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Abstract

Over the past century, heterogeneous catalysis has played a central role in the development
of efficient chemical processes for the conversion of fossil resources to fuels and chemicals, and
identification of new, sustainable routes to upgrade renewable carbon sources that minimize the
ecological footprint. More recently, unprecedented advances in electronic structure theory and
related computational methods have provided a major thrust to the efforts that utilize density
function theory (DFT) calculations for developing fundamental atomic-level understanding of
these processes, and subsequently designing new and improved catalysts.

In this dissertation, a combined theoretical and experimental approach is presented to study
the reaction mechanisms for the catalytic conversion of formic acid (FA) and propylene oxide on
transition metals. An iterative methodology comprising of DFT calculations, reaction kinetics
measurements, and mean-field microkinetic modeling is employed to determine the nature of
active sites on supported catalysts, explain the experimentally observed trends, and obtain
predictions for the surface environment under reaction conditions. A detailed analysis of the DFT
derived thermochemistry and kinetics parameters over a wide range of transition metal surfaces is
performed to identify the key reactivity descriptors for FA decomposition on transition metal
catalysts, and develop semi-empirical linear correlations that are then used to develop a
microkinetic modeling based framework for the identification and design of improved (active and
selective) bimetallic alloy catalysts. Finally, the possible utilization and applications of these
methods and ideas in other key chemical transformations are proposed, and suggestions for future

work are included.
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Chapter 1

Introduction

1.1 Context and Motivation

The ever increasing global energy consumption and demands,* limited and depleting fossil
fuel reserves,? and stringent environmental mandates have led to two major challenges facing the
chemical and energy sector in the 21% century (1) developing novel sustainable processes from
renewable carbon sources that reduce or eliminate dependence on fossil based resources while
minimizing the carbon footprint, and (2) improving the efficiency of existing processes that
convert fossil resources into a broad range of chemicals and fuels, by decreasing the energy
consumption and developing more selective processes that generate fewer waste products.

Heterogeneous catalysis has been at the center of innovative developments in these areas
over the last century; a few classic examples that underscore its contribution include the Haber-
Bosch process® # that features an iron based catalyst for the production of fertilizers, the use of
zeolite catalysts in the fluid catalytic cracking for the production of petroleum products such as
gasoline, and the adoption of precious-metals based three-way catalysts in the internal combustion
engines of gasoline and diesel driven vehicles.® The value of heterogeneous catalysts lies in the
fact that they not only unfurl lower energy pathways for the conversion of reactants to products,
but also offer a great degree of control on the rates of reactions and more importantly, the
selectivity of these reactions towards desired products.

In the light of its enormous potential global impact, the prospect of having an atomic level

control to tailor heterogeneous catalysts with desirable properties is extremely appealing. These



properties of heterogeneous catalysts are linked closely to the electronic structure of the
constituting materials, and an atomic level understanding of surfaces and processes can help
explain and improve the macroscopic performance of these materials.

Over the last two decades, first principles based density functional theory (DFT) methods
have been employed extensively for investigating the atomic level phenomena for different
reactions on heterogeneous catalysts, and have been shown to be exceptionally successful and
reliable in elucidating the mechanisms of complex chemical transformations on transition metal
surfaces. In particular, these methods have contributed towards developing a better understanding
of key chemical reactions like the water gas shift reaction,® 7 preferential oxidation and of CO in
hydrogen (PROX),® ethylene epoxidation,®! methanol decomposition and synthesis,*?> ammonia
synthesis,!® 14 and Fischer Tropsch reaction,'® to name a few. The insights gained from these
studies have then been successfully used to identify and design alloy catalysts with improved
performance; some reactions for which this theory driven materials design has yielded improved
catalysts are the preferential oxidation of CO, 8 hydrogen evolution reaction,'® water gas shift
reaction,’’” oxygen reduction reaction,’® 1° selective hydrogenation of acetylene,?® and CO
methanation reaction.?

The DFT calculations are usually performed on highly idealized single crystal facets and
the thermochemistry and kinetics information obtained from these calculations are representative
of the chemistry on these model surfaces under ultra-high vacuum (UHV) conditions. Hence, there
exists a pressure and materials gap between these predictions and the experimental observations
that are obtained at higher pressures, on supported metal nanoparticles. This pressure and materials
gap is bridged by adopting an iterative approach that involves microkinetic modeling?? as a tool

for directly incorporating the information from surface science experiments, advanced catalyst



characterization techniques, and reaction kinetics measurements, together with theoretical
calculations to completely describe complex reactions on supported metal catalysts over an
extensive range of operating conditions.® 7 12 2329 This combined theoretical and experimental
approach provides a rigorous description of the catalyst surface under operating conditions,® 2627
serves as the means to elucidate the nature of active catalytic sites,” 2 and offers insights on how
the catalyst properties and reaction conditions may be tailored to achieve specific goals, for

instance, maximizing conversions and selectivity towards desired products.

1.2 Thesis Scope

In this thesis, the utility of a combined theoretical and experimental approach that employs
DFT calculations, microkinetic modeling, reaction Kkinetics measurements, and catalyst
characterization techniques, is illustrated through applications in the conversion of small
oxygenates on transition metal catalysts. Chapter 2 provides a brief discussion on the background
of the electronic structure calculations and microkinetic modeling; the exact implementation of
these methods is different for each study, and is reported in detail in the individual chapters.

The two reactions that are discussed in this thesis are representative of the two key
challenges that were described in the previous section. Formic Acid (FA) is a major byproduct in
biomass processing, produced in equimolar quantities during levulinic acid production from
cellulosic biomass.®® The effective utilization of this sustainable source of hydrogen can not only
eliminate the need for external hydrogen source for several hydrogenation reactions in biomass
processing, but can also provide a boost in the efficiency of low-temperature direct formic acid

fuel cells.3! Chapter 3 first describes the first principles DFT investigation of several single crystal



Au surfaces for FA decomposition reaction. Subsequently, comparisons with experiments using
microkinetic modeling provide predictions regarding the reaction mechanisms and the nature of
active sites on Au catalysts, and experimental validation of these hypotheses is reported.

In Chapter 4, this study is extended to determine the nature of active sites for FA
decomposition on supported Cu catalysts. Here, the importance of adopting a careful, iterative
approach to obtain holistically self-consistent solutions is illustrated.

Chapter 5 describes our efforts to utilize the large thermodynamic and kinetic database that
we had developed on several transition metals to perform a systematic, descriptor based search for
the optimal catalyst properties, and subsequently perform rational design of bimetallic alloy
catalysts that possess these particular properties, for the FA decomposition reaction.

Propylene oxide is one of the most widely produced chemicals in the world, and all existing
commercial processes for its production suffer from low selectivity and/or the formation of large
amount of toxic wastes. Chapter 7 discusses our efforts in developing an understanding of the
reactions that limit the selectivity of direct epoxidation of propylene with air or oxygen, on

supported Ag catalysts using DFT calculations and experiments.



Chapter 2
Overview of Methods

2.1 Electronic Structure Methods

The description of chemical bonds between a surface and a molecule forms the basis for
understanding surface chemical reactivity. The fundamental property of interest is the energy of
the atoms and molecules in a system, and more importantly, how this energy changes when these
atoms and molecules are displaced, and this requires the knowledge of the ground state of the
system. Obtaining this ground state energy involves solving the Schrddinger equation; a time-
independent, non-relativistic form of this equation that is most applicable to the systems of our
interest in heterogeneous catalysis, is shown below:

hz N N N
—%ZVL-2+ZV(n)+ZZU(n,rJ-) Y = Ey 2.1)
i=1 i=1

i=1 j<i

In this time-independent Shrddinger equation (TISE), w is the wavefunction, A is

Planck’s constant, m is the mass of an electron, N is the total number of electrons in the system,
and r represents the spatial coordinates of these electrons. The three terms in the parenthesis
represent the Kinetic energy of electrons, interaction energy between electrons (V) and the nuclei,
and the interaction energy between electrons (U), respectively. This problem can be simplified by
using the Born-Oppenheimer approximation that makes use of the difference in masses of electron
and nuclei to allow for the decoupling of electronic and nuclear components of the wavefunction
(Ytotar = Wetectronic X Wnuctear )- The TISE is then solved in an iterative manner, by first
calculating the electronic structure and the ground state energy for a fixed nuclear configuration,

and then repeating this for different nuclear arrangements. The results from these calculations are



then used to construct the ground state potential energy surface (PES) for the nuclei, although it is
usually only the ground state PES that is of interest in chemical analyses. For the systems of interest
in heterogeneous catalysis, obtaining analytical solutions for the electronic component of the
wavefunction is not feasible; hence, a number of approximate numerical schemes have been
developed for this problem. In the Hartree-Fock Self-Consistent Field (HFSCF) approach, the
many-electron wavefunction for the system is written as a product of one-electron wavefunctions,
and consequently, the full TISE is separated into many one-electron equations. However, although
this approach is quite appealing due to its simplicity, there are large inaccuracies associated with
it due to the lack of explicit electron correlation effects. Configuration Interaction (CI) methods
make use of unoccupied states to account for correlation effects and allow for the incorporation of
excited electron configurations into the wavefunction, and by doing so, offer highly accurate, full
solutions to the TISE. However, the computational costs associated with these methods are
extremely high (N7 calculations per basis set as opposed to N* for the HFSCF methods), which
make them infeasble for the systems that typically have large number of electrons. There are
numerous other methods that offer the possibility of obtaining the exact solutions to the TISE, like
the Quantum/Diffusion/Variational Monte Carlo techniques, and Post-Hartree-Fock methods, but

all of them are associated with exceptionally high computational demands.

In the mid 1960’s, W. Kohn, L.J. Sham, and P. Hohenberg proved that the ground state
energy of a system is only a function of its electron density(p) of the system, and that this electron

density can be expressed in terms of individual single-electron wave functions (¥;).

E=E[p(N{R} : ()= nlwn)f (2.2)



They also showed that the electron density that minimizes the energy of the overall
functional is the one that corresponds to the full solution of the Schrodinger equation, and that one
can find this electron density by solving a set of equations involving only single electron

wavefunctions, as shown below:

2
(— zh_mvz + Ve () + V() + VXC(r)) Y, (r) = E¥;(r) (2.3)

Where Vc and Vh are the Coulomb and Hartree potentials respectively, and Vxc is the
exchange-correlation (XC) potential which represents a heuristic way to account for the electron-
electron interactions. If one could have an exact universal expression for Vxc, then DFT could be
an exact theory. However, all XCs have been found to be explicit functionals of the electron
density. In this study, PW91 generalized gradient approximation (GGA-PW91) is employed to
describe these potentials, unless otherwise noted. The solution to the Kohn-Sham equations are
then obtained by fist selecting a trial electron density, and solving equations 2.2 and 2.3 in an
iterative manner until a self-consistent solution is obtained. Further details on these methods have

been included in the individual chapters.

In this dissertation, the DFT methods have primarily been used for obtaining the
thermodynamic and kinetic parameters for reaction sequences on catalyst surfaces that are then

used as initial guesses in the respective microkinetic models.

2.2 Microkinetic Modeling
The importance and increasing popularity of employing microkinetic modeling as a tool

for performing comparisons between the DFT predictions and experimental observations has been



highlighted in Chapter 1. Here, a a brief description of the DFT derived inputs used in these
microkinetic models is provided; the implementation of these models closely follows the
procedure described by Gokhale et al. and Grabow et al. and additional details are provided in

individual chapters.

2.2.1 Model Inputs

Equilibrium Constants

For a given elementary step, the equilibrium constant can be defined as:

—AG°® AS°® —AH®
K: p—
exp[ KT j exp( . Jexp( KT J (2.4)

Where k, is the Boltzmann constant, T is the reaction temperature, and AG®, AH° and

AS° denote the change in standard-state Gibb’s free energy, enthalpy and entropy respectively.
The total standard entropy for all gas-phase species, adsorbed reaction intermediates, and transition
states is determined by obtaining the individual contributions from the translational, rotational and
vibrational modes within the molecule.

Sgotal = Si?rans + 5190t + S‘l?ib (2-5)

For all gas phase and adsorbed species, the vibrational contribution to the entropy can be
calculated accurately using the vibrational modes that are obtained from the DFT calculations, as

shown below:

#of modes
Sub=ke 2, (exf(i_l—m@_exi)) (2.6)

Where x, for each vibrational mode is defined in terms of the vibrational frequency, v,



X = 2.7)

For a gaseous species, the number of vibrational modes are equal to 3Ni-5 or 3N;-6 for a
linear or nonlinear molecule, respectively, where Nj is the number of atoms in the molecule. The
remaining contributions to the entropy from the translational and rotational degrees of freedom

can be calculated using the expressions below:
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Where m = molecular weight of the intermediates, V/Ng= ksT/P (Ideal gas approximation),
Ir corresponds to the three moments of inertia about the principal axes and o= symmetry number,
which is the number of indistinguishable orientations that the molecule can adopt, and all the other
symbols have their usual meanings. For adsorbed species, the translational and rotational modes
are replaced by vibrational modes corresponding to frustrated translation and rotation on the
surface. Hence, the total entropy of the surface species is a sum of the contributions from 3N; -2
vibrational modes obtained directly from the DFT calculations, and the two-degrees of surface

translational modes that are approximated as frustrated vibrations, as shown below:
1 / k / E,
2z\m  V2I’m (2.10)

Where | is the typical length scale of diffusion, k is the spring constant describing the

harmonic oscillator, and E, is the activation barrier for the diffusion process. The entropic
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contributions from the two frustrated vibration modes can be obtained by substituting the
frequency from equation into equations 2.10 into equations 2.7 and 2.6.
The entropy values obtained for all the gas phase and surface species are then used to obtain

the Shomate parameters for all the species, as summarized below:

t = T(K)/1000

k] B c, D E
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The exact procedure to obtain these parameters from the entropy values is similar to that

adopted by Grabow et al., and is summarized below:

Q) The relations described above are used to calculate the value of total entropy for different
temperatures in the range 10K — 298.15K.

(i) These entropy values are then used to fit the Shomate parameters A, B, C, D, Eand G. The
parameters H and F are obtained using the reference enthalpy, H®and enthalpy at
10K, H1K Here, H1%K = Uo+ ZPE, where Uy is the electronic energy obtained from DFT
calculations. The reference temperature of 10K was used instead of OK to ensure that we
obtain a finite value of Cp  which has temperature in the denominator.

(i) Once the Shomate parameters are obtained, they are then utilized to calculate the standard

298.15

state enthalpy using the relation  Hagg 15 = Up + ZPE + [~ Cp(T)dT
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(iv)  Steps 1 and 2 are repeated to obtain the Shomate parameters for temperatures greater than

298.15K, using the value of H,q4g 15 as obtained in step 3.

All microkinetic models used in this study are parameterized in terms of the Shomate
parameters; this ensures that all the model inputs (except sticking coefficients, as described in next
section) are obtained using rigorous DFT calculations. The temperature corrected enthalpy and
entropy values are then obtained using equation 2.11, and are used for the calculation of

equilibrium rate constants.

Reaction Rate Constants

The forward reaction rate constants for all bond formation/scission steps are calculated

using transition state theory

kgT AS9" E
k= Lexp( >exp (— —A) (2.12)

Where Ea = Activation energy of the elementary step and ~ 4S°" = SO, irion state —
Z Sr(")eactants
Collision theory is used to define rate constants for adsorption processes. It can be shown

that for these processes, the rate of adsorption is given by:

k= & exp (— i) (2.13)

J2mmukgT

Where ¢°(T) denotes the sticking coefficient on a clean surface, the value of which is

assumed to be 1 for initial considerations.
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Chapter 3

Formic Acid Decomposition on Au catalysts:
DFT, Microkinetic Modeling, and Reaction
Kinetics Experiments'

3.1 Introduction

The effective utilization of renewable energy carriers produced from biomass based
resources is one of the key challenges in the transition towards a sustainable energy future®? %,
Formic acid (FA, HCOOH) is a major byproduct in biomass processing®*, and it has attracted
significant attention as a potential hydrogen-carrier material®“°, As a hydrogen-carrier, FA can
be oxidized in direct formic acid fuel cells (DFAFCs)*. When generated as an equimolar by-
product of levulinic acid 3 4243 production from cellulosic biomass, FA can be used for in-situ
harvesting H» that can then be utilized for the hydrogenation of levulinic acid to gamma-
valerolactone (GVL)*, thereby eliminating the need of an external hydrogen source in the
production of this key biofuel precursor*#6. Also, as the simplest carboxylic acid, FA has for long
been considered a paradigmatic molecule in homogeneous and heterogeneous catalysis, and
surface science studies, to probe the reactivity on metals*’® metal carbides®’°, and metal
oxides®%% specifically for deoxygenation of more complex carboxylic acids, which is a critical
step in the selective upgrading of biomass derived platform molecules to fuels. Hence, our
motivation for studying the FA decomposition reaction is based on (1) its potential application as

a promising liquid hydrogen carrier for in situ hydrogen production, and (2) its suitability as a

! Adapted from “Formic Acid Decomposition on Au Catalysts: DFT, Microkinetic Modeling, and Reaction Kinetics
Experiments”, S. Singh, S. Li, R. Carrasquillo-Flores, A. C. Alba-Rubio, J. A. Dumesic, M. Mavrikakis, AIChE
Journal 60, 1303 (2014). S. Li has contributed to the DFT results reported in this study; Kinetic experiments were
performed by R. Carrasquillo-Flores, and TEM images were provided by A. C. Alba-Rubio.
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fundamental probe molecule for understanding the reactivity of carboxylic acids on metal
catalysts, and using this information to design improved catalysts for effective deoxygenation of
these functional groups. FA decomposition can take place via two parallel pathways involving
dehydrogenation or dehydration reactions, which are linked by the water gas shift (WGS) © : 67
reaction. In the broader context of FA decomposition on transition metals, steering selectivity
towards production of CO> + H2 (dehydrogenation), rather than CO + H>O (dehydration) presents
an important selectivity challenge in this catalytic chemistry. Even though the dehydration
products can be transformed to CO. and H2 via the WGS reaction, forming the dehydration
products may lead to partial poisoning of catalytic sites by CO, thereby limiting the efficiency of
the overall catalysis. Accordingly, supported Pt catalysts have frequently been suggested to be the
most active catalysts for selective FA dehydrogenation, and for this reason, they find widespread
applications as anodes for DFAFCs®! %873, Yet, there exist major obstacles in using Pt based
catalysts as electrode materials and as FA decomposition catalysts, because of the proneness of Pt
to CO poisoning’#7® and its dissolution under operating conditions in fuel cells.

