational frequencies from these
oscillations are calculated with a numerical differentiation of forces using a second-order finite

difference approach, determined from the diagonalization of a mass-weighted Hessian matrix.

DGOQQQOOI
D.OOQC.QI

D!O..l..

* * *

* +* *

FA® & & 0" »

* * *

*

FPA® 5 & 0" »

* * *
L= - ey ey o ey - -
Figure 1.3: Representation of the Ge slab model used in the DFT calculations. The surface shows a 2x1

dimer reconstruction. The bottom of the slab is terminated by H atoms. Ge atoms are represented in green
(bulk) and blue (under-coordinated dimers). H atoms are shown in yellow.

Table 1.1: Pre-factors (Ap), diffusion barriers (Ep) and diffusion coefficients (D) parallel and perpendicular
to the dimer rows on the Ge(001) surface.

Al [s1 El[ev] | D'[A?sY] Ap [sY Ex[eV] | DL[AZs)

CH.CH, | 2.46x10% 1.38 1.58x10° 5.81x1012 1.13 4.17x108
CH,CH | 2.98x104 1.68 1.05x10° 3.94x10% 1.81 3.94x10°
CH.C 2.46x10% 1.57 2.51x107 2.46x10% 1.54 3.36x10’
CHCH 2.46x10"3 2.16 8.35x10" 2.46x1013 2.09 1.64x105
CHC 5.02x10™ 1.49 1.11x108 7.24x10%2 0.95 2.96x10°
cc 2.46x10% 0.97 8.31x10° 2.46x10% 2.03 2.94x10°
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Table 1.2: Pre-factors (A) and activation energies (E.) for forward (f) and backward (b) reactions in the
reaction network shown in Fig. 9.4b in the main text.

Al s El [eV] Ab [s7] E? [eV]
CH,CH,>CH.,CH +H 8.72x101 2.06 6.13x1012 1.55
CH,CH->CH,C + H 2.18x10%2 2.45 2.46x10%3 1.89
CH,CH->CHCH +H 3.39x10%2 2.18 2.46x10%3 2.1
CH,C>CHC+H 2.60x1012 1.1 2.31x10%2 0.77
CHCH->CHC +H 1.65x10%3 1.9 1.57x10% 1.1
CHC->CC+H 2.55x101 2.35 1.92x10% 2.01
CHCH->CHCH (g) 2.46x10%3 1.96 - -
CH2CH,>CH.CH; (g) 2.46x10%3 1.65 - -
108
10° 3
CC
104 +
103 4 CH:CH
w102 +
=
o 10" f &

10° 1 \
10_1 E \\CHC

102 4 e
10'3 T T T ] T -

Figure 1.4: H-coverage- (©w) dependent upper bounds for the lifetimes, z, of the different C.Hy species.
Values for 7 were calculated as described in the main text. The red line corresponds to CC, the blue line to
CHC, the yellow line to CHCH, the green line to CH:C, the purple line to CH,CH, and the grey line to
CH,CHa, respectively.
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Appendix: J Supplementary Materials for ‘Characterizing
How Graphene Nanoribbons Interact with Ge(001) Through
First-Principles Calculations and Monte Carlo Simulations’

J.1 Zig-Zag Edges

Perpendicular Parallel

Figure J.1: Top and side views of zig-zag graphene nanoribbons on the Ge(001) surfaces. The nanoribbons
are aligned perpendicular and parallel to buckled-dimer rows of Ge atoms on the surface. Red boxes indicate
the smallest repeating unit of graphene along the edge. Relaxed C atoms are shown in brown, fixed C atoms
are shown in dark red, relaxed H atoms are shown in yellow, fixed H atoms are shown in pink, Ge surface
dimer atoms are shown in blue, and Ge bulk atoms are shown in green. Fixed portions of the GNRs are
representative of the bulk of graphene.
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Figure J.2: (a) Hydrogen coverage on perpendicular and parallel zig-zig edges as a function of gas-phase
hydrogen pressure and temperature. The red bar indicates typical growth conditions for GNRs. (b) The

distribution of H or Ge passivated sites of edge vector N for perpendicular and parallel armchair edges at T
= 1200 K for several H, pressures. H passivated sites are in dark blue and Ge passivated sites are in light
blue.
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J.2 Energies of Edge Structures

Table J.1: Relative energy of edge structures for armchair edges running parallel to Ge dimer rows on
Ge(001). All energies reported relative to the energy of an edge unit with no hydrogen. Representative
structure for unit cell is shown in Fig. 10.4c. The edge structure indicates the position of H on edge of the
graphene unit cell, where H indicates an adsorbed hydrogen and x indicates an unsaturated site starting
from the top-most edge site shown in Fig. 10.4c.

Structure Code # of H/Unit Cell Structure Relative Energy
(eV)
A 2 HH -9.05
B 1 H x -4.34
C 0 X X 0.00

Table J.2: Relative energy of edge structures for armchair edges running perpendicular to Ge dimer rows
on Ge(001). All energies reported relative to the energy of an edge unit with no hydrogen. Representative
structure for unit cell is shown in Fig. 10.4d. The edge structure indicates the position of H on edge of the
graphene unit cell, where H indicates an adsorbed hydrogen and x indicates an unsaturated site starting
from the top-most edge site shown in Fig. 10.4d.

Structure Code # of H/Unit Cell Structure Relative Energy
(eV)
A 4 HHHH -19.78
Bl 3 HHH X -14.76
B2 3 HHxH -15.84
B3 3 HxHH -15.86
B4 3 XHHH -14.59
Cl 2 X HH x -11.35
Cc2 2 HxxH -11.68
D1 2 HH xx -9.97
D2 2 XXHH -9.97
El 2 H x H x -10.71
E2 2 XxHxH -10.54
F1 1 H XXX -5.79
F2 1 X H XX -4.53
F3 1 XX HX -4.73
F4 1 XXXH -5.76
G 0 XX XX 0.00
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Table J.3: Relative energy of edge structures for zig-zag edges running parallel to Ge dimer rows on
Ge(001). All energies reported relative to the energy of an edge unit with no hydrogen. Representative
structure for unit cell is shown in Fig. J.1c. The edge structure indicates the position of H on edge of the
graphene unit cell, where H indicates an adsorbed hydrogen and x indicates an unsaturated site starting
from the top-most edge site shown in Fig. J.1c.

Structure Code # of H/Unit Cell Structure Relative Energy

(eV)
A 7 HHHHHHH -31.68
Bl 6 HHHHHHXx -27.37
B2 6 HHHHHxH -27.33
B3 6 HHHHxHH -26.94
B4 6 HHHxHHH -27.20
B5 6 HHxHHHH -25.94
B6 6 HxHHHHH -27.45
B7 6 XHHHHHH -26.83
C1 5 HHHHHXxXx -23.10
Cc2 5 HHHHxxH -21.78
C3 5 HHHxxHH -22.71
C4 5 HHxxHHH -21.93
C5 5 HxxHHHH -22.13
C6 5 XXHHHHH -22.63
Cc7 5 XHHHHHX -21.70
D1 5 HHHHXxHXx -22.42
D2 5 HHHXxHxH -22.96
D3 5 HHXxHxHH -21.52
D4 5 HxHxHHH -23.01
D5 5 XHxHHHH -21.34
D6 5 HXxHHHHX -23.00
D7 5 XxHHHHXxH -22.41
El 5 HHHXHHX -22.93
E2 5 HHXxHHxH -21.63
E3 5 HxHHxHH -22.55
E4 5 XHHXxHHH -22.56
E5 5 HHXHHHX -21.55
E6 5 HxHHHxH -22.89
E7 5 XxHHHxXxHH -21.45
F1 4 HHHHXxxX -17.62
F2 4 HHHxxxH -17.64
F3 4 HHXxxxHH -17.77
F4 4 HxxxHHH -18.25
F5 4 XXXHHHH -17.67
F6 4 XXHHHHXx -17.29
F7 4 XxHHHHXxXx -17.38
Gl 4 HHHXHXX -18.72
G2 4 HHXHXxxH -16.28
G3 4 HxHxxHH -18.29
G4 4 XHxxHHH -17.62
G5 4 HXxxHHH X -17.75
G6 4 XXHHHXxH -18.20
G7 4 XHHHXH X -16.68
G8 4 HHHXxxHX -17.62
G9 4 HHxxHxH -18.29
G10 4 HxXxHXHH -16.28
Gl1 4 XXHXHHH -18.72
G12 4 XHXHHHX -16.68
G13 4 HxHHHXxXx -18.20