Gold, on the other hand, is not hindered by CO poisoning under most reaction conditions.
Ever since Haruta’’ and Hutchings® first predicted Au to be an extraordinary catalyst for CO
oxidation and ethylene hydrochlorination reactions, there has been an overwhelming interest in
exploring the application of supported Au catalysts in both homogeneous and heterogeneous
catalysis’®®’. More recently, Au has been studied as a catalyst for FA decomposition®. In
particular, Ojeda et al.®° studied the FA decomposition on supported Au catalysts and showed that
the turnover frequencies (TOFs) on well-dispersed Au catalysts were higher than those on Pt
catalysts. They proposed that this unprecedented activity on Au catalysts arises from small Au

clusters, most likely undetected in TEM micrographs. More recently, Gazsi et al.*® performed
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vapor phase experiments to study the effect of supports on the selectivity of FA decomposition to
the dehydration and dehydrogenation products, and they confirmed the high activity of Au
nanoparticles supported on a wide range of porous and non-porous supports. Although these
experimental studies shed light on the possible nature of active sites on Au catalysts, a molecular
level understanding of this reaction mechanism is still lacking. In this paper, we develop an
integrated approach (Figure 3-1) by combining state-of-the-art Density Functional Theory (DFT)
with reactivity experiments and microkinetic modeling that can shed additional light into the
reaction mechanism and the nature of active sites on Au catalysts?®. In particular, we choose
Au(111), Au(100), and Au(211) model surfaces for our DFT calculations to derive initial guesses
for the surface reaction energetics needed for our microkinetic model. We then develop a
comprehensive mean-field microkinetic model including all elementary steps investigated by our
DFT calculations. Comparisons between microkinetic modeling reaction rates and reaction orders
with the experimental results provide critical insights for the nature of the active site on Au/SiC

catalysts for FA decomposition.
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DFT calculations on model Kinetic experiments on
Au surfaces Au/SiC

Microkinetic Modeling : Fitting model predictions
with experimental data

Good fit ?

Adjustments to
DFT parameters within
error bar ?

Yes

Active site identified !

Utilize the insights gained from the fitting exercise and advanced catalyst
characterization tools to obtain an educated guess for the active site

Figure 3-1 Flow chart for the identification of active sites for FA decomposition on Au/SiC.

(a) Au(111) (b) Au(100) (¢) Au(211)

Figure 3-2 Side and top views of the three model Au surfaces employed in this study: (a) Au(111), (b)
Au(100), and (c) Au(211). Dotted black lines in the top view indicate the unit cell on each surface.



16

3.2 Methods

3.2.1 Density Functional Theory

All calculations were performed using the DACAPO total energy code® %2, The Au catalyst was
modeled by the (111), (100) and (211) facets of the fcc bulk crystalline structure of Au metal
(Figure 3-2).

The Au(111) surface was modeled by a three-layer slab with a p(3x3) unit cell, corresponding to
1/9 monolayer (ML) coverage for a single adsorbate in the unit cell, periodically repeated in a
super cell geometry with five equivalent layers of vacuum between any two successive metal slabs.
All the Au atoms in this model surface were kept fixed in their bulk truncated positions, as our
systematic investigations showed that surface relaxation does not have a significant effect on the
energetics for this system. The super cell used to model the Au(100) facet consists of a p(3x3) unit
cell with four layers of metal atoms, top two of which were allowed to relax, and five equivalent
layers of vacuum spacing separating the periodic slab images. The Au(211) slab was constructed
by a 1x3 unit cell and consisted of nine Au layers (having terrace three atoms deep and three atoms
wide). Successive slabs were separated by a vacuum equivalent to 12 such Au(211) layers.
Adsorption was allowed on only one of the two exposed surfaces for all three slabs, and the
electrostatic potential was adjusted accordingly® %4,

The surface Brillouin zone of (111) slabs was sampled at 18 special Chadi-Cohen® k points, while
that for the (100) and (211) slabs was sampled by using a 4x4x1 Monkhorst-Pack® k-point mesh.
lonic cores were described by ultrasoft Vanderbilt pseudo-potentials®” and the Kohn-Sham one-
electron valence states were expanded in a basis of plane waves below a kinetic energy of 25 Ry.
The exchange-correlation energy and potential were described self-consistently using the

generalized gradient approximation (GGA-PW91)% %, The electron density was determined by



17

iterative diagonalization of the Kohn-Sham Hamiltonian, Fermi population of the Kohn-Sham
states (ke T = 0.1 eV), and Pulay mixing of the resulting electronic density!?. The total energies
were then extrapolated to keT = 0 eV. The calculated equilibrium lattice constant for bulk Au was
found to be 4.18 A, in reasonable agreement with the experimental value (4.08 A) 10,

The binding energies (BEs) were calculated with respect to the total energy of the clean slabs (Esian)
and the corresponding adsorbates in the gas phase (Eadsorbate, gas-phase), 1.€., BEadsorbate = Etotal — Eslab -
Eadsorbate, gas-phase- 1N the discussion of the DFT results, we refer to electronic energy values including
the zero point energy (ZPE) corrections unless otherwise noted.

The minimum energy pathways and activation energy barriers for all elementary steps were
determined using the climbing image nudged elastic band (CI-NEB) method'®2. The minimum
energy path for each elementary step was discretized with at least seven images, in addition to the
initial and final states. A vibrational frequency analysis!®® was performed to confirm the true
nature of the saddle point by identifying a single imaginary frequency along the reaction
coordinate. The frequencies were calculated using the harmonic oscillator assumption by

diagonalization of the mass-weighted Hessian matrix in internal coordinates®® .

3.2.2 Experiments

Catalyst Preparation

SiC was chosen as the preferred support for our reaction kinetics experiments because (1) it is an
inert support that does not contribute to the overall reaction rate, and (2) it results in a clear contrast
for Au atoms and clusters in the STEM micrographs, due to the large difference in the scattering
potentials of the metal and the support. A 1 wt% Au/SIC catalyst was prepared by the deposition-
precipitation method. 2.0 g of dry acid-treated silicon carbide was dispersed in 100 mL of a 1 mM

chloroauric acid (Sigma-Aldrich) solution at room temperature. The pH of the mix was adjusted
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to 9 by drop-wise addition of 2.5 M ammonium hydroxide (Sigma-Aldrich). The mixture was aged
for 6 h under vigorous stirring at room temperature and was then filtered and washed with
deionized water to remove chlorine ions. The sample was dried overnight at 373 K. The dried
catalyst was reduced in situ, prior to the reaction at a temperature between 623 and 773 K (with a
heating rate of 0.5 K min) under pure hydrogen flow (30 cm® (STP) mint) for four hours. Catalyst
reductions at temperatures above 773 K (and up to 1073 K) were performed in a quartz flow-

through cell under the same operating conditions.

Reactivity measurements

Gas phase FA decomposition studies were conducted in a fixed-bed down-flow reactor containing
500 mg of catalyst mixed with silica chips in a 1/2-inch outer diameter stainless steel tube. The
temperature was measured using a K-type thermocouple attached to the outside of the reactor. The
temperature of the reactor was adjusted by using a furnace connected to a variable autotransformer
power source controlled with a temperature controller. The total pressure in the reactor was
maintained at 1 atm, and the partial pressures of the gases were controlled by adjusting the flow-
rates at the reactor inlet. The flow-rates of all gases were fixed using calibrated mass-flow meters,
and the total inlet flow rate was maintained at 100 ml/min for all experimental runs. An inlet
composition between 0-12% of Hz, 0-6% of CO> and 1-4% of FA was used, with the balance
consisting of helium. The gases were used as provided, with a purity of 99.99%. Liquid FA (Sigma-
Aldrich) was delivered to the reactor system at room temperature using a syringe pump (Harvard
Apparatus) and vaporized at the reactor inlet. The feed and effluent gases were analyzed using gas
chromatography (with a TCD). All the experimental rates reported in this study are based on FA
converted, which is equal to the amount of CO> produced, as no measurable amount of CO is

formed under any experimental condition. To ensure this, the TCD used to analyze CO in the



19

effluent gas mixture was first calibrated by using commercial CO gas mixtures with known
concentrations. Control experiments with only the SiC support in the reactor provided signals that
corresponded to a concentration of 24 + 1 ppm of CO. The CO concentrations that were obtained
during our kinetic experiments under all reaction conditions were found to be very close to this
value (max = 27.0 ppm, min = 23.2 ppm, average over all the runs = 25.1 £ 2 ppm). The carbon
balance was verified for all experimental runs and was found to be in the range of 98.9 % - 99.9
%. Conversions were maintained below 20% to achieve differential reactor operation. To
determine the apparent activation energy barrier, the temperature was varied over a range of 50K,
with the concentrations kept at standard conditions. The apparent reaction orders with respect to

reactants and products were determined by varying one gas concentration at a time.

Table 3-1 Reaction rates and selectivity obtained from the kinetics experiments on Au/SiC.

Temp y(HCOO | y(He) | y(H2) | y(CO2) | Experimental | Experiment
(K) H) Rates (umol al
gcat! mint) | Selectivity
(CO2/(CO2
+CO))

1 373 0.01 0.99 0.00 0.00 9.30 1.00
2 373 0.02 0.98 0.00 0.00 15.42 1.00
3 373 0.02 0.98 0.00 0.00 18.65 1.00
4 373 0.04 0.96 0.00 0.00 33.00 1.00
5 343 0.03 0.97 0.00 0.00 5.05 1.00
6 353 0.03 0.97 0.00 0.00 8.00 1.00
7 363 0.03 0.97 0.00 0.00 15.72 1.00
8 368 0.03 0.97 0.00 0.00 21.35 1.00
9 373 0.03 0.97 0.00 0.00 24.11 1.00
10 378 0.03 0.97 0.00 0.00 32.55 1.00
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11 383 0.03 0.97 0.00 0.00 41.30 1.00
12 373 0.03 0.96 0.01 0.00 2391 1.00
13 373 0.03 0.94 0.04 0.00 24.09 1.00
14 373 0.03 0.92 0.06 0.00 24.32 1.00
15 373 0.03 0.96 0.00 0.01 23.69 1.00
16 373 0.03 0.95 0.00 0.03 23.76 1.00
17 373 0.03 0.92 0.00 0.06 23.97 1.00

3.2.3 High Resolution Scanning Transmission Electron Microscopy (STEM)

The particle size distributions were determined from STEM images. STEM characterization was
performed using a FEI Titan STEM with CEOS probe aberration corrector operated at 200 kV
with spatial resolution of < 0.1 nm. For imaging, a high-angle annular dark-field (HAADF) Z-
contrast STEM was used, with HAADF detector angle ranging from 54 to 270 mrad, probe
convergence angle of 24.5 mrad, and probe current of ~25 pA. To prepare samples for STEM, the
catalyst samples were first suspended in ethanol, ultrasonicated for 5 min, and then deposited onto
a ~5 nm thick Si window TEM grids. STEM samples were plasma cleaned for 10 min with 20%
0O, + 80% Ar gas immediately before loading into the microscope.

The particle size distributions of the Au/SiC catalysts were calculated from the acquired STEM

images. From the particle size distributions, the number average Au particle sizes were determined

using the relation= i di/ , Where d; is the particle diameter of each Au particle, n is the total
number of Au particles counted from the TEM images of a given sample (Table 3-6), and the

summation is performed over all the particles that were identified in the STEM images.
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3.2.4 Microkinetic Modeling

A mean-field microkinetic model for FA decomposition was developed on the basis of 17
elementary steps, including some steps that are in common with the water gas shift (WGS)
reaction. The initial estimates for the ZPE-corrected binding energies and activation energy
barriers were derived from DFT calculations and were later adjusted to reproduce the experimental
kinetic dataset collected on the Au/SiC catalysts. Entropies of adsorbed intermediates and pre-
exponential factors were determined from the DFT-calculated vibrational frequencies following a
procedure described elsewhere!?. Lateral adsorbate-adsorbate interactions were neglected and all
the BEs and activation energy barriers (Eas) were assumed to be coverage independent. This
assumption is reasonable since we expect surface coverages to be low under our experimental
conditions. The maximum surface coverage was restricted to 1 ML and multilayer adsorption was
not considered. We assumed that all species occupy exactly one site on the surface, except for the
bidentate formate (HCOO), which blocks two surface sites. Given the geometry of the reactor used
in our experiments, the reactor was modeled as a plug-flow reactor (PFR). Hence, our reactor
model comprised of 5 differential equations for the gaseous flow rate along the reactor length, 8
steady state algebraic equations for the fractional surface coverages of reaction intermediates, and
1 site-balance equation. Further details of our model formulation can be found in our previous

Worklz' 25,27

3.3 Results and Discussion
To develop a comprehensive mean field microkinetic model that would enable us to study the
structure sensitivity of this reaction on Au surfaces, we have rigorously studied the properties of 5

closed shell species and 8 reaction intermediates, as well as the reaction energetics of 17
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elementary steps, on the Au(111), Au(100) and Au(211) facets using first principles DFT
calculations. We first present the results from our DFT calculations; followed by the results from
our attempts to fit the microkinetic model predicted rates and selectivities to the experimentally

measured reaction kinetics data.

3.3.1 Structure and Adsorption Thermochemistry of Reaction Intermediates
The binding energies and preferred adsorption sites of surface species involved in this reaction
network on the three Au facets studied are summarized in Table 3-1. More detailed information
on adsorbed states, including vibrational frequencies of surface intermediates and gas phase
species can be found in Supplementary Information (Table S.1).

The following description focuses primarily on the most favorable binding configurations for the
adsorbates. Schematic representations for these configurations are shown in Figure 3-3 — Figure
3.6. In this discussion, and throughout the text, (g) stands for ‘gas phase species’ and each "*'
represents a single surface site occupied by the corresponding adsorbate. Wherever available, the
previously reported literature values (as obtained using DFT) for the BEs of surface species and
activation energy barriers (Ea) of elementary steps are reported in parenthesis next to our DFT
derived numbers.

All the closed-shell species involved in this reaction network, with the exception of CO, are found
to be weakly bound to all three Au facets studied. They exhibit weak preference for their most
stable binding configurations, as evidenced by the near degeneracy of their several adsorption
states. Our calculations do not take into account the long-range interactions, such as van der Waals
forces, %4 1% which may contribute an additional stabilization of ~0.1 eV — 0.2 eV per carbon atom.

The absolute magnitude of the binding energies of surface species on the three Au surfaces were
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observed to decrease in the general order: Au(211) > Au(100) > Au(111), in agreement with the
general notion that adsorbates tend to exhibit stronger binding to more open facets 1%,

Formic Acid exhibits two distinct stable configurations: one in which all atoms of the HCOOH*
molecule lie within a plane perpendicular to the surface (HCOOH?), and another one in which this
plane is parallel to the surface (HCOOHpa*). The latter orientation was found to adsorb with
practically zero BE on all three surfaces. HCOOH* binds to the three facets via its carbonyl O
atom on a top site with the O-H and C-H bonds pointing towards and away from the surface
respectively, and has a binding energy of -0.10 eV (-0.15 eV1%7), -0.17 eV (-0.19 eV®?), and -0.21
eV on Au(111), Au(100), and Au(211) respectively. Formate has long been proposed as one of
the key reaction intermediates in FA decomposition and has also been frequently cited as a possible
intermediate in WGS%110 and methanol synthesis'!*13 reactions. As a result, it has received
much scientific attention®® & 114119 ‘hoth in the experimental and theoretical literature. Our DFT
calculations indicate that HCOO** binds on all three Au facets in a bidentate configuration (Figure
3-3) with its O ends on top of two nearest neighbor metal atoms. This structural data is in
agreement with the available experimental (NEXAFS and IR)!* and theoretical evidence. It has
a BE of -1.69 eV (-1.82 eV1?"), -2.02 eV (-2.10 eV®°) and -2.19 eV on Au(111), Au(100) and

Au(211) respectively.

Figure 3-3 Most stable configurations of Formate (HCOO) intermediate on (a) Au(111), (b) Au(100) and
(c) Au(211).
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The BEs of atomic hydrogen on Au(111), Au(100), and Au(211) are -1.90 eV (-2.03 eV, -2.20
eV120:121y "2 06eV (-2.29 eV1%), -2.11eV (-2.32 eV'?) respectively. H* binds preferentially on
the bridge sites on Au(100) and Au(211), and on the three fold sites on Au(111). The most stable
binding configuration on Au(111) is at the fcc sites, although the hexagonal close packed (hcp)
sites are found to be energetically quasidegenerate to the fcc sites. Atomic oxygen prefers the three
fold fcc site on Au(111), the four fold hollow site on Au(100), and the two fold bridge site on the
step edge of Au(211), with BEs of -2.41 eV (-2.43 eV'?*), -2.69 eV/(-2.85 eV!?), -2.80 eV(-2.83
eV12%) respectively. Hydroxyl prefers to adsorb in a top-tilted configuration on the bridge sites of
all three Au facets with BEs of -1.36 eV (-1.47 eV'?%), -1.96 eV, -2.07 eV on Au(111), Au(100)
and Au(211) respectively. Carboxyl exhibits two stable adsorption configurations: (a) one with H
pointing downwards towards the surface, the trans isomer (COOH*) and (b) one with H pointing
away from the surface, the cis isomer (COOHcis*). COOH* has a BE of -1.27 eV, -1.48 eV (-1.61
eV 122) and -1.58 eV on Au(111), Au(100) and Au(211) respectively. The formyl radical binds
preferentially through its C atom to the top sites of all three Au facets, with BEs of -1.05 eV, -1.26
eV and -1.38 eV on Au(111), Au(100), and Au(211) respectively. Carbon monoxide (CO) binds
through the carbon atom, with the C-O bond perpendicular to the surface. It binds preferentially to
the top site on Au(111), and the two fold bridge sites on Au(100) and the step-edge of Au(211),
with BEs of -0.21 eV (-0.26 V1), -0.62 eV (-0.62 eV*??) and -0.67 eV (-0.65 eV'?') respectively.
Water binds weakly through its oxygen atom to the top site of the three Au facets with the plane
containing all the atoms parallel to the surface. It has a BE of -0.10 eV (-0.11 eV, -0.15 eV*?8,
-0.12 eV*?Y), -0.14 eV, and -0.20 eV (-0.19 eV'?3) on Au(111), Au(100) and Au(211) respectively.

Carbon dioxide (CO3) binds weakly on all three Au facets, with binding energies of -0.02 eV ~ -
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0.05 eV. CO:s retains its gas-phase linear geometry and exhibits very weak site preference with

several degenerate binding configurations.

(c) OH (d) CO (¢) HCO

(2) COOHcis (h) COOH (i) HCOO  (j) HCOOHpa (k) HCOOH (I) H,0

Figure 3-4 Most stable configurations of FA decomposition intermediates on Au(111) (top panel
represents cross sectional view; bottom panel represents top view).
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Figure 3-5 Most stable configurations of FA decomposition intermediates on Au(100) (top panel

represents cross sectional view; bottom panel represents top view).

(b) O (c) OH

dmé, \

i) HCOO  (j) HCOOHpa (k) HCOOH (1) H,0

(g) COOHcis (h) COOH

—_

Figure 3-6 Most stable configurations of FA decomposition intermediates on Au(211) (top panel
represents cross sectional view; bottom panel represents top view; dotted black lines in the top view

denote the step edge of Au(211) surface)
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Table 3-2 Calculated PW91 Binding Energies (BEs) of Adsorbed Species and their Preferred Adsorption
Sites on Au(111), Au(100) and Au(211). Zero of the energy scale is the slab and the gas phase species at

infinite separation from each other.

Species Au(111) Au(100) Au(211)
Adsorption Site | BE/eV Adsorption Site | BE/eV | Adsorption Site | BE/eV

H* fcc -1.90 bridge -2.06 bridge -2.11
o= fcc -2.41 hollow -2.69 bridge -2.80
OH* bridge -1.36 bridge -1.96 bridge -2.07
H,O0* top -0.10 top -0.14 Off-top -0.20
Co* top -0.21 bridge -0.62 bridge -0.67
CO,* physisorbed -0.02 physisorbed -0.02 physisorbed -0.05
HCO* top -1.05 top -1.26 top -1.38
HCOO** top-top -1.69 top-top -2.02 top-top -2.19
COOH* top -1.27 top -1.48 top -1.58
COOHcis* top -1.22 top -1.48 top -1.59
HCOOH* top -0.10 top -0.16 top -0.21

3.3.2 Reaction Barriers of Elementary steps

The calculated activation energy barriers (Ea) and reaction energies (AE) for all elementary steps
studied are reported in Table 3-2. All activation energy barriers and reaction energies reported in

the following text are relative to the reactant and product states at infinite separation.

HCOOH activation

Here we discuss three different pathways of HCOOH activation, namely, the HCOO, the COOH,
and the HCO mediated pathways (Figure 3-7).

HCOOH* + 2* 2 HCOO** + H*

HCOOH* decomposition to HCOO** is found to proceed directly from the most stable, albeit
weakly bound perpendicular configuration. The most favorable pathway involves H abstraction

from HCOOH™* over the top site on Au(111), but bridge site on Au(100) and Au(211) surface.
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This step has a AE of 0.86 eV (0.89 V1), 0.42 eV, and 0.26 eV, with Ea 0of 1.29 eV (1.36 eV1?7),
0.87 eV, and 0.98 eV on Au(111), Au(100), and Au(211) respectively.

HCOOH* - HCOOHpa*; HCOOHpa* + * 2 COOH* + H*

C-H bond scission in HCOOH*, yielding adsorbed COOH* and atomic hydrogen, is a two-step
process. The first step is the rotation of HCOOH* to yield a metastable HCOOHpa* state. This
rotation is quasi structure-insensitive, with a barrier of 0.55 eV to 0.63 eV on the three Au facets.
HCOOHpa* is higher in energy than the most stable adsorbed state (HCOOH?*), but it brings the
carbonic hydrogen in FA closer to the three Au surfaces, thereby facilitating the C-H bond scission.
The specific bond scission in HCOOHpa* to yield COOH* is an endothermic step, with Ea of 1.22
eV, 0.83 eV and 0.87 eV on Au(111), Au(100), and Au(211) respectively.

HCOOH* + * 2 HCO* + OH*

The dehydroxylation of HCOOH* to yield HCO* and OH* has a barrier of 2.16 eV, 1.91 eV and
1.74 eV on Au(111), Au(100) and Au(211) respectively, significantly higher than the HCOO**

and COOH* formation steps.
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Figure 3-7 Three HCOOH decomposition pathways considered.

Product Formation

HCOO** 2 COx* + H*

H abstraction from HCOO** starts with the rotation of the HCOO** molecule such that the C-H
bond becomes parallel to

the Au surface, and one Au-O bond is broken just before the C-H bond scission over the top sites
of all three Au facets (top site at the step edge for Au(211) facet). The H-C bond length in the
transition state is 1.29 A, 1.37 A and 1.18 A on Au(111), Au(100) and Au(211) respectively, as
compared to the bond length of 1.11A in adsorbed HCOO**. This step is slightly exothermic on
Au(111) (AE =-0.35 eV) and Au(100) (AE = -0.17eV) and near-thermo neutral on Au(211) (AE
= -0.08 eV). Ea for this step is relatively invariant of the model surface, with values of 0.80 eV
(0.65 eV'%9), 0.84 eV, and 0.85 eV on Au(111), Au(100) and Au(211) respectively.

COOH* +* > COz* + H*
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Carboxyl decomposition to CO: is found to proceed directly from the more stable trans
configuration (COOH%*). The reaction on all three facets starts with rotation of carboxyl within its
molecular plane, such that O-H bond-scission takes place over the top site. Atomic hydrogen
subsequently diffuses to the closest preferable site, and CO> settles in its physisorbed state. This
step is exothermic, with AE of -0.54 eV (-0.49 eV'?!), -0.48 eV, and -0.46 eV, and has Ea of 0.54
eV (0.58 ev*?h), 0.68 eV, and 0.74 eV on Au(111), Au(100), and Au(211) respectively.
COOH* 2> COOHcis*; COOHcis* + * 2 CO* + OH*

Contrary to the previous step, CO formation from carboxyl starts from the cis configuration of
carboxyl. For this to take place, the most stable trans configuration of COOH* undergoes activated
rotation (with Ea of 0.45 eV, 0.52 eV, and 0.44 eV on Au(11l), Au(100), and Au(211)
respectively), to yield the cis configuration (COOHcis*). The dissociation of COOHcis* takes
place over the top site on all three Au facets, with Ea of 1.33 eV (1.25 eV*?!), 0.70 eV and 1.00
eV on Au(111), Au(100) and Au(211) respectively.

H* + H* 2 Hy + 2*

H> recombinative desorption starts with two H* adsorbed on adjacent bridge sites, and the H-H
bond formation takes place over the top site, for all three Au facets. The H-H bond length at the
transition state are 1.38 A, 1.38 A and 1.34 A on Au(111), Au(100) and Au(211) respectively, as

compared to an Hz gas phase bond length of 0.75 A.



Elementary steps

Au(111)

Au(100)

Au(211)

HCOOH* +:2%

HCOO** + H*

O-H=1.72A

HCOO** & CO,* + H*

C

C-H=137A

2H* & H, + 2%

H-H=1.38 A

H-H=1.38 A
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Figure 3-8 Side and top views of the transition states (TS) for the three kinetically relevant steps (as
predicted by our microkinetic modeling results) on Au(111), Au(100) and Au(211) surfaces.
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Table 3-3 PW91 reaction energies (AE) and activation energy barriers (EA) for the elementary steps
considered in the HCOOH decomposition reaction network on Au(111), Au(100) and Au(211) surfaces.
All the values are relative to infinite separation in initial/final states

Au(111) Au(100) Au(211)
# Reaction
AE/eV | EAl/eV | AE/eV | EaleV | AE/eV | Ea/eV

1 | HCOOH + *& HCOOH* -0.10 -0.16 -0.21

2 | HCOOH*« HCOOHpa* 0.24 0.55 0.29 0.59 0.26 0.63
3 | HCOOH* + 2* « HCOO** + H* 0.86 1.29 0.42 0.87 0.26 0.98
4 | HCOOHpa* + *~ COOH* + H* 0.80 1.22 0.44 0.83 0.37 0.87
5 | HCOOH* + * & HCO* + OH* 2.32 2.16 1.57 1.91 1.38 1.74
6 | HCOO** & CO* + H* -0.35 0.80 -0.17 0.84 -0.08 0.85
7 | HCOO** + H* & Hy + COx* + 2* -0.84 0.99 -0.34 1.11 -0.15 1.30
8 | COOH* +*e COx* + H* -0.54 0.54 -0.48 0.68 -0.46 0.74
9 | COOH*« COOHcis* 0.05 0.45 0.00 0.52 -0.01 0.44
10 | COOHcis* + * < CO* + OH* 1.30 1.33 0.55 0.70 0.51 1.00
11 | COOHcis* + H*+ CO* + H,O* -0.33 0.55 -0.36 0.68 -0.30 0.87
12 | HCO* + *& CO* + H* 0.07 0.59 -0.29 0.24 -0.26 0.28
13 [ OH* + H* & H,O* + * -1.64 0.26 -0.92 0.38 -0.81 0.61
14 [ 2H* e Hy + 2* -0.49 0.57 -0.17 0.47 -0.07 0.49
15 | COx*e COz2+* 0.02 0.02 0.05

16 | H.O* e HO+* 0.10 0.14 0.20

17 [ CO*~ CO+* 0.21 0.62 0.67




3.3.3 Potential Energy Surfaces

The thermochemistry and activation energy barriers of various elementary steps described in the
previous sections can be summarized in the form of two-dimensional potential energy surfaces
(PESS) for the three Au facets, as shown in Figure 3-9. The PESs shown in Figure 3-9(a-c) compare
the HCOO** and COOH* mediated pathways on the three Au facets respectively (a-c). On the
basis of the DFT-derived energetics alone, the HCOO** mediated route appears to be the
minimum energy path for FA decomposition on Au(100) and Au(211), whereas both HCOO**
and COOH* mediated routes appear to be competitive for the Au(111) facet. Figure 3-9(d)

compares the HCOO** pathway on all three Au facets, and one can suggest from here that Au(100)

and Au(211) are expected to be significantly more active than the Au(111) facet.
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Figure 3-9 The 2-dimensional PESs of FA decomposition reaction via the HCOO (solid lines) and COOH
(dashed lines) mediated pathways on Au(111) (red) (a), Au(100) (blue) (b), and Au(211) (green) (c), and
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a comparison of the most favorable pathways (HCOO mediated)
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3.3.4 Microkinetic Modeling

A microkinetic model was developed using the results from these DFT calculations as initial
guesses for the model parameters. With no adjustments to the DFT derived parameters, the
microkinetic model predicts FA decomposition rates that are 11 and 5 orders of magnitude lower
on the Au(111) and Au(100)/Au(211) surfaces, respectively, than the measured experimental rates
on Au/SIC. The reaction is predicted to take place via the HCOO mediated route, i.e., HCOOH (g)
- HCOOH* >HCOO** + H* - COx* + 2H* - CO2 (g) + H2(g), on all three facets, with 100%
selectivity towards the dehydrogenation products; the rate of CO production is predicted to be
negligible We next carried out studies in which the kinetic parameters were adjusted from the
initial values on these three Au facets in attempts to describe the results from reaction kinetic
measurements (Table 3-3) . The adjustable parameters that are modified during this process are
the BEs of all surface species and transition state energies of all activated elementary steps. While
this procedure gives a total of 26 parameters for our complex reaction network, sensitivity analysis
showed that only the BEs of HCOO**, H*, and the transition state energies of the HCOO**
formation and direct decomposition steps (steps (3) and (6) in Table 3-2) were sensitive
parameters. We then made systematic adjustments in these parameters until reasonable agreement
between the experimentally measured and model predicted reaction rates was reached, and we
subsequently employed a gradient based optimization algorithm in Matlab to obtain optimized
values and confidence intervals for our adjustable parameters. The model predicted reaction orders
and apparent activation energy barriers corresponding to the best-fitted solution are reported in
Table 3-4, and are in close agreement with their experimental counterparts. In addition, the
experimentally observed apparent activation energy barrier (59.6 kJ/mol) in the zero-order kinetic

regime is in good agreement with past experimental studies on numerous supported Au catalysts®®
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9.130_ Figure 3-10 shows the PES for the best fitted solution, compared with the DFT derived PESs
for the three Au facets. Here, we only report the energetics of the closed catalytic cycle that is
found to carry the entire reaction flux; the energetics of other elementary steps, which do not carry
much flux from reactants to products are not included in the figure. We can see from this figure
that the adjustments needed in the DFT derived initial guesses to obtain good fits are too large to
be attributed to the computational errors in our calculations, which are typically on the order of
0.1 eV - 0.2 eV. With > 0.95 ML of the surface predicted to be vacant under all conditions, we
can also rule out any potential stabilization that might result from lateral adsorbate - adsorbate
interactions™®L. In particular, an additional stabilization of the transition states for the HCOO**
formation and decomposition steps by > 0.5 eV is required to obtain good fits with the
experimental data, strongly suggesting that (i) the Au(111), Au(100) and Au(211) may not be the
most accurate representation of the active sites for this reaction, and (ii) the active site might be an
even more under-coordinated environment that would stabilize the transition states to a much
greater extent than these three facets. This conclusion is a quantitative confirmation of a previous
proposal put forward by Iglesia and coworkers based on their experimental reactivity studies for
the same reaction®. Importantly, similar suggestions for the reactivity of single metal atoms or

very small metal nanoclusters have been made in the literature for other reactions as well*3213°,
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Figure 3-10 Enthalpy surfaces for FA decomposition via the HCOO** mediated pathway on Au(111),
Au(100), and Au(211) facets (red, blue, green, respectively) as obtained directly from DFT calculations,
and that corresponding to the best fitted solution (violet)

Table 3-4 Experimental and model predicted reaction orders and apparent activation energy barriers.

Experiment Model
HCOOH 0.95 £ 0.06 0.99
CO2 0.01 £ 0.003 0.00
H. 0.01 + 0.003 0.00
Ea 59.6 £ 1.6 kJ/mol 60.2 kJ/mol

Rate determining step

The individual reaction fluxes of the elementary steps reveal that the overall reaction proceeds
entirely through the ‘direct HCOO**’ route, and no reaction flux is observed through any of the
COOH* mediated pathways. We further analyzed the reaction mechanism and the rate determining

steps in the reaction scheme using Campbell’s degree of rate control, 13613 which quantifies the
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kinetic importance of an elementary step in a reaction scheme by computing the relative change
in the overall reaction rate upon changing the forward and reverse rate constants for that step, while
holding the equilibrium constant for that step as well as the rate constants for all other steps
constant. In this formalism, the degree of rate control (Xrc) of each elementary step can be

evaluated using the following relation:

Xaci =4 (5)
RC,i r 5ki Kieq k; (3.1)

where ki is the rate constant for step i, Kieq is the equilibrium constant for this step and r is the
overall reaction rate. For all equilibrated steps (including the adsorption/desorption steps that were
assumed to be quasi-equilibrated), Xrc,iis 0. Table 3-5 gives the Xrc,i for the kinetically relevant
steps in our reaction mechanism. For the ‘best-fitted solution’, Step 6 exhibits the highest degree

of rate control for all reaction conditions and hence is the most rate controlling.