Structure Code # of H/Unit Cell Structure Relative Energy

(eV)
Gl4 4 XHHHXXxH -17.75
H1 4 HHXxHHXX -17.32
H2 4 HxHHxxH -17.35
H3 4 XHHXxxHH -17.20
H4 4 HHxxHHXx -17.98
H5 4 HxxHHXxH -18.00
H6 4 XXHHXxHH -17.16
H7 4 XHHXHHX -17.27
11 4 HHxHXxHXx -16.92
12 4 HxHxHxH -18.47
13 4 XHXHXHH -16.22
14 4 HxHXHHX -18.52
15 4 XHxHHxXxH -17.14
16 4 HxHHXxHXx -18.14
17 4 XHHXHXxH -18.15
J1 3 HHHXXxXX -13.49
J2 3 HHXxXxXxxH -12.56
J3 3 HxxxxHH -13.96
J4 3 XXXXHHH -13.71
J5 3 XXXHHHX -12.35
J6 3 XXHHH XX -13.16
J7 3 XHHHXXX -12.04
K1 3 HHXHXXX -12.23
K2 3 HxHxxxH -13.18
K3 3 XHXXXHH -12.35
K4 3 HXXxxHHX -13.70
K5 3 XXXHHXH -13.32
K6 3 XXHHXHX -12.24
K7 3 XHHXHXX -13.11
K8 3 HHXXXHX -12.35
K9 3 HxXxXxHxH -13.18
K10 3 XXXHXxHH -12.23
K11 3 XX HXHHX -13.11
K12 3 XHxXxHHXXx -12.24
K13 3 HxHHXXxX -13.32
K14 3 XHHXxxxH -13.70
L1 3 HHXxH XX -13.60
L2 3 HxxHxxH -12.63
L3 3 XXHXxXHH -12.82
L4 3 XHXXHHX -12.13
L5 3 HxXxxHH XX -13.47
L6 3 XXHHXxXxH -12.40
L7 3 XHHXXxHX -12.47
M1 3 HXxHXH XX -14.31
M2 3 XHXHXXH -11.51
M3 3 HXxHXXHX -13.84
M4 3 XHXXHxXxH -13.28
M5 3 HXxXxHXHX -13.22
M6 3 XXHXHxXxH -13.84
M7 3 XHXHXHX -11.29
N1 2 HHXXXXX -8.55
N2 2 HXXXXXH -8.64
N3 2 XXXXXHH -8.29
N4 2 XXXXHHX -8.66
N5 2 XXX HH XX -8.20
N6 2 XXHHXXX -7.51
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Structure Code # of H/Unit Cell Structure Relative Energy

(eV)
N7 2 XHHXXXX -8.76
01 2 HXHXXXX -9.13
02 2 XHXXXXH -7.64
03 2 HXXXXHX -9.26
04 2 XXXXHXH -9.29
05 2 XXXHXHX -7.36
06 2 XXHXHXX -8.79
o7 2 X HXH XXX -6.92
P1 2 HXXXHXX -9.80
P2 2 XXXHXXxH -7.54
P3 2 XXHXXHX -7.93
P4 2 XHXXHXX -8.61
P5 2 HXXHXXX -8.61
P6 2 XXHXXXH -7.94
P7 2 XHXXXHX -7.52
Q1 1 HXXXXXX -4.47
Q2 1 X H XX XXX -4.24
Q3 1 XX HXXXX -4.57
Q4 1 XXX HXXX -2.60
Q5 1 XXX XHXX -4.68
Q6 1 XXXXXHX -3.37
Q7 1 XXXXXXH -3.63
R 0 X XXX XXX 0.00
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Table J.4: Relative energy of edge structures for zig-zag edges running perpendicular to Ge dimer rows on
Ge(001). All energies reported relative to the energy of an edge unit with no hydrogen. Representative
structure for unit cell is shown in Fig. J.1d. The edge structure indicates the position of H on edge of the
graphene unit cell, where H indicates an adsorbed hydrogen and x indicates an unsaturated site starting
from the top-most edge site shown in Fig. J.1d.