Table 3-5 Campbell’s degree of rate control for kinetically relevant steps

Step # Elementary Step XRc
3 HCOOH* + 2* & HCOO** + H* 0.64
6 HCOO** & COx* + H* 0.25
14 2H* & Hy + 2* 0.10

Active Sites
The results from our microkinetic model suggest that Au(111), Au(100), and Au(211) are, in all
likelihood, not the best representation of active sites for this reaction on SiC-supported Au

catalysts. Thus, the major contributors to the overall rates could potentially be the Au atoms with
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lower (< 7) Au-Au coordination that exhibit even greater stabilization of reaction intermediates
and transition states than the more open facets studied here ((100) and (211)). To gain further
insights into the nature of the active sites, we synthesized different catalyst samples with a varying
degree of Au dispersion by treating the initial catalyst in flowing H: at different temperatures (623,
673, 723, 973 and 1073 K) for 8 hours, prior to using these materials as catalysts for reaction
kinetic studies. Typically, the catalysts that are pre-reduced at low temperatures are more highly

dispersed (and less sintered) than the materials that are pre-reduced at high temperatures.

Particle Size distribution:

Figure 3-11 shows representative STEM images of the five catalysts that were used to determine
the Au particle size distribution (Figure 3-12) in these samples. This technique allows for imaging
Au nanoparticles as low as 0.3 nm in size. It was observed that reducing the catalysts under a H»
stream at increasingly elevated temperatures resulted in increased averaged Au particle sizes, as

reported in Table 3-6.
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Figure 3-11 Typical TEM images of Au/SiC catalysts used to determine the Au particle size distributions.
The pre-reduction temperatures for these catalysts are (a) 623 K, (b) 673 K, (c) 723 K, (d) 973 K and (e)
1073 K.
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Kinetic Reaction Rate Measurements: Reaction kinetic measurements were performed to obtain
the FA decomposition rates on five catalysts under same operating conditions (T = 413 K, Total
inlet flow rate = 100 ml/min, Inlet feed composition = 2.5% FA and 97.5% He). A monotonic
decrease in the reaction rates with an increase in the pre-reduction temperature (and the average

particle size) was observed, as shown in Table 3-6.

Table 3-6 Average particle size (as determined by STEM) and experimentally measured reaction rates on
the five different Au/SiC catalysts.

Number of Total Number . I
. /Sub nanometer Average Experimenta y
Catalyst Pre-Reduction . . Observed Reaction
Sample # | Temperature (K) sized Au Clusters Pa}rtlcle Rate (umol geat™
Analyzed Size (d —_
min)
(hm))
1 623 6860 / 1248 2.55 178.58
2 673 4837/ 636 3.09 129.93
3 723 3887 /213 3.23 97.84
4 973 1119/0 7.53 9.02
5 1073 1153/0 10.74 2.64

Additionally, it is observed that the number (and relative abundance) of sub-nanometer sized Au
clusters decreases sharply upon increasing the calcination temperature. Hence, these reactivity
trends provide a first indication that the number of sub nanometer sized Au clusters in the catalyst
may be correlated with the overall reaction rate. This hypothesis is consistent with past
experimental studies® 8 130 that have postulated that this remarkable activity on supported Au
catalysts arises from subnanometric Au clusters that are undetected in TEM micrographs. To
quantify the contributions of different Au atoms in the catalytic particles/clusters to the overall
reaction rate, we first classify the different kinds of Au atoms that are present in any given cluster

into four categories: (1) Corner (C) atoms: CN =1 to 4, (2) Perimeter (P) atoms: CN =5 and 6, (3)
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Terrace (T) atoms: CN = 7 to 9 and (4) Bulk (B) atoms: CN > 9, where CN refers to the Au-Au
coordination number. Surface (S) atoms are defined as the sum total of the C, P, and T atoms.

In their work on the WGS reaction on supported Au catalysts, Ribeiro and co-workerst39-141
employed physical models of Au clusters as truncated cuboctahedra to develop relations for
determining the variation of the C, P, and T sites with the number averaged Au particle size.
However, these relations hold true only for particles with diameter (d) > ~1.6 nm. Therefore, and
given our TEM data, we attempted to develop physical models of Au clusters with d < 1.6 nm to
obtain the corresponding relations that provide the dependence of the C, P, and T sites on the
average Au particle size. For that purpose, we used the results of past computational studies which
employed DFT to identify the most stable configurations of Aun clusters (with 2 < n < 20) in the
gas-phase, 142145 along with our physical models. The relative abundance of the C, P and T sites
is highly dependent on the choice of the cluster shape for d < 1.6 nm. Since there is no general
agreement in the literature on the most stable structures for these small clusters, a computational
methodology must be adopted to this end. This approach would involve modeling a SiC support,
performing ab-initio molecular dynamics (AIMD)#6-148 simulations to determine the most stable
configurations of different sized Au clusters on this support under reaction conditions, and finally
counting the number of C, P, and T sites in these configurations to develop the structure-site
density relations for quantifying the contributions from each of these sites towards the overall
rates. This approach is an ongoing endeavor and will be presented in a future report. However, as
a first approximation, we treat these sites together, since the total number/fraction of surface (S)
atoms (i.e. C + P + T) is invariant of the actual distribution. In particular, all atoms in clusters of d

< 1.6 nm can be assumed to be surface atoms (100% dispersion) without loss of accuracy.
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The total moles of surface Au in the catalysts can then be calculated by employing the following
relation:

Total moles of surface Au

_ (an(d)t(d)

* Total moles of Au in the catalyst 3.2
> (@) > f y (3.2)

where, f(d) is the fraction of surface atoms in the cluster of diameter d (Table 3-7), t(d) is the total
number of atoms in that cluster, and the summation is performed over all the Au clusters that were
identified from the STEM image of that catalyst, i.e., the full particle size distribution was used
for each sample. The TOFs normalized to the surface Au moles and total Au moles are plotted
against the average particle size in Figure 3-13, and these plots can be used to draw the following
key conclusions:

Q) A decreasing trend in the rate per surface site with average Au particle size (Figure
3-13(a)) indicates the heterogeneity of the surface Au sites, i.e., all surface sites do not contribute
equally to the overall reaction rate.

(ii) Figure 3-13(b) shows that the rate per total mole of Au catalysts varies as d>%,
whereas Table 3-7 suggests that the fraction of terrace, perimeter, and corner sites vary as d7, d-
18 and d-2° respectively. Thus, the variation in FA decomposition rate per total mole of Au seems
to correlate with the ‘corner model’, i.e., the rate per corner site is independent of the Au particle
size, thereby implying that corner sites might be the dominant active sites for this reaction. As
mentioned earlier, this conclusion is based on the assumption that the d-2° dependence of the corner
sites will be valid over the entire particle size range, and further studies to confirm this for smaller

clusters (d <1.6 nm) will be needed.
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Table 3-7 Relations used to determine the fraction of different sites from the number-average particle
size obtained from the STEM images.

Type of
Surface Site
— Terrace Perimeter
Particle Size | (T) (P) Corner (C) Surface (S)
< 1.6 nm # # # 1.0
> 1.6 nm*® 0.90 d-07 0.46 d18 0.54 d2° 0.90 d'%7+ 0.46 d18+ 0.54 d-2°

_‘§ B —.f 30
2 a 2 1
8 @ g 254
= ] : (b)
FE y = 399.24-2:66 2 20
s £ 2- R?>=10.99 w & y = 62.80d25
S 3 £ Z 15
- ez V] R?=1.00
: 1 £ 104
ot 8 ]
(=) = 5.
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Figure 3-13 FA decomposition rate normalized by (a) surface Au moles and (b) total Au moles (2% FA
inlet feed at 413 K, 1 atm) on Au/SiC catalysts.
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3.4 Conclusions

Periodic, self-consistent DFT calculations were performed to determine the energetics of 13
adsorbed intermediates for FA decomposition, as well as the activation energy barriers and pre-
exponential factors of 13 activated elementary steps on Au(111), Au(100), and Au(211) surfaces,
which were chosen as the representative stable model facets of Au nanoparticles on SiC support.
The DFT results suggest that the surface species and transition states are stabilized as the Au-Au
coordination of surface atoms decreases, and the reaction rates follow the order: Au(211) =
Au(100) > Au(111).

A mean field microkinetic model was employed to describe the experimental rate and selectivity
data that were collected under realistic conditions on Au/SiC. Our ‘best fitted solution’ from the
microkinetic model shows a good description of the experimental data (R? = 0.98), and good
agreement between the model predicted apparent activation energy barriers and reaction orders
with their experimental counterparts. The reaction is predicted to proceed via the formate mediated
route. Importantly, the closed catalytic cycle that adequately describes the FA decomposition
mechanism on Au catalysts is found to be comprised of three elementary steps: HCOOH* -
HCOO** + H*, HCOO** - CO.* + H* and 2H* - H2(Q).

A comparison of the DFT derived binding energies and activation energy barriers with the
parameters obtained upon fitting the microkinetic model to the experimental data suggests that
Au(111), Au(100) and Au(211) might not provide the most accurate representation of the active
site on supported Au catalysts. Further reaction rate experiments and measurements of the Au
particle size distribution using STEM corroborated this claim that the coordinatively unsaturated
corner sites, with Au-Au coordination of < 4, are most likely the dominant active sites for this

reaction. Further DFT studies on Au clusters that possess atoms with Au-Au coordination number
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< 4 will be needed to identify the exact nature of active site for FA decomposition on supported

Au nanoparticles. We are currently exploring synthetic protocols suggested in the literature80:87.88

149152 for synthesizing catalysts with atomically dispersed gold in order to further advance our

tentative conclusion regarding the importance of highly under-coordinated Au sites in this

chemistry.

Singh, S.; Li, S.; Carrasquillo-Flores, R.; Alba-Rubio, A. C.; Dumesic, J. A.; Mavrikakis, M., AIChE Journal: 2014; 60, 1303-1319.
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3.5 Supplementary Information

Table S. 1 Calculated Vibrational Frequencies of Gas Phase species.

Species Frequencies [cm™]
H2 4430
coO 2205
CO2 2469, 1351, 629, 623
H.0O 3940, 3825, 1575
HCOOH 3693, 2980, 1725, 1281, 1025, 996, 925, 682, 402

Table S. 2 Calculated PW91 Binding Energies (BE), with (w) and without (w/0) ZPE corrections,
and Vibrational Frequencies of Adsorbed Species at their Preferred Adsorption Site on Au(111).

Species Adsorption BE /eV Frequencies [cm™]
Site
W/O W
ZPE ZPE
H* fcc -2.04 -1.90 | 879.4,681.2,596.5
o* fcc -2.46 -2.41 | 394.2, 250.0, 247.5
OH* bridge -1.56 -1.36 | 3766.3, 576.5, 546.6, 307.3, 165.7, 125.6
H,O* top -0.16 -0.10 | 3884.4,3773.4,1551.2, 339.2, 260.4, 244.4, 71.0, 66.4, 59.7
co* top -0.26 -0.21 | 2138.5, 229.6, 222.1, 214.2, 82.2,50.4
CO.* physisorbed -0.05 -0.02 | 2458.8, 1349.6, 635.8, 634.3, 144.2, 117.6, 49.2, 35.5, 21.2
HCO* top -1.20 -1.05 | 2903.5, 1814.8, 1138.2, 726.9, 458.5, 263.2, 128.4, 121.0, 97.8
2927.4,1575.7, 1303.6, 1285.0, 968.5, 729.4, 289.4, 263.3, 244.8,
HCOO** | top-top -1.79 -1.69
107.4,91.3,64.6
3446.8, 1824.6, 1200.6, 1104.1, 625.9, 588.6, 447.5, 268.6, 208.7,
COOH* top -1.35 -1.27
126.9, 106.9, 85.7
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COOH(cis*

top

-1.30

-1.22

3622.3, 1765.6, 1230.1, 1042.2, 627.5, 618.6, 399.0, 267.4, 224.9,
103.0, 96.9, 59.3

HCOOH*

top

-0.16

-0.10

3437.4, 3006.4, 1748.5, 1343.8, 1273.0, 1117.5, 998.4, 663.0,
619.7, 144.3, 100.8, 88.8, 77.9, 59.3, 26.7

Table S. 3 Calculated PW91 Binding Energies (BE), with (w) and without (w/0) ZPE corrections,
and Vibrational Frequencies of Adsorbed Species at their Preferred Adsorption Site on Au(100).

Species Adsorption BE /eV Frequencies [cm™]
Site
W/O W
ZPE ZPE
H* bridge -2.22 -2.06 | 1126.5, 1055.9, 361.0
o* hollow -2.73 -2.69 | 250.6, 140.9, 131.8
OH* bridge -2.18 -1.96 | 3789.3,727.2,556.4, 317.8, 272.3, 138.5
H,O* top -0.20 -0.14 | 3875.4, 3760.3, 1547.9, 348.3, 334.8, 147.2, 86.9, 63.9, 30.6
Co* bridge -0.68 -0.62 | 1970.6, 293.5, 283.6, 257.1, 224.6, 88.4
COy* physisorbed -0.05 -0.02 | 2455.7,1350.7, 627.1, 612.1, 116.5, 96.9, 92.1, 65.5, 51.6
2868.4, 1803.2, 1167.5, 731.7, 479.6, 254.3, 130.7, 126.8,
HCO* top -1.41 -1.26
116.8
2934.5, 1584.7, 1315.2, 1303.5, 976.1, 725.9, 289.1, 281.6,
HCOO** | top-top -2.13 -2.02
257.0,95.1, 87.8, 49.8
3763.8,1671.2, 1199.4, 1125.6, 665.8, 573.9, 432.3, 248.7,
COOH* top -1.58 -1.48
232.5,147.3,93.1,55.3
) 3617.3, 1617.3, 1258.0, 1098.3, 652.1, 645.9, 395.5, 261.6,
COOHcis* | top -1.57 -1.48
233.1,147.1,59.9, 57.4
3273.3,3014.9, 1732.3, 1342.3, 1284.7, 1131.4, 1000.6,
HCOOH* | top -0.22 -0.16
702.5, 629.3,170.2, 135.2,90.4, 88.5, 64.2,51.4
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Table S. 4 Calculated PW91 Binding Energies (BE), with (w) and without (w/0) ZPE corrections,
and Vibrational Frequencies of Adsorbed Species at their Preferred Adsorption Site on Au(211).

Species Adsorption BE /eV Frequencies [cm™]
Site
W/O W
ZPE ZPE
H* bridge -2.27 -2.11 | 1131.7,1044.7, 393.4
o* bridge -2.86 -2.80 | 434.9,398.2,132.4
OH* bridge -2.29 -2.07 | 3804.9, 730.3, 568.7, 309.3, 262.0, 144.0
H,O* Off-top -0.25 -0.20 | 3864.1,3711.8,1547.0,414.1, 335.1, 144.2, 111.0, 71.3, 55.0
Cco* bridge -0.73 -0.67 | 1967.7,313.5,274.5, 250.5, 212.8, 121.2
COx* physisorbed -0.06 -0.05 | 2454.7,1349.5, 626.1, 622.1, 111.7, 77.2, 41.6, 35.7, 20.8
HCO* top -1.53 -1.38 | 2876.1, 1808.7, 1176.5, 733.1, 487.3, 220.7, 97.3, 94.5, 82.2
2951.7, 1589.5, 1316.7, 1301.1, 971.1, 726.0, 282.8, 277.8,
HCOO** | top-top -2.29 -2.19
253.9,99.4,93.0,87.1
3764.5, 1637.8, 1209.8, 1134.0, 679.3, 578.1, 436.4, 278.5,
COOH* top -1.68 -1.58
222.0,157.8,111.6,93.1
. 3604.6, 1578.9, 1268.5, 1117.7, 664.6, 660.1, 406.8, 282.9,
COOHcis* | top -1.68 -1.59
234.5,167.6, 114.8, 105.9
3378.6, 3023.9, 1719.3, 1342.2, 1286.0, 1117.7, 998.9, 702.7,
HCOOH* | top -0.28 -0.21

631.7,179.4, 158.4, 93.9, 79.6, 58.1, 45.6
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Table S. 5 PW91 reaction energies (AE), activation energy barriers (EA) for the elementary steps
considered in the HCOOH decomposition reaction network on Au(111), with (w) and without (w/o0)
ZPE corrections. All the values are relative to the infinite separation of species in the initial/final
states.

Adsorbate AE eV EaleV
4 Reaction Interaction / eV WIO W WIo W
IS/FS

ZPE ZPE ZPE ZPE
1 HCOOH + * + HCOOH* -/- -0.16 -0.10
2 HCOOH* < HCOOHpa* -/- 0.24 0.24 0.60 0.55
3 HCOOH* + 2* & HCOO** + H* - /-0.06 1.02 0.86 1.46 1.29
4 HCOOHpa* + *+ COOH* + H* - /-0.03 0.96 0.80 1.44 1.22
5 HCOOH* + * & HCO* + OH* - /-0.15 242 2.32 2.27 2.16
6 HCOO** « CO,* + H* -/0.00 -0.21 -0.35 0.86 0.80
7 HCOO** + H* & H, + COy* + 2* -0.06 / 0.00 -0.71 -0.84 1.08 0.99
8 COOH* + *& CO* + H* -/0.00 -0.39 -0.54 0.74 0.54
9 COOH* < COOHcis* -/- 0.05 0.05 0.50 0.45
10 COOH(cis* + * & CO* + OH* -1-0.07 141 1.30 1.48 1.33
11 COOHcis* + H* < CO* + H,0* -0.04/-0.04 -0.39 -0.33 0.59 0.55
12 HCO* + * & CO* + H* -10.04 0.23 0.07 0.77 0.59
13 OH* + H* & H,O0* +* -0.03/ - -1.80 -1.64 0.26 0.26
14 2H* e Hy + 2* 0.01/- -0.49 -0.49 0.59 0.57
15 CO*e COz+* -/ - 0.05 0.02
16 HO* < H,O+* -/ - 0.16 0.10
17 CO*~ CO+* -/ - 0.26 0.21
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Table S. 6 PW91 reaction energies (AE), activation energy barriers (EA) for the elementary steps
considered in the HCOOH decomposition reaction network on Au(100), with (w) and without (w/0)
ZPE corrections. All the values are relative to the infinite separation of species in the initial/final
states.

Adsorbate AE/eV EaleV
# Reaction Interaction / eV W/O W W/O W

IS/FS zZPE | zPE | zPE | zZPE
1 HCOOH + * & HCOOH* -/- -0.22 -0.16
2 HCOOH* & HCOOHpa* -/- 0.29 0.29 0.65 0.59
3 HCOOH* + 2* & HCOO** + H* -/0.01 0.56 0.42 1.09 0.87
4 HCOOHpa* + *+ COOH* + H* -/-0.01 0.56 0.44 1.02 0.83
5 HCOOH* + * & HCO* + OH* -/-0.22 1.64 1.57 2.00 1.91
6 HCOO** & COx* + H* -/0.00 -0.06 -0.17 1.02 0.84
7 HCOO** + H* & H, + CO,* + 2* 0.01/- -0.19 -0.34 1.29 1.11
8 COOH* + *& CO.* + H* -/0.00 -0.34 -0.48 0.90 0.68
9 COOH* < COOHcis* -/- 0.01 0.00 0.58 0.52
10 COOH(cis* + * & CO* + OH* -/-0.04 0.62 0.55 0.78 0.70
11 COOHcis* + H* < CO* + H,0* -0.01/-0.05 -0.41 -0.36 0.77 0.68
12 HCO* + *& CO* + H* -/-0.01 -0.16 -0.29 0.40 0.24
13 OH* + H*e H,O* +* -0.02 /- -1.03 -0.92 0.45 0.38
14 2H* e Hy + 2* -0.03/ - -0.13 -0.17 0.53 0.47
15 CO*e COz+* -/ - 0.05 0.02
16 HO* < H,O+* -/ - 0.20 0.14
17 CO*~ CO+* -/ - 0.68 0.62
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Table S. 7 PW91 reaction energies (AE), activation energy barriers (EA) for the elementary steps
considered in the HCOOH decomposition reaction network on Au(211), with (w) and without (w/0)
ZPE corrections. All the values are relative to the infinite separation of species in the initial/final
states.

Adsorbate AE eV EaleV

# Reaction Interaction/eV W/O W W/O W

IS/FS zZPE | zPE | zPE | zZPE
1 HCOOH + * & HCOOH* -/- -0.28 -0.21
2 HCOOH* & HCOOHpa* -/- 0.31 0.26 0.68 0.63
3 | HCOOH* + 2* & HCOO** + H* -10.20 0.40 0.26 1.20 0.98
4 HCOOHpa* + *+ COOH* + H* -10.02 0.49 0.37 1.06 0.87
5 HCOOH* + *+ HCO* + OH* -/-0.03 1.47 1.38 1.85 1.74
6 HCOO** « CO* + H* -/0.00 0.04 -0.08 1.03 0.85
7 HCOO** + H* & H, + COx* + 2* 0.20/0.00 0.02 -0.15 1.39 1.30
8 | COOH* + *e COy* + H* -/0.00 -0.31 -0.46 0.96 0.74
9 | COOH* <« COOHcis* -/- 0.00 -0.01 0.50 0.44
10 | COOHcis* + *+ CO* + OH* -/0.15 0.58 0.51 1.10 1.00
11 | COOHcis* + H*+ CO* + H,0* 0.02/0.02 -0.34 -0.30 0.95 0.87
12 | HCO* + *& CO* + H* -10.02 -0.14 -0.26 0.43 0.28
13 | OH* + H*e H,O* +* 0.08/ - -0.92 -0.81 0.69 0.61
14 | 2H*e Hy + 2* -0.02/- -0.02 -0.07 0.55 0.49
15 [ COx*e CO2+* -/ - 0.06 0.05
16 | H.O*e HO+* -/- 0.25 0.20
17 | CO*~ CO+* -/- 0.73 0.67
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Chapter 4

Self-Consistent Solutions from DFT,
Microkinetic Modeling and Experiments: Formic
Acid Decomposition on Cu catalysts?

4.1 Introduction

Formic Acid (FA) decomposition on transition metal catalysts is a very well-studied system, both
in heterogeneous catalysis and surface science. This reaction is of applied interest because of FA’s
potential as a liquid hydrogen carrier’>® with a high H:C ratio and a closed carbon cycle. " 153157
FA is used as a fuel in direct FA fuel cells that operate at low temperatures and have been shown
to exhibit better efficiency than alcohol fuel cells.*>® 1° Also, FA is an equimolar byproduct in the
production of levulinic acid from biomass,®* *® and can be utilized in situ to provide H, for the
subsequent hydrogenation of levulinic acid to gamma-valerolactone.** 18 Additionally, FA, being
the simplest carboxylic acid, has been widely used to probe the catalytic properties of metals®® 5%
60, 89, 114, 161, 162 meta] oxides®®®  metal carbides®™°, and alloys. Early work for FA
decomposition reaction on Cu catalysts involved infrared, Kkinetic isotope effect, and
decomposition rate measurements that shed some light on the mechanistic aspect of this reaction.
Subsequently, Madix and coworkers, in their pioneering work on Cu single crystals® 5 163, 164
demonstrated the key role of a very stable formate species in this reaction; this work resulted in a

series of studies on Cu single crystals that continue till date. 64"

2 §. Li and J. Scaranto contributed to the DFT results reported in this study. B.O’Neill provided the
experimental dataset on Cu catalysts.
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Despite the abundance of experimental studies for FA decomposition on Cu catalysts, there is a
lack of general consensus regarding the active site and reaction mechanism. Iglesia and Boudart**
172-174 ohserved that the turnover rates for this reaction were insensitive to the particle size, and to
the nature of support. Their results, together with several other studies that reported similar
activation energy barriers for this reaction on preferentially oriented and polycrystalline Cu
catalysts, 17°-182 suggested that this reaction was structure insensitive. Additionally, they suggested
that the catalytic FA decomposition was a bimolecular process, in which the HCOO decomposition
was assisted by adsorbed FA molecules.

In contrast to these findings, Bowker and coworkers!®4 166-171.183 showed that FA does not undergo
dissociation on clean Cu(111), and that the presence of pre-dosed oxygen is required for it to
exhibit any appreciable reaction rates. Clean Cu(100) and Cu(110), on the other hand, were shown
to be active for this reaction under same conditions. More recently, Nakamura and coworkers!8*
18 demonstrated that formic acid decomposition was structure sensitive, with distinctively
different activation energy barriers for HCOO decomposition step on Cu(111) as compared to
Cu(100); they also demonstrated a strong promotional effect of H. co-feed on the rate of this
reaction only on Cu(111), and showed that HCOO decomposition was enhanced 17 times in the
presence of Hz, only on Cu(111) and not on Cu(100).

The importance and contemporary relevance of microkinetic modeling as a tool for performing
comparisons between experiments and DFT predictions has been highlighted in Chapters 1 and 3.
Since parameter estimation using microkinetic modeling is essentially a non-convex optimization
problem,® the final solution, and the ensuing conclusions that are drawn from this solution,
depends on the initial guesses for the thermodynamics and kinetics parameters that are obtained

from DFT calculations on representative model surfaces. Hence, the importance of ensuring the
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accuracy of these DFT derived parameters in order to obtain reliable predictions from the
microkinetic model cannot be overstated. The two primary sources of errors in these parameters
are (a) the inherent errors associated with DFT calculations, and (b) the errors that arise when the
model surface used in DFT calculations doesn’t accurately represent the active site and/or the
surface environment under reaction conditions. While the recent advances in computational
techniques have contributed towards quantifying and minimizing the former, it is the inconsistency
between the surface environment (surface coverages of most abundant reaction intermediates)
predicted by the model, and that employed in the DFT calculations, that is often overlooked. In
this study, we employ a rigorous, iterative approach for microkinetic modeling that ensures self-
consistency between the surface environment employed in the DFT calculations and that predicted
by the model, and discuss the possible ramifications that this might have on the final conclusions
regarding the active sites on a catalyst.

Hence, the objective of this work is two-fold, to (1) demonstrate a rigorous, iterative methodology
in action that yields holistically self-consistent solutions, and (2) employ this method to resolve
the unsatisfying status quo that exists regarding the reaction mechanism, nature of active sites, and

structure sensitivity for FA decomposition reaction on Cu catalysts.

4.2 Methods

4.2.1 DFT Calculations

Several key elementary steps in the FA decomposition reaction network on Cu(111) were studied
and reported in our earlier work, as part of the methanol synthesis reaction network.'? For
consistency, we employ the same setup here, for all additional DFT calculations on Cu(111) and

Cu(100) surfaces; a description of these methods is included below.
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All calculations were performed using the DACAPO total energy code.®’ %2 The Cu(111) surface
was modeled by a three-layer slab with a p(3%3) unit cell, corresponding to 1/9 monolayer (ML)
coverage for a single monodentate adsorbate in the unit cell, periodically repeated in a super cell
geometry with five equivalent layers of vacuum between any two successive metal slabs. All the
Cu atoms in the Cu(111) surface were kept fixed in their bulk truncated positions, as our systematic
investigations showed that surface relaxation does not have a significant effect on the energetics
for this system. The super cell used to model the Cu(100) facet consists of a p(3x3) unit cell with
four layers of metal atoms, top two of which were allowed to relax, and five equivalent layers of
vacuum spacing separating the periodic slab images.

Adsorption was allowed on only one of the two exposed surfaces for all three slabs, and the
electrostatic potential was adjusted accordingly.®® % The surface Brillouin zone of (111) slabs was
sampled at 54 special Chadi-Cohen® k points, while that for the (100) slabs was sampled by using
a 4x4x1 Monkhorst-Pack®® k-point mesh. lonic cores were described by ultrasoft Vanderbilt
pseudo-potentials® and the Kohn-Sham one-electron valence states were expanded in a basis of
plane waves below a kinetic energy of 25 Ry. The exchange-correlation energy and potential were
described self-consistently using the generalized gradient approximation (GGA-PW91).% % The
electron density was determined by iterative diagonalization of the Kohn-Sham Hamiltonian,
Fermi population of the Kohn-Sham states (keT = 0.1 eV), and Pulay mixing of the resulting
electronic density.’% All total energies were then extrapolated to ksT = 0 eV. The calculated
equilibrium lattice constant for bulk Cu was found to be 3.66 A, in good agreement with the
experimental value of 3.62 A &

The binding energies (BEs) were calculated with respect to the total energy of the clean slabs (Esian)

and the Corresponding adSOI’bates in the gaS phase (Eadsorbate, gas-phase), |e, BEadsorbate = Etotal - Eslab -
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Eadsorbate, gas-phase- 1N the discussion of the DFT results, we refer to electronic energy values including
the zero point energy (ZPE) corrections unless otherwise noted. Throughout the text, (g) stands for
‘gas phase species’ and each '*' represents a single surface site occupied by the corresponding
adsorbate. Our calculations do not take into account the long-range interactions, such as van der
Waals forces,'%* 1% which may contribute an additional stabilization of ~ 0.1 eV — 0.2 eV per
carbon atom.

The minimum energy pathways and activation energy barriers for all elementary steps were
determined using the climbing image nudged elastic band (CI-NEB) method.192 8. 18 The
minimum energy path for each elementary step was discretized with at least seven images, in
addition to the initial and final states. A vibrational frequency analysis'® was performed to confirm
the true nature of the saddle point by identifying a single imaginary frequency along the reaction
coordinate. The frequencies were calculated using the harmonic oscillator assumption by
diagonalization of the mass-weighted Hessian matrix in internal coordinates obtained with a
displacement of 0.01 A 1% 1% While it is straightforward to define the translational and rotational
modes for gas phase species using its center of mass and principle moments of inertia, it is
relatively difficult to unambiguously define these frustrated modes for adsorbed species. Hence,
we only treat the two frustrated translational modes of adsorbed species characterized by changes
of position of the center of mass within the plane parallel to the substrate surface separately.
Vibrational and frustrated rotational modes are then obtained by diagonalization of the remaining

Hessian matrix.

4.2.2 Experiments

Synthesis of Cu/yALO:;
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Cu was deposited onto y-Al.0O3 (Strem) using Cu(NOs3)2 x 3H20 (Acros) dissolved in water via
incipient wetness. The y-Al.O3z support had been crushed, and the sieved fraction between 36 and
100 pm was dried for 1 hour at 110 °C before impregnation. It had a surface area of 210 m? g-1
as determined by BET. After deposition, the catalyst was dried for an additional 1 hour at 110 °C,
followed by reduction in flowing Hz at 300 °C (0.6 °C/min, 5 hours). After reduction, the catalyst
was passivated in flowing 1%0O/Ar at room temperature. The copper surface site density was

determined to be 53 pmol g using a standard N.O chemisorption method.%

Kinetic Experiments

Reaction Kinetics measurements were carried out using a quarter-inch stainless steel tube as a flow
reactor. A fixed-bed, down-flow configuration was maintained by using a quartz wool plug at the
bottom and top of the catalyst bed. The reactor was filled to the top of the heating zone with fused
SiO2 to facilitate heat transfer. The reactor was heated via aluminum blocks in a well-insulated
furnace. The temperature was measured by type-K thermocouples (Cole Parmer) and controlled
by a PID controller (Love Controls Series 16A) connected to a variable transformer (Staco Energy
Products). Prior to reaction kinetics studies, the catalyst was reduced in-situ at 300 °C (0.6 C min°
! ramp) for 5 h. The flow rates of co-fed gasses (UHP grade, Airgas) were controlled using a mass
flow controller (Hastings), and the total gas flow rate out of the system was measured using a
bubble meter. The formic acid (Sigma-Aldrich, 98-100%) was used as purchased and was fed to
the reactor from a stainless steel syringe and a high pressure syringe pump (Harvard Apparatus).
For all experiments, gas analysis was carried out utilizing a Shimadzu GC-8A gas chromatograph
with a HaySep DB 100/120 column (Alltech) and a thermal conductivity detector to detect CO and

CO2. A Shimadzu GC2014 gas chromatograph with an FID detector was used to detect gas phase
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alkanes, including methane, but none were detected under the conditions employed in this study.

Gas phase analysis was performed throughout the duration of the experiment.

4.2.3 Microkinetic Modeling
Mean-field microkinetic modeling was employed to describe the experimentally measured FA
conversions, apparent activation energy barrier, and reaction orders apropos of all gaseous

components. The different aspects of the model development are reported below:

Reaction Network:

Table 4-2 includes a list of elementary steps for which the thermochemistry and Kinetics was
obtained using DFT calculations on clean Cu(111) and Cu(100) surfaces. These steps represent
various pathways for FA decomposition: the direct and ‘adsorbate-assisted' HCOO, COOH and
HCO pathways, and were explicitly considered in the microkinetic model for the two surfaces.
The ‘high-coverage’ models comprised of an abridged version of this reaction network, as shown

in Table 4-6.

Model Inputs:
(1) DFT derived parameters: The microkinetic model was parameterized in terms of the
Shomate parameters of the gas phase reactants and products, most stable adsorption states
of all reaction intermediates, and the transition states of all activated elementary steps.
The temperature and ZPE corrected reaction enthalpies and entropies of all these states
were used to calculate the equilibrium constants, pre-exponential factors, and
forward/reverse reaction rate constants for all elementary steps, using the relations

described in Chapter 2.
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(2) Experimental data: The experimental data that was used in this study comprised of
the inlet flow rates of all gaseous components, reaction temperature, total pressure, total
number of active sites in the catalyst, and the experimentally determined FA conversions

and selectivity to COo.
Adjustable parameters and objective function:
The objective function that was used to quantitatively compare and assess the different solutions
and the corresponding fits, was the normalized sum of squared residuals (NSSR); which is a
measure of the absolute difference between the experimental and model predicted flow rates of the
gaseous products.

Mout
nSSR = min ZZ<E‘M - )

iEn jeG

(4.1)

Where M/* and E3** are the model predicted and experimental outlet flow rates for species j and
experimental condition i. The summation is performed over the flow rates of all outlet species (G)
for all experimental conditions (n).