Structure Code # of H/Unit Cell Structure Relative Energy

(eV)
A 7 HHHHHHH -33.67
Bl 6 HHHHHHXx -27.38
B2 6 HHHHHxH -29.46
B3 6 HHHHxHH -29.58
B4 6 HHHxHHH -27.54
B5 6 HHxHHHH -29.30
B6 6 HxHHHHH -29.20
B7 6 XHHHHHH -28.54
C1 5 HHHHHXxXx -23.45
Cc2 5 HHHHxxH -25.00
C3 5 HHHxxHH -23.41
C4 5 HHxxHHH -23.72
C5 5 HxxHHHH -24.86
Cé 5 XXHHHHH -23.61
Cc7 5 XHHHHHX -23.12
D1 5 HHHHXxHXx -23.23
D2 5 HHHXxHxH -23.27
D3 5 HHXxHxHH -25.24
D4 5 HxHxHHH -23.54
D5 5 XHxHHHH -23.88
D6 5 HXxHHHHX -23.82
D7 5 XxHHHHXxH -24.56
El 5 HHHXHHX -21.19
E2 5 HHXxHHxH -25.15
E3 5 HxHHxHH -25.16
E4 5 XHHXxHHH -22.43
E5 5 HHXHHHX -23.75
E6 5 HxHHHxH -25.06
E7 5 XxHHHxXxHH -24.52
F1 4 HHHHXxxX -18.81
F2 4 HHHxxxH -18.86
F3 4 HHXxxxHH -19.12
F4 4 HxxxHHH -19.27
F5 4 XXXHHHH -19.08
F6 4 XXHHHHXx -18.41
F7 4 XxHHHHXxXx -18.81
Gl 4 HHHXHXX -17.92
G2 4 HHXHXxxH -20.70
G3 4 HxHxxHH -19.31
G4 4 XHxxHHH -16.99
G5 4 HxxHHH X -20.14
G6 4 XXHHHXxH -19.27
G7 4 XHHHXH X -18.42
G8 4 HHHXxxHX -16.99
G9 4 HHxxHxH -19.31
G10 4 HxXxHXHH -20.70
Gl1 4 XXHXHHH -17.92
G12 4 XHXHHHX -18.42
G13 4 HxHHHXxXx -19.27




Structure Code # of H/Unit Cell Structure Relative Energy

(eV)
Gl4 4 XHHHXXxH -20.14
H1 4 HHXxHHXX -19.23
H2 4 HxHHxxH -20.62
H3 4 XHHXxxHH -18.34
H4 4 HHxxHHXx -17.39
H5 4 HxxHHXxH -20.63
H6 4 XXHHXxHH -19.57
H7 4 XHHXHHX -16.90
11 4 HHxHXxHXx -18.89
12 4 HxHxHxH -18.92
13 4 XHXHXHH -19.86
14 4 HxHXHHX -17.63
15 4 XHxHHxXxH -19.90
16 4 HxHHXxHXx -19.31
17 4 XHHXHXxH -18.36
J1 3 HHHXXxXX -12.67
J2 3 HHXxXxXxxH -14.61
J3 3 HxxxxHH -14.65
J4 3 XXXXHHH -13.53
J5 3 XXXHHHX -13.83
J6 3 XXHHH XX -13.87
J7 3 XHHHXXX -14.12
K1 3 HHXHXXX -15.00
K2 3 HxHxxxH -14.54
K3 3 XHXXXHH -12.69
K4 3 HXXxxHHX -13.97
K5 3 XXXHHXH -14.69
K6 3 XXHHXHX -14.09
K7 3 XHHXHXX -12.09
K8 3 HHXXXHX -12.69
K9 3 HxXxXxHxH -14.54
K10 3 XXXHXxHH -15.00
K11 3 XX HXHHX -12.09
K12 3 XHxXxHHXXx -14.09
K13 3 HxHHXXxX -14.69
K14 3 XHHXxxxH -13.97
L1 3 HHXxH XX -14.63
L2 3 HxxHxxH -16.14
L3 3 XXHXxXHH -13.35
L4 3 XHXXHHX -13.48
L5 3 HxXxxHH XX -14.82
L6 3 XXHHXxXxH -15.15
L7 3 XHHXXxHX -14.03
M1 3 HXxHXH XX -14.50
M2 3 XHXHXXH -1541
M3 3 HXxHXXHX -14.67
M4 3 XHXXHxXxH -13.70
M5 3 HXxXxHXHX -14.84
M6 3 XXHXHxXxH -13.34
M7 3 XHXHXHX -14.06
N1 2 HHXXXXX -8.41
N2 2 HXXXXXH -10.14
N3 2 XXXXXHH -10.13
N4 2 XXXXHHX -8.91
N5 2 XXX HH XX -9.37
N6 2 XXHHXXX -9.34
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Structure Code # of H/Unit Cell Structure Relative Energy

(eV)
N7 2 XHHXXXX -7.89
01 2 HXHXXXX -8.40
02 2 XHXXXXH -9.30
03 2 HXXXXHX -10.31
04 2 XXXXHXH -10.12
05 2 XXXHXHX -9.36
06 2 XXHXHXX -9.13
o7 2 X HXH XXX -9.42
P1 2 HXXXHXX -10.28
P2 2 XXXHXXxH -10.57
P3 2 XXHXXHX -9.27
P4 2 XHXXHXX -9.46
P5 2 HXXHXXX -10.22
P6 2 XXHXXXH -8.99
P7 2 XHXXXHX -9.48
Q1 1 HXXXXXX -3.97
Q2 1 X H XX XXX -3.23
Q3 1 XX HXXXX -4.79
Q4 1 XXX HXXX -4.80
Q5 1 XXX XHXX -4.38
Q6 1 XXXXXHX -4.40
Q7 1 XXXXXXH -5.77
R 0 X XXX XXX 0.00
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Table J.5: Interaction energies between armchair edge units running parallel to Ge dimer rows on Ge(001).
Structure codes are provided in Table J.1.