An additional metric that we have used in this study to compare the quality of different solutions

TOF, TOF,
is the mean absolute error (MAE), defined as MAE = _2:abs (TOFmoder=TO expe”me"t)/

where TOF stands for turnover frequencies.
The DFT derived enthalpies of thermodynamic /transition states were chosen to be the adjustable
parameters for fitting purposes, while the surface entropies and pre-exponential factors were fixed

to their DFT derived values..
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Model Formulation

The model was formulated as a plug flow reactor (PFR), which comprised of 5 differential
equations (one for each gaseous flow rate) and 7 algebraic equations (one each for all reaction
intermediates, and an additional one for the vacant site), is a way described by Madon et al.” The
inbuilt MATLAB solvers and optimization routines were employed to solve these equations and
perform subsequent parameter estimation. In addition to starting with the exact DFT derived
numbers as the initial guesses, we decided to sample the parameter space in the vicinity of these
numbers (x 40 kJ/mol from the DFT derived initial guesses for each adjustable parameter). In this
study, we have adopted a manual approach for sampling the parameter space, an automated multi-

start approach using latin hypercube sampling has recently been reported by Nason et al.*&

Rate Controlling Steps

Campbell’s degree of rate control (Xrc) is employed to analyze the reaction mechanisms and
quantitatively determine the rate determining steps for a set of experimental conditions. This
approach quantifies the kinetic importance of an elementary step in a reaction scheme by
computing the relative change in the overall reaction rate upon changing the forward and reverse
rate constants for that step, while holding the equilibrium constant for that step as well as the rate
constants for all other steps constant. In this formalism, the degree of rate control (Xrc) of each
elementary step can be evaluated using the following relation:

y k; ( or )
RCi — . \<n
l r 6kl Ki,eq 'kj (4.2)

Where ki is the rate constant for step I, Kieq is the equilibrium constant for this step and r is the

overall reaction rate.
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4.3 Results and Discussion

In this section, the results are presented in the order that preserves and highlights the logical
progression and evolution of this project, where we started from a clean Cu(111) surface for our
initial DFT calculations and eventually obtained a good description of the active site and surface

environment for FA decomposition on supported Cu catalysts, under reaction conditions.

4.3.1 Cu(111) - ‘Clean’

In our quest to conclusively determine the active site for this reaction on Cu catalysts, we first
chose a Cu(111) model surface for our DFT calculations to obtain the thermodynamic and Kinetic
parameters for the elementary steps considered in the reaction mechanism. Cu(111) is the
thermodynamically most stable Cu facet, it has been shown to be the preferentially exposed facet
for supported Cu catalysts via TEM studies,*®? and has been proposed to be active for several
reactions involving small oxygenates. HCOO species has for long been considered a key surface
intermediate for several reactions on Cu(111); however, despite an overwhelming spectroscopic
evidence of its existence under reaction conditions on Cu catalysts, its exact surface coverage
under these conditions has never been quantified. In the absence of any definitive knowledge
regarding the surface environment under reaction conditions, we employed a ‘clean’ Cu(111) facet

(no spectator species) for our initial set of DFT calculations.

DFT Calculations

The adsorption geometries for the most stable binding configurations of all surface species on
Cu(111) are illustrated in Figure 4-1, and a summary of the binding energies and preferred
adsorption sites is included in Table 4-1. Table 4-2 reports the reaction energies and activation

energy barriers for all elementary steps involved in this reaction network.
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Figure 4-1 Most stable adsorption configurations for all surface adsorbates on Cu(111). The pink, grey,

red and blue spheres represent Cu, C, O, and H atoms respectively

Table 4-1 Preferred Adsorption Sites and ZPE-Corrected PW91 Adsorption Energies (BE) of Surface

Species on Clean Cu(111)

Species Adsorption Site BE / eV
H* Fcc -2.26
o* Fcc -4.18
OH* Fcc -2.61
H,0* Top -0.16
CO* Fcc -0.82
CO,* No-Preference -0.06
HCO* Bridge -1.07
HCOO* Top-Top -2.57
COOH* Top -1.44
HCOOH* Top -0.16
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Table 4-2 ZPE-Corrected Reaction Energies and Activation Energy Barriers for all Elementary Steps on

Clean Cu(111)

# Reaction AE/eV | E, /eV
1 HCOOH + * ad HCOOH* -0.16 )
2 HCOOH* + 2* < | HCOO** + H* -0.33 0.48
3? HCOOH* + * - COOH* + H* 0.49 1.13
4° HCOOH* +* < | HCO* + OH* 1.10 1.52
5 HCOO** o | COF+H* 0.15 0.95
6 HCOO** + O* o | CO*+ OH* +* -0.48 1.43
7 HCOO**+OH* | & | CO,*+H,0*+* 0.06 1.64
8 HCOO** + H* = | H,+CO*+2* 0.37 191
9 HCOO** < | HCO* + O* 2.06 2.25
10° COOH* + * o | CO*+H* -0.68 0.98
11° COOH* + * o | CO*+ OH* -0.26 0.33
12 COOH* + O* © CO* + H,0* -1.31 -0.32
13° COOH* + OH* | CO,*+H,0* -0.77 -0.44
14 COOH* + H* & | CO*+H,0* -0.35 1.14
15 HCOO* + COOH* < [ HCOOH* + CO,* -0.35 0.11
16° HCO* + * g CO* + H* -0.87 0.07
17° CO* + O* o | CO2* +* -1.05 0.65
18° O*+H* [ o | OH*+* -0.62 0.88
19° 20H* [« | HO*+O¥ 0.53 0.53
20° OH*+H*| o [HO*+~ -0.09 1.09
21 2H* s H,+2* 0.23 0.74
29? COo* i CO+* 0.82 -
23 co,*| « |[CO,+* 0.06 -
24° H,O0* s H,O+>* 0.16 -

a: These values have been taken from our earlier publication.?

Preliminary insights from microkinetic modeling suggest that several elementary steps that have

high activation energy barriers ( > 1.5 eV) are highly unlikely to have any reaction flux under the

operating conditions employed in this study; although all these steps have been explicitly included

in the microkinetic model, we only provide succinct, in-text comments on some key elementary

steps that were found to be part of the catalytic cycle and the surface intermediates that are formed



65

during the course of the reaction; all relevant information pertaining to the other elementary steps
and reaction intermediates can be found in the tables.

The most stable adsorption configuration for FA (HCOOH) is one in which all its atoms lie in a
plane perpendicular to the surface. It binds to the surface via its carbonyl O atom on a top site,
with the C-H and O-H bonds pointing away and towards the surface, respectively, and has a BE
of -0.16 eV.1% 1% The potential importance of the formate intermediate (HCOO) for this reaction
has been highlighted in earlier sections; it binds in a bidentate configuration with both its O atoms
binding to the adjacent top sites of the Cu(111) surface, consistent with the experimental
observations, %1% and has a BE of -2.57 eV.1%% 197 Atomic hydrogen (H) binds preferentially on
the three fold sites, with a BE of -2.26 eV% 197: hoth the fcc and hcp sites are found to be
energetically quasi-degenerate. CO> binds extremely weakly to the surface (BE = -0.06 eV) and
does not exhibit a site preference for its most stable adsorption configuration, as evidenced by the
near degeneracy of its several adsorption states.

For the reaction conditions employed in our experiments, FA decomposition is found to proceed
via a direct dehydrogenation pathway that involves HCOO intermediate. First, HCOOH
dehydrogenation to HCOO proceeds directly from its most stable perpendicular configuration, and
the HCOO-H bond cleavage takes place over a bridge site (Figure 4-2A). The Ea for this step is
0.48 eV (AE = -0.33 eV).%% 19 The significantly higher activation energy barriers of 1.13 eV and
1.52 eV for the two alternate initial bond breaking steps, FA dehydrogenation to COOH and its
dehydroxylation to HCO, respectively, explain why these steps do not contribute to the reaction
rates. The second dehydrogenation step, HCOO conversion to CO2 and H involves rotation of the
HCOO molecule such that the C-H bond is aligned towards the surface; one Cu-O bond is first

cleaved, followed by a C-H bond scission over a bridge site (Figure 4-2B), with an activation
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energy barrier of 0.95 eV.1% The C-H bond length in the transition state is 1.52 A, as compared to
1.11 A in adsorbed HCOO. H; recombinative desorption starts from the two H atoms on adjacent
three-fold sites, and the H-H bond formation takes place over a bridge site (Figure 4-2C), with a
bond length of 0.97 A, as compared to an H, gas phase bond length of 0.75 A, and an activation

energy barrier of 0.74 eV,56: 197,199,200

Figure 4-2 Side and top views of the transition states for the three key elementary steps: (A) HCOOH >
HCOO + H, (B) HCOO - CO; + H, (C) 2H - H; (g) on Cu(111) surface.

Microkinetic Modeling:

A microkinetic model that was parameterized using the DFT derived thermodynamics and Kinetics
parameters was employed to analyze this reaction mechanism and perform comparisons with the
experimental Kinetic dataset. Prior to making any adjustments in the DFT derived initial guesses,
the model predicts 100% conversion for all reaction conditions; the surface is predicted to be
completely clean, and the reaction is found to proceed via the sequence of elementary steps
described in the section above: HCOOH — HCOO + H — CO2 +2H — CO2 + Hp, with the first

step being the rate controlling step. Since the DFT derived parameters for Cu(111) were inadequate
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to describe the experimental observations on supported Cu catalysts, we performed parameter
optimization to try and obtain improved fits with the experimental data.

With a complex model that has 30 adjustable parameters being used to fit a kinetic dataset
comprising of 18 unique conditions, one could expect multiple solutions that yield reasonably good
fits with the experimental observations. Hence, in addition to employing the DFT derived
parameters as the initial guesses, we sampled the parameter space in the vicinity of these initial
guesses to ensure that we do not miss a feasible solution. As a result of this exercise, we found two
unique solutions that provided excellent fits with the experimental dataset, both of which were
able to successfully emulate the experimentally observed apparent activation energy barrier and
the reaction orders for the reactants and products. Henceforth, we will refer to the two solutions as
the 'HCOO solution' and the 'H solution’, for reasons that will become apparent in the following

section. A discussion on these two solutions is presented below:

(1) HCOO solution

Starting from the DFT derived parameters as the initial guesses, the reaction rate was found to be
most sensitive to the binding energies of HCOO and the transition state energies of the direct
HCOO formation and decomposition steps (Steps 2 and 5 in Table 4-2). Small (< 0.1 eV),
successive adjustments were made in the most sensitive parameters until the model predictions
and experimental reaction rates matched. Full optimization of the model was then performed (by
nonlinear least-squares data fitting, using the nlinfit function in Matlab that makes use of the
Gauss-Newton algorithm), to refine the fit and obtain the final, optimized set of parameters.

The parity plot of the experimental and model predicted TOFs corresponding to the best fit solution

is shown in Figure 4-3A; it has an MAE of 0.0004 sec and an NSSR value of 0.98.
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Figure 4-3 (A) Parity plot of experimental and model predicted TOFs. The different colored circles
reporesent the different set of experiments. The H,O and CO partial pressure variation points are hidden
behind the H, Partial Pressure (dark red). (B) Surface coverage (ML) of the most abundant surface
intermediates for the different experimental conditions (i) Temperature (ii) HCOOH PP (iii) H2 PP) (iv)
H>0 PP (v) CO PP variation

The adjustments made to the DFT derived initial guesses in order to obtain this solution are
reported in Table 4-3 and Table 4-4. While the transition state energies for both HCOO formation
and decomposition steps required modest stabilizations of -0.04 eV and -0.09 eV respectively,
both of which are within the DFT error bars, the HCOO intermediate had to be stabilized by -0.32
eV. The surface was predicted to have 0.33 ML — 0.71 ML of adsorbed HCOO, the remaining sites
being vacant. The HCOO surface coverage decreased (increased) with increasing temperature (FA
partial pressure), accompanied by a commensurate change in the number of vacant sites. For the
majority of experiments that were performed at 130°C, the ‘home temperature’ for obtaining
H2/H>,O/CO reaction orders, the HCOO surface coverage was nearly constant, ~ 0.55 ML.
Campbell’s degree of rate control was calculated for all the elementary steps, and HCOO

decomposition was found to be the rate controlling step under all reaction conditions, as reported

in Table 4-4.
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(2) H- solution

The ‘multi-start’ approach led us to an alternate solution that exhibited near-identical fits with the
experimental data as the preceding HCOO solution. The quality of the fit between the model
predicted and experimental TOFs is shown in Figure 4-4, and the adjustments that were required
in the DFT derived parameters in order to obtain this fit are reported in Table 4-3 and Table 4-4.
To obtain these fits, the transition state for the H2 recombination step was destabilized by 0.43 eV,
while those for HCOO formation and decomposition steps were stabilized by -0.18 eV and -0.22
eV respectively. The surface was predicted to have an H coverage of 0.51 ML -0.76 ML, with the
remaining sites being vacant. Hz recombination was found to be the predominantly rate controlling

step under all reaction conditions, as reported in Table 4-4.
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Figure 4-4 (A) Parity plot of experimental and model predicted TOFs. The different colored circles
represent the different set of experiments. The H,O and CO partial pressure variation points are hidden
behind the H; Partial Pressure (dark red). (B) Surface coverage (ML) of the most abundant surface
intermediates for the different experimental conditions (i) Temperature (ii) HCOOH PP (iii) H2 PP (iv)
H,O PP (v) CO PP variation.
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Table 4-3 Adjustments needed in the DFT derived binding energies on clean Cu(111) corresponding to

the best fit

Species HCOO Solution H Solution
ABE / eV ABE / eV
H* 0.00 -0.01
HCOO** -0.32 0.00

Table 4-4 Adjustments needed in the DFT derived transition state energiees corresponding to the best fit,
and the Cambell’s degree of rate control (XRC) for the kinetically relevant elementary steps on clean

Cu(111)
Reaction HCOO Solution H Solution
AETS / eV XRC AETS / eV XRC
HCOOH* +2* | & | HCOO** + H* -0.04 0.11-0.30 -0.18 0.01-0.02
HCOO* + * o | CO*+H* -0.09 0.57-0.88 -0.22 0.15-0.27
2H* o [ H+2* 0.00 0.00-0.01 0.43 0.62-0.83

After careful sampling of the parameter space, we were able to establish, with reasonable

confidence, that the two solutions presented here were the only ones that were able to accurately

describe all the experimental measurements: including the reaction orders, apparent activation

energy barrier, and turnover frequencies. An enthalpy surface that compares the DFT derived

energetics with those corresponding to ‘HCOO solution” and ‘H solution’, at 130°C, is shown in

Figure 4-5.
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Figure 4-5 2-dimensional PESs of FA decomposition reaction via the HCOO pathway on clean Cu(111).
Zero-energy corresponds to the gasphase enthalpy of FA molecule. The blue line corresponds to the DFT
derived PES, and the red and green lines reflect the enthalpies of the thermodynamic and transition states
for the HCOO solution and H solution, respectlively. The maximum adjustments made for both these
solutions is also reported.

Although the thermodynamics and kinetic parameters used in the model were all collected on a
clean Cu(111) surface, both solutions predicted substantial coverages of either HCOO or H species
on the surface. Hence, there exists a disparity between the model predicted surface environment
and one that was employed in the DFT calculations, and a direct comparison of the optimized
thermodynamic and kinetic parameters obtained from microkinetic modeling with their DFT
derived counterparts is logically fallacious. This merits further investigation, and we attempted to

close this gap by performing additional DFT calculations with appropriately chosen unit cells, as

described below.
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4.3.2 Cu(111) - High Coverage

HCOO solution

The model predicted surface coverage of HCOO for this solution was found to vary with the
experimental conditions, within a range of 0.32 ML and 0.70 ML. It should be noted here that
since HCOO is a bidentate species, (a) the surface concentration of HCOO species is half that of
the predicted surface coverage (in ML), and (b) for DFT calculations on a 3x3 unit cell, its
coverage can only be varied in increments of 2/9 ML (as opposed to 1/9 ML for monodentate
species). We decided to perform our high-coverage calculations in presence of 4/9 ML of
'spectator' HCOO, which corresponds to two HCOO species, in a (3x3) Cu(111) unit cell; this

surface will be referred to as the ‘Cu(111)-HCOQ’ in the subsequent sections.