Interaction Energies (eV)
A B C

A 0.00 0.00 -0.16
B 0.00 0.00 0.02
C -0.16 0.02 0.00

Table J.6: Interaction energies between armchair edge units running perpendicular to Ge dimer rows on
Ge(001). Structure codes are provided in Table J.2.

Interaction Energies (eV)
D2

A Bl B2 B3 B4 Cl Cc2 D1 El E2 F1 F2 F3 F4 G
A 0.00 -0.07 -0.04 -0.05 -0.12 0.39 -0.15 -0.05 -0.04 -0.06 -0.07 -0.13 -0.10 -0.07 -0.12 -0.03
Bl -0.07 0.00 -0.23 0.05 -0.75 -0.18 -0.11 -0.03 -0.72 -0.01 -0.58 -0.08 -1.20 -0.70 -0.78 -0.68
B2 -0.04 -0.23 0.00 0.05 0.00 0.51 0.00 -0.10 0.04 0.05 0.00 0.02 -0.06 0.02 0.00 -0.35
B3 -0.05 0.05 0.05 0.00 -0.05 1.05 -0.01 -0.05 -0.04 0.01 0.00 -0.02 -0.06 -0.04 0.01 -0.35
B4 -0.12 -0.75 0.00 -0.05 0.00 -0.23 -0.09 -0.11 -0.04 0.03 -0.03 -0.08 -0.97 0.03 -0.06 0.03
Cl 0.39 -0.18 0.51 1.05 -0.23 0.00 1.02 -0.29 -0.14 0.12 0.13 -0.26 -0.59 -0.54 -0.11 -0.78
C2 -0.15 -0.11 0.00 -0.01 -0.09 1.02 0.00 -0.13 -0.03 0.00 -0.04 -0.01 -0.07 -0.02 -0.01 -0.39
D1 -0.05 -0.03 -0.10 -0.05 -0.11 -0.29 -0.13 0.00 0.00 -0.09 -0.11 -0.12 -0.14 -0.03 -0.04 0.03
D2 -0.04 -0.72 0.04 -0.04 -0.04 -0.14 -0.03 0.00 0.00 0.01 0.00 -0.05 -0.07 -0.02 0.00 0.00
El -0.06 -0.01 0.05 0.01 0.03 0.12 0.00 -0.09 0.01 0.00 0.07 -0.01 0.02 -0.01 0.01 -0.35
E2 -0.07 -0.58 0.00 0.00 -0.03 0.13 -0.04 -0.11 0.00 0.07 0.00 0.00 -0.01 0.04 -0.04 -0.37
F1 -0.13 -0.08 0.02 -0.02 -0.08 -0.26 -0.01 -0.12 -0.05 -0.01 0.00 0.00 -0.03 -0.07 -0.08 -0.02
F2 -0.10 -0.06 -0.06 -0.06 -0.97 -0.59 -0.07 -0.14 -0.07 0.02 -0.01 -0.03 0.00 -0.03 -0.11 -0.33
F3 -0.07 0.02 0.02 -0.04 0.03 -0.54 -0.02 -0.03 -0.02 -0.01 0.04 -0.07 -0.03 0.00 0.00 -0.86
F4 -0.12 0.00 0.00 0.01 -0.06 -0.11 -0.01 -0.04 0.00 0.01 -0.04 -0.08 -0.11 0.00 0.00 -0.01
G -0.03 -0.35 -0.35 -0.35 0.03 -0.78 -0.39 0.03 0.00 -0.35 -0.37 -0.02 -0.33 -0.86 -0.01 0.00
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Figure S3: Dependence of hydrogen coverage on interaction energies for perpendicular and parallel
armchair edges. Typical GNR growth conditions are indicated with a red bar. Simulations were performed
at 1200 K.
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J.4 Orientation Preference for AC and ZZ Edges
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Figure SJ.3: Difference in grand potential for parallel and perpendicular edge alignment with dimer rows
as a function of H partial pressure at several temperatures for armchair edges and zig-zag edges. Typical
GNR growth conditions are indicated with a red bar. Grand potentials are calculated using a CH, partial
pressure of 6.7 x 10 atm, which is typical for GNR growth conditions.
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