DFT Calculations

HCOOH is found to exhibit significantly strong binding in presence of 2 spectator HCOO species,
with a BE of -0.55 eV, as opposed to -0.16 eV on the clean slab. This is primarily because of H-
bonding that exist between the hydroxyl H of HCOOH and the neighboring oxygen atom of the
HCOO species, with the distance between two atoms being 1.49 A, as illustrated in Figure 4-6A
and further accentuated in Figure 4-14A. Also, the most stable binding configuration of HCOOH
is one where it binds to the surface via the O atom on the bridge site (Figure 4-6A), compared to
the top site on clean Cu(111). The most stable adsorption configuration of HCOO species, in
presence of 2 spectator formates, is a bidentate form where one of the two O atoms is slightly
displaced from the top site of Cu(111) (Figure 4-6C), and exhibits a slightly weakened binding
of -2.40 eV (-2.57 eV on the clean slab). Also, in contrast with the clean surface, we found a stable
monodentate adsorption state for HCOO intermediate that binds to the surface through one O atom

on the hcp site (Figure 4-6B), with a BE of -2.16 eV. The existence of a monodentate HCOO on
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Cu(111) was reported by Gokhale et al.> wherein they had employed a (2x2) unit cell for their
calculations, which further underlines the importance of surface coverage effects on the structural
stability of adsorbed states. As it did on the clean slab, H atom occupies a hollow site with a BE

of -2.26 eV, identical to that on the clean slab.

mo-HCOO

Figure 4-6 Most stable adsorption configurations for all surface adsorbates on a HCOO-covered Cu(111).
The pink, grey, red and blue spheres represent Cu, C, O, and H atoms respectively

The activation energy barrier for HCOOH dehydrogenation to HCOO in presence of 4/9 ML of
spectator HCOO is 1.01 eV (AE =0.23 eV), which is much higher than on the clean slab, primarily
because the initial state is stabilized due to H-bonding. Also, the HCOO-H bond scission takes
place on a 3-fold site, as opposed to a bridge site on the clean slab.

In contrast with the clean slab, the HCOO decomposition to CO> in presence of HCOO spectator
species is a two-step process. The first step is the rotation of bidentate HCOO that involves an O-
Cu bond cleavage, and results in a metastable monodentate ‘mo-HCOO’ intermediate; this step
has an activation energy barrier (reaction energy) of 0.30 eV (0.24 eV). This intermediate then

undergoes dehydrogenation to form CO- and adsorbed H, with an Ea = 0.49 eV and AE = -0.20
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eV. The recombinative desorption of H, from adsorbed H atoms is the step that is least affected by
the presence of spectator HCOO species; it has an Ea and AE of 0.84 ¢V and 0.23 eV respectively,

similar to the clean slab values of 0.74 eV and 0.23 eV.

Microkinetic Modeling:

With no adjustments to the DFT derived parameters on high HCOO-covered surface, the model
under predicts the rates by 2 orders of magnitude. Starting from this curtailed model with a revised
set of initial guesses for the DFT parameters, we perform parameter optimization and obtain good
fits with the experimental data, much the same way as described in the earlier sections.

Table 4-7 and Table 4-8 report the adjustments that were made in the DFT parameters in order
to obtain these fits. The model predicts a HCOO surface coverage of 0.34 ML — 0.72 ML; hence,
from the surface coverage standpoint, this is a self-consistent solution in that the model predicted
surface coverages are consistent with those employed in DFT calculations. However, while the
adjustments made in most parameters are within the DFT error bar (0.2 eV), the HCOO binding
energy requires stabilization by -0.51 eV. This adjustment is too large to be attributed solely to the
errors in our DFT calculations. Hence, based on this solution alone, we cannot claim Cu(111) to

be the active site.
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Figure 4-7 Side and top views of the transition states for the four key elementary steps: (A) HCOOH >
HCOO + H, (B) HCOO - mo-HCOO (C) mo-HCOO > CO2 + H, (D) 2H = Hz (g) ona HCOO covered

Cu(111) surface.
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Figure 4-8 2-dimensional PESs of FA decomposition reaction via the HCOO pathway ona HCOO-covered
Cu(111) surface. Zero-energy corresponds to the gasphase enthalpy of FA molecule. The blue line
corresponds to the DFT derived PES, and the red line corresponds to the best-fit solution. The adjustment
required in the binding energy of HCOO is also reported.
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H Solution

The alternate, ‘H-solution’ suffered from the same surface-coverage inconsistencies, as it predicted
high H coverages on the surface when the DFT derived initial guesses were obtained from the
calculations on a clean Cu(111) facet. Hence, we performed further DFT calculations using a unit
cell that mimics the surface coverages predicted by the microkinetic model to address this issue.
For the ‘best-fit” solution, the microkinetic model predicts H surface coverage in the range of 0.51
ML - 76 ML depending on the reaction temperature; for the majority of the experiments that were
performed at 130°C, this coverage is predicted to be ~0.66 ML. For these reasons, we decided to
repeat the DFT calculations on a unit cell that has 0.66 ML of pre-adsorbed H as spectator species.
As was the case for the HCOO-solution, we decided to only repeat these calculations for the ‘key

elementary steps’, i.c., the steps that were found to be part of the closed catalytic cycle.

DFT Calculations

HCOOH exhibits very weak binding (BE = -0.03 eV), with several energetically degenerate
adsorption configurations, one of which is shown in Figure 4-9A. HCOO binds preferentially in
a bidentate configuration, however, one of the 2 O atoms now binds on the bridge site, as opposed
to both of them being on the top sites on the clean slab (Figure 4-9B). This results in a significantly
weaker binding (BE = -1.96 eV, as opposed to -2.57 eV on the clean slab). Figure 4-9C shows
the most stable adsorption configuration of 7 H atoms on the surface; all the H atoms are found to
occupy the hollow sites and the differential BE of the seventh H atom is -2.09 eV, as opposed to

the BE of -2.26 eV of H on clean Cu(111) .



77

.«\

e 0 b 0 e b O
oAV Y | VY W | T

Figure 4-9 Most stable adsorption configurations for all surface adsorbates on a H-covered Cu(111). The
pink, grey, red and blue spheres represent Cu, C, O, and H atoms respectively

HCOOH decomposition to HCOO + H has an activation energy barrier of 0.77 eV, with AE =0.32
eV, and the O-H bond scission takes place over a threefold site, as opposed to a bridge site on
clean Cu(111). The transition state geometries of HCOO dehydrogenation and H> recombination
are both very similar to their clean-slab counterparts, and this is reflected in their activation energy
barriers. Although these barriers are arguably similar to those on the clean slab, the corresponding
transition states have substantially higher energies, due to the significant destabilizations in the

initial states of these steps; this is illustrated in the enthalpy surface shown in Figure 4-11.
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Figure 4-10 Side and top views of the transition states for the three key elementary steps: (A) HCOOH
- mo-HCOO + H, (B) mo-HCOO - CO; + H, (C) 2H - H2 (g) on a H-covered Cu(111) surface.

Microkinetic Modeling:

A microkinetic model that makes use of these DFT numbers as the initial guesses under predicts
the HCOOH decomposition rate by > 6 orders of magnitude. In order to obtain good fits with the
experimental data starting from these initial guesses, significant adjustments are required for
several parameter values. The adsorbed HCOOH, HCOO and H were stabilized by -0.10 eV, -0.09
eV, and -0.30 eV respectively, whereas the transition state energies of HCOO formation, HCOO
decomposition, and H> recombination steps were adjusted by -0.56 eV, -0.72 eV and -0.23 eV
respectively. As before, several of these are very large deviations that cannot be attributed simply

to the inaccuracies in our DFT calculations.
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Figure 4-11 2-dimensional PESs of FA decomposition reaction via the HCOO pathway on a H-covered
Cu(111) surface. Zero-energy corresponds to the gasphase enthalpy of FA molecule. The blue line
corresponds to the DFT derived PES, and the green line corresponds to the best-fit solution. The
adjustment required in the transition state energy for HCOO decomposition is also reported.

In this section we showed how the DFT derived parameters on all three surfaces (clean and high
HCOO/H covered Cu(111)) were inadequate in describing the experimental observations. In the
subsequent sections, we explore the possibility of an active site different from the Cu(111) facet
for this reaction. We chose Cu(100) for our subsequent studies, as it is the next most stable facet;
additionally, it is the only other facet that was visible in the TEM images under reaction conditions.
We follow the same approach as was presented in this section; i.e., we first start with the DFT

calculations on clean Cu(100) and make necessary adjustments based on the model predictions.
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Table 4-5 Preferred Adsorption Sites and ZPE-Corrected PW91 Adsorption Energies (BE) of Surface
Species on High HCOO/H covered Cu(111)

Species Cu(111) with 4/9ML of HCOO Cu(111) with 6/9ML of H
Adsorption Site BE / eV Adsorption Site BE /eV
H* fcc -2.26 fce/hep -2.09
HCOO** top-top -2.40 top-bridge -1.96
mo-HCOO* hcp -2.16 - -
HCOOH* bridge -0.55 top -0.03

Table 4-6 ZPE-Corrected Reaction Energies and Activation Energy Barriers for all Elementary Steps on
high HCOO/H covered Cu(111)

# Reaction Cu(111) with 4/9ML | Cu(111) with 6/9ML of
of HCOO H
AE/eV | E,/eV | AE/eV E,/eV
1 HCOOH + * o HCOOH* -0.55 - -0.03 -
2 HCOOH* + 2* - HCOO** + H* 0.23 1.01 0.32 0.77
3 HCOO** o mo-HCOO* + * 0.24 0.30 - -
4 mo-HCOO* + * o CO,* + H* -0.20 0.49 - -
5 2H* - H, +2* 0.23 0.84 -0.12 0.80
6 HCOO** - CO,* + H* - - -0.23 0.73

Table 4-7 Adjustments needed in the DFT derived binding energies on high HCOO/H covered Cu(111)
corresponding to the best fit

Species HCOO Solution H Solution
ABE / eV ABE / eV
H* 0.00 -0.30
HCOO** -0.51 -0.09
HCOOH* 0.00 -0.10
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Table 4-8 Adjustments needed in the DFT derived transition state energiees on high HCOO/H covered
Cu(111) corresponding to the best fit, and the Cambell’s degree of rate control (XRC) for the kinetically
relevant elementary steps

Reaction HCOO Solution H Solution
AETS / eV XRC AETS / eV XRC
HCOOH* +2* [ & | HCOO** + H* -0.19 0.10-0.26 -0.56 0.11-0.26
HCOO** | & [ mo-HCOO* +* 0.00 0.00 -- --
mo-HCOO* +* | & | CO* +H* -0.06 0.60-0.89 -- --
2H* o | H,+2* 0.00 0.01-0.00 -0.23 -0.73-0.88
HCOO** o | CO*+H* -= - -0.72 0.00-0.01

4.3.3 Cu(100) - ‘Clean’

DFT Calculations

Table 4-5 reports the DFT derived binding energies for all the reaction intermediates considered
in this study, and Table 4-6 contains the reaction enthalpies and activation energy barriers of all
the elementary steps included in the reaction network.

HCOOH binds on the Cu(100) surface via its O atoms in a slightly off-top position, with a BE of
-0.32 eV. HCOO binds in a bidentate configuration, similar to the Cu(111) surface, and has a BE
of -2.95 eV. In the absence of a threefold site on Cu(100), H preferentially binds on a fourfold
hollow site, with the BE of -2.27 eV. It can be seen from Tables 1 and 9 that Cu(100) exhibits
stronger binding for all surface intermediates when compared to Cu(111), as was expected due to

the lower coordination of surface atoms.
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Figure 4-12 Most stable adsorption configurations for all surface adsorbates on clean Cu(100). The pink,
grey, red and blue spheres represent Cu, C, O, and H atoms respectively

HCOOH decomposition to HCOO starts from its most stable adsorption configuration; the C-H
bond scission takes place over the bridge site and the final state is a bidentate HCOO species with
an H atom coadsorbed on an adjacent fourfold hollow site; this step has an Ea (AE) of 0.42 eV (-
0.57 eV). The HCOO decomposition is initiated by a rotation of the bidentate HCOO molecule
that entails an O-Cu bond breaking, and is followed by the C-H bond scission that takes place over
a bridge site with an Ea (AE) = 1.21 eV (0.52 eV).

H> recombination reaction starts with two H atoms coadsorbed on diagonally-adjacent fourfold
hollow sites and the transition state has both H atoms on adjacent bridge sites, with H-H bond
length of 1.17 A, as compared to the gas phase bond length in Hz of 0.75 A. This step has an Ea
and AE of 0.7219%2% e/ and 0.25 eV respectively, near identical to the Cu(111) surface, and is

structure insensitive.
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Figure 4-13 Side and top views of the transition states for the three key elementary steps: (A) HCOOH

- HCOO + H, (B) HCOO = CO, + H, (C) 2H = Hz (g) on clean Cu(100) surface.

Table 4-9 Preferred Adsorption Sites and ZPE-Corrected PW91 Adsorption Energies (BE) of Surface

Species on Clean Cu(100)

Species Adsorption BE / eV
Site
H* fcc -2.27
o* fcc -4.65
OH* fcc -2.92
H,0* top -0.23
Cco* bridge -0.86
CO,* physisorbed -0.05
HCO* bridge-top -1.39
HCOO** top-top -2.95
COOH* bridge-bridge -1.74
HCOOH* top -0.32
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Table 4-10 ZPE-Corrected Reaction Energies and Activation Energy Barriers for all Elementary Steps on

Clean Cu(100)

# Reaction AE eV E,/eV
1 HCOOH + * ad HCOOH* -0.32 -

2 HCOOH™* + 2* ad HCOO** + H* -0.57 0.42
3 HCOOH* + * o COOH* + H* 0.35 0.94
4 HCOOH™* + * o HCO* + OH* 0.64 1.05
5 HCOO** o CO,* + H* 0.52 1.21
6 HCOO** + O* o CO,* + OH* +* 0.07 1.47
7 HCOO** + OH* o CO,* + H,O* + * 0.68 1.34
8 HCOO** + H* o H, + CO,* +2* 0.77 1.84
9 COOH* + * o CO,* + H* -0.39 112
10 COOH* +* o CO* + OH* -0.30 0.21
11 COOH* + O* g CO* + H,0* -0.84 -0.09
12 COOH* + OH* o CO,* +H,0* -0.24 -0.58
13 COOH* + H* o CO* + H,0* -0.15 1.69
14 HCOO* + COOH* o HCOOH* + CO,* 0.17 0.67
15 HCO* + * g CO* + H* -0.60 0.21
16 CO* + O* o CO,*+* -0.54 0.63
17 O* + H* ad OH* + * -0.45 1.13
18 20H* ad H,0* + O* 0.60 0.66
19 OH* + H* o H,0* +~* 0.15 0.98
20 2H* ad H, +2* 0.25 0.72
21 Co* ad CO+* 0.86 -
29 CO,* o CO,+* 0.05 -
23 H,0* - H,O+>* 0.23 -

Microkinetic Modeling

A model that is parameterized using the DFT derived thermodynamic and kinetic parameters on

Cu(100) is used for parameter estimation and model optimization, using the same approach as was

described earlier for clean Cu(111). With no adjustments to these parameters, this model predicts

the rates that are an order of magnitude smaller than the measured rates on the supported Cu
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catalyst. Starting with these parameters as the initial guesses, we obtained a solution that offers
excellent fits with the experimental dataset, with minimal adjustments needed in the DFT
parameters. The alterations made in the DFT parameters are reported in Table 4-11 and Table
4-12; it can be seen that the maximum adjustment that was made was -0.14 eV, in the transition
state energy for HCOO decomposition step, which is well within the error bars of our DFT
calculations. The sequence of elementary steps that describe the reaction mechanism is the same
as the Cu(111) surface, i.e. : HCOOH - HCOO + H - CO; + 2H - CO- + Ha. For this solution,
the surface is predicted to have a high coverage ( 0.32 ML — 0.78 ML)of surface HCOO, with ~
0.55 ML being the predicted coverage for most experimental conditions that were collected at the
‘home temperature’. Hence, there exists an inconsistency between the surface coverages that are
predicted by the model and those employed in the DFT calculations, and we address this issue in
the following section.

As before, we also sampled the parameter space within £ 40 kJ/mol of the DFT derived initial
guesses to capture any other feasible solutions that we might have missed by starting only from
the DFT derived initial guesses and performing gradient based search. This led us to the ‘H-
solution’, that also exhibits excellent fits with the experimental data, but predicts adsorbed H to be
the most abundant surface intermediate (MASI) instead, with a coverage of 0.53 ML — 0.67 ML.
The adjustments required in the DFT derived parameters to obtain this solution are significantly
higher than the ones in the ‘HCOO solution’, with the transition state energy for H> recombination

step requiring destabilization by ~ 0.42 eV.
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Figure 4-14 2-dimensional PESs of FA decomposition reaction via the HCOO pathway on clean Cu(100).
Zero-energy corresponds to the gasphase enthalpy of FA molecule. The blue line corresponds to the DFT
derived PES, and the red and green lines reflect the enthalpies of the thermodynamic and transition states
for the HCOO solution and H solution, respectlively. The maximum adjustments made for both these

solutions is also reported.

Table 4-11 Adjustments needed in the DFT derived binding energies on clean Cu(100) corresponding to

the best fit

Species HCOO Solution H Solution
ABE / eV ABE / eV
H* 0.00 -0.02
HCOO** -0.09 0.00

Table 4-12 Adjustments needed in the DFT derived transition state energiees corresponding to the best
fit, and the Cambell’s degree of rate control (XRC) for the kinetically relevant elementary steps on clean

Cu(100)
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Reaction HCOO Solution H Solution
AETS / eV XRC AETS / eV XRC
HCOOH* +2* [ & | HCOO** + H* 0.08 0.08-0.26 0.00 0.02-0.07
HCOO*+* [ & | CO*+H* -0.14 0.75-0.91 -0.11 0.33-0.36
2H* [ o | H,+2* 0.00 0.00 0.42 0.58-0.62

4.3.4 Cu(100): High Coverage

For both solutions described above, there exists a disparity between the surface coverages
predicted by the model and those employed in the DFT calculations. Our studies on Cu(111),
wherein we performed rigorous DFT calculations on high HCOO and H covered surfaces, had
shown that the overall thermochemistry and kinetics was affected to a significantly greater extent
by the presence of large amounts of H on the surface, than that of HCOO. Taking cues from those
studies, we first performed only the thermochemistry calculations on high — H covered surface on
Cu(100). The results from these calculations confirmed that the thermochemistry for the reaction
in presence of large amounts of H was significantly worse than that on the clean slab, much the
same way it was on Cu(111). For these reasons, we did not perform additional activation energy

barrier calculations on high-H covered surface, and pursued the HCOO solution instead.

HCOO Solution

For reasons listed above, we performed additional thermochemistry and Kinetics calculations for
the abridged reaction network on a Cu(100) surface with 0.44 ML of spectator HCOO.

HCOOH exhibits significantly stronger binding in the presence of adjacent spectator HCOO, due
to H-bonding, and has a BE of -0.69 eV (-0.32 eV) on the clean slab. This difference in BEs

between the clean and high HCOO covered surface is same as the one obtained on the Cu(111)
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surface, suggesting that the extent of H-bonding is the same on both surfaces. The similar binding

configurations of HCOOH on the two surfaces (Figure 4-15) supports this finding.

(a) 1 49A (b) 1.55 A

Tioo Tido

Figure 4-15 Most stable adsorption configuration of HCOOH on high HCOO covered (A) Cu(111) and
(B) Cu(100), which is stabilized by the H-bonding of its hydroxyl H with neighboring HCOO species.

HCOO binds preferentially in a bidentate configuration (Figure 4-16C), with a BE of -2.85 eV (-
2.95 eV on clean slab). Contrary to the clean surface, we found a stable monodentate configuration
for HCOO (Figure 4-16B) that has a BE of -2.39 eV. H binds on a fourfold site (Figure 4-16D),
with a BE that is near-identical to its clean slab counterpart.

HCOOH decomposition to HCOO starts from its most stable adsorption configuration and the O-
H bond cleavage takes place over an off-bridge site with an Ea (AE) =1.09 eV (-0.06 eV). HCOO
decomposition to CO2 and H is a two-step process; the bidentate HCOO first undergoes rotation
to give a monodentate HCOO species with an Ea (AE) = 0.54 eV (0.46 ¢V). The monodentate
HCOO then undergoes C-H bond cleavage over a bridge site to give gas-phase CO, and adsorbed
H, with an Ea (AE) = 0.51 eV (0.03 eV). The final step is H2 recombination that starts with the
two hydrogen atoms adsorbed on diagonally adjacent hollow sites and the transition state has the

two atoms on the adjacent bridge sites.
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Figure 4-16 Most stable adsorption configurations of the four key surface adsorbates on a HCOO -covered
Cu(100). The pink, grey, red and blue spheres represent Cu, C, O, and H atoms respectively.

Figure 4-17 Side and top views of the transition states for the four key elementary steps: (A) HCOOH >
HCOO + H, (B) HCOO - mo-HCOO (C) mo-HCOO -> CO; + H, (D) 2H = H; (g) on high HCOO
covered Cu(111) surface.

Table 4-13 Preferred Adsorption Sites and ZPE-Corrected PW91 Adsorption Energies (BE) of Surface
Species on HCOO covered Cu(100)
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Species Adsorption Site BE / eV
H* fcc -2.25
HCOO** top-top -2.85
HCOO* bridge -2.39
HCOOH* top -0.69

Table 4-14 ZPE-Corrected Reaction Energies and Activation Energy Barriers for all Elementary Steps on
HCOO covered Cu(100)

# Reaction AE / eV E,/eV
1 HCOOH + * g HCOOH* -0.69 -
2 HCOOH* + 2* o HCOO** + H* -0.06 1.09
3 HCOO** o HCOO* + * 0.46 0.54
4 HCOO* + * CO,* + H* 0.03 0.51
5 2H* o | H+2* 0.21 0.77

Microkinetic Modeling:

A microkinetic model that uses the DFT numbers obtained on high HCOO-covered Cu(100) as the
initial guesses under predicts the TOFs by an order of magnitude; however, when we use these
DFT numbers as the initial guesses, the maximum adjustment that we need to make is < 20 kJ/mol
to get to the solution that gives an excellent fit with the experimental TOFs, and accurately
describes the experimentally observed reaction rates and apparent activation energy barrier. The
model predicts a HCOO surface coverage of 0.34 ML — 0.72 ML, with HCOO - CO; + H being
the RCS.

Hence, for this solution, the surface coverages predicted by the model are consistent with the ones
used in our DFT calculations to get the initial guesses for the energetics (thermochemistry and

kinetics) for HCOOH decomposition on Cu(100).
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Figure 4-18 2-dimensional PESs of FA decomposition reaction via the HCOO pathway on a HCOO-
covered Cu(111) surface. Zero-energy corresponds to the gasphase enthalpy of FA molecule. The blue
line corresponds to the DFT derived PES, and the red line corresponds to the best-fit solution. The
adjustment required in the transition state energy for the HCOO formation step is also reported.

Table 4-15 Adjustments needed in the DFT derived binding energies on high HCOO/H covered Cu(100)
corresponding to the best fit

Species HCOO Solution
ABE / eV
H* 0.00

HCOO** -0.07
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Table 4-16 Adjustments needed in the DFT derived transition state energiees on high HCOO covered
Cu(111) corresponding to the best fit, and the Cambell’s degree of rate control (XRC) for the kinetically
relevant elementary steps

Reaction HCOO Solution
AETS / eV XRC
HCOOH* +2* [ & | HCOO** + H* -0.18 0.10-0.23
HCOO** | & [ mo-HCOO* +* 0.00 0.00
mo-HCOO* +* [ & | CO*+H* 0.10 0.60-0.89
2H* | o | H,+2* 0.00 0.01-0.00

4.4 Conclusions

Using an iterative approach that involves first principles DFT calculations, reaction Kinetics
measurements, and microkinetic modeling, we systematically investigated the formic acid
decomposition reaction on supported Cu catalysts. We performed an extensive set of DFT
calculations on clean Cu(111) and Cu(100) surfaces as the single crystal facets representative of
the supported Cu catalysts employed in our reaction Kinetics experiments, to obtain the initial
guesses for the thermodynamics and kinetics parameters for our microkinetic model. While we
were able to obtain excellent fits with the experimental dataset starting from the initial guesses
obtained from the DFT calculations on the clean slabs, the models predicted a high surface
coverages (0.30 ML — 0.80 ML) of either HCOO or H species on the surface for all reaction
conditions. We repeated our DFT calculations for key elementary steps, using unit cells that have
spectator HCOO and H species, to address this inconsistency in the surface environment between

DFT calculations model predictions.
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Our studies revealed that contrary to several earlier reports, Cu(111), in all likelihood, does not
contribute to the overall rates for this reaction, that Cu(100) is the most probable active site for
this reaction, and that the overall energetics (thermochemistry and kinetics ) of this reaction varies,
to a great extent, with the surface coverages of reaction intermediates employed in the DFT
calculations.

This formic acid dehydrogenation reaction is found to proceed via the following sequence of
elementary steps: HCOOH - HCOO + H - CO. + 2H - CO2(g) + H2 (g); HCOO decomposition
to CO and H is found to be the rate controlling step for all the experimental conditions that were
studied, and the Cu(100) surface is expected to have a HCOO coverage of 0.36 ML — 0.73 ML
under the reaction conditions.

This is a first study of its kind that demonstrates, in detail, the steps involved in an iterative process
that ensures holistic self-consistency of the solutions with respect to the surface coverages, which
is crucial in developing an accurate fundamental understanding of the chemistries of

heterogeneously catalyzed reactions.
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Chapter 5

Formic Acid Decomposition on Transition
Metals: Catalyst Design via Microkinetic
Modeling

In Chapters 1 and 2, we presented an iterative approach that employs DFT, experiments, and
microkinetic modeling to obtain fundamental insights into the reaction mechanism of formic acid
decomposition on supported Au and Cu catalysts. In this chapter, we build on those studies and
utilize the large database of thermodynamic and Kinetic parameters on transition metals to initiate

a systematic, descriptor based search for the optimal alloy catalyst for this reaction.

5.1 Methods

All calculations were performed using DFT, as implemented in DACAPO, °% % a total energy
code. These calculations were performed on (111) and (100) facets of face-centered cubic (fcc)
metals (Ag, Au, Rh, Ir, Ni, Pd, Pt and Cu) and (0001) facet of hexagonal close-packed (hcp) metals
(Re, Ru, Os, Co). All the surfaces were modeled using a 3x3 unit cell, corresponding to 1/9 monolayer
(ML) coverage for a single monodentate adsorbate, with 4-6 layers of metal atoms, periodically
repeated in a super cell geometry with five equivalent layers of vacuum between any two
successive metal slabs. All atoms were fixed to their bulk-truncated positions for the close-packed
facets, while the top two layers were allowed to relax for the more open, (100) facets. Previous
calculations have shown that the effect of relaxing the metal atoms is minimal for the close-packed
surfaces.?®% 202 The lattice constants for all the metals were optimized and compared against their

experimental values.'8" 202 The surface Brillouin zone of close-packed facets was sampled at 18
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special Chadi-Cohen® k points, while that for the (100) facets was sampled by using a 4x4x1
Monkhorst-Pack k-point mesh.®® lonic cores were described by ultrasoft Vanderbilt pseudo-
potentials®” and the Kohn-Sham one-electron valence states were expanded in a basis of plane
waves below a kinetic energy of 25 Ry. The exchange-correlation energy and potential were
described self-consistently using the generalized gradient approximation (GGA-PW91).%¢ The
electron density was determined by iterative diagonalization of the Kohn-Sham Hamiltonian,
Fermi population of the Kohn-Sham states (keT = 0.1 eV), and Pulay mixing of the resulting
electronic density. The total energies were then extrapolated to keT = 0 eV. Adsorption was
permitted on only one of the two exposed surfaces, and the dipole moment was adjusted
accordingly.®® % The minimum energy pathways and corresponding activation energy barriers for
all bond formation/cleavage elementary steps were calculated using the climbing image nudged
elastic band method (CI-NEB).1%2 The elementary step trajectory was discretized over seven
images, excluding endpoints. All transition states were confirmed by vibrational frequency
calculations yielding a single negative curvature mode. These transition states were only calculated
for Cu, Pt, Pd, Ni, and Au; this selection was made to explore a wide range of binding strengths

among the catalysts, and only thermochemistry calculations were performed for all other metals.

5.2 Results and Discussion

5.2.1 Reaction Network

As was reported in Chapters 1 and 2, the closed catalytic cycle for FA decomposition on Cu and
Au catalysts comprised of only three bond breaking/formation steps, via the ‘direct HCOO
mediated pathway’ : HCOOH - HCOO + H = CO: + 2H - CO: + Ha. Similar studies on Pt and
Pd catalysts revealed that, in addition to the steps reported above, the ‘direct COOH-mediated

pathways’ (HCOOH = COOH + H = [(CO; + 2H) OR (CO + H,0)] = [(COz + Ho) or (CO +
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H20)] also contribute to the overall reaction rates under certain reaction conditions. In this chapter,

we have adopted a reaction network that comprises of the two pathways listed above, as shown in

Figure 5-1.
Formate Pathway Carboxyl Pathway
HCOOH * + 2* « HCOO** + H* HCOOH* + * < *COOH + H*
HCOO** o H* + CO,* *COOH +*  « CO,*+ H*
*COOH +* « CO*+ OH*

Adsorption/ Desorption

HCOOH +* < HCOOH * OH* + H* < H,0* + *
H,O* « H,O+*
CO+* < CO*

11 elementary steps

2H* < Hy+2* 7 surface species

COQ* Ad C02 + *

Figure 5-1The reaction network considered in the microkinetic model used for developing the reactivity
and selectivity volcano plots.

5.2.2 Reactivity Descriptors and Scaling Relations

Linear Scaling Relations to Estimate Binding Energy
It has been shown in several past studies that the DFT derived binding energy (BE) of surface
adsorbates scale linearly with the BEs of the atoms through which they bind to the surface. All
surface species involved in FA decomposition reaction network bind to the catalyst surface via
either the C or the O atom (or in rare cases, both atoms). Hence, the BE of all the intermediates
can be related to the BE of these two atoms, as shown below:

BE =mBE, + nBE; + b
Where m and n are the empirically calculated slopes, b is the intercept, and BEo and BEc are the

binding energy of oxygen and carbon atoms respectively. The adsorption energy for all reaction
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intermediates that were obtained on 8 fcc metals (Au, Ag, Cu, Ir, Ni, Pt, Pd, and Rh), and 4 hcp
metals (Co, Os, Ru, Re) (Table 5-1 reports these values for the close-packed facets) were used to
develop the linear scaling relations motivated by the bond order conservation models. Figure 5-2
and Figure 5-3 show these scaling relations for the selected adsorbates present in the reaction

network, on the close-packed facets.

Table 5-1Calculated PW91 Binding Energy (BE), in eV, of adsorbed species on 12 close-packed metal
facets. Zero of the energy scale is the energy of the clean slab and gas phase species at infinite separation
from each other.

C 0] OH HCO | HCOO | HCOOH | H20 H CO | COCOH
Au | -3.68 | -247 | -1.56 | -1.20 -1.78 -0.16 -0.15 -2.22 | -0.10 | -1.35
Ag |-3.15] -3.16 | -2.28 | -0.86 -2.31 -0.18 -0.17 -2.07 | -0.10 | -1.19
Cu 43 | 414 | -2.69 | -1.13 -2.76 -0.23 -0.21 -2.38 | -0.72 | -1.52

Pt -6.57 | -3.73 | -2.11 | -2.35 -2.35 -0.37 -0.33 -2.70 | -1.74 | -2.40
Pd -6.46 | -3.73 | -2.22 | -2.25 -2.34 -0.39 -0.30 -2.83 | -1.95 | -2.19
Ni -6.38 | -4.94 | -2.98 | -2.17 -2.80 -0.32 -0.27 -2.81 | -1.90 | -2.25
Rh -7.05 | -4.74 | -2.72 | -2.41 -2.94 -0.49 -0.39 -2.82 | -1.92 | -2.58
Ir -6.88 | -4.69 [ -2.60 [ -2.38 -2.94 -0.43 -0.38 -2.73 | -1.83 | -2.63
Co |-659| -5.23 | -3.13 | -2.04 -2.67 -0.33 -0.29 -2.98 | -1.83 | -2.25
Os -71.37 | -5.47 | -3.05 [ -2.77 -3.62 -0.69 -0.60 -2.81 | -2.10 | -3.05
Ru -6.99 | -5.29 | -3.22 | -2.68 -3.50 -0.81 -0.60 -2.90 | -1.98 [ -3.00
Re -747 | -6.69 | -3.72 | -2.72 -3.55 -0.64 -0.55 -3.04 | -1.92 | -2.83




98

109y 0.4033x + 0.1795 £ 109 .
R>=0.9185 ’ — Au,
1.5 . Au > .15 .
Cu L C
o~ u
< 201 Pd 5 20l
~ “-—Ni uJ8 Ni
g o P M 25 ,niPd
b a0 3 . Pt
9 -3.0 + C,MAE=0.13
-3.5 . - ; . : , o) T T : - y
8 -7 B -5 -4 3 -2 -3.0 25 20 -1.5 -1.0
BE.. (eV
c (&) Calculated BE, (€V)
1.6+ -1.5
y = 0.4446x - 0.7854 Au
2 _ . —_— .
201 R"=0.8171 Pd S -2.04 Au
[ .
— ; "’O ) Pt\.
3 28 g 25 Cu. ™ pg
= o :
§ -3.0 m : .. :,‘
©
W s 3 35 Ni
s - * 0, MAE =0.19
4.0 o B -40 . : : : :
8 7 6 5 4 3 =2 40 -35 -30 25 -20 -15
BE, (eV) Calculated BEHCOO (eV)
20- -2.04
2010 =0.1952x - 1.5041 A .
R’ = 0.9036 -2.21 u,
2 % 24l Cu
— -25/] ~ .
I
% Wi 261 Pd Ni
= D g P
w T “ "y "
m £ . .
-3.0- @ -3.04
A 3] + C,MAE =008
8 7 B 5 -4 3 =2 32 30 28 26 24 22 20
BE. (eV) Calculated BE,, (eV)
y = 0.4900x + 1_4701 = 0.4954x - 0.4521
0.0 45l
R’ = 0.9543 Au- - 2R = 0,933 Au-
0.5 2.0/ Pt
. 4 . Pd-:
2 10 Cu > 25
~ ~— - 'Cu
Q.15 Pt 5 3.0 -
w ) i, Ni wl s "Ni
2] -2.0- '. % f\/ I M0 35
Pd ’
25 : . : : : -4.04— . ‘ . : .
-8 -7 6 -5 -4 -2 -7 -6 -5 -4 -3 -2
BE, (eV) BE, (eV)

Figure 5-2 Binding energy of selected surface adsorbates plotted against the binding energy of C and O,
the two reactivity descriptors for this reaction, on the close-packed facets. Also shown are plots that
compare the binding energy calculated by the scaling relations with those predicted directly from DFT
calculations.



99

BEucoon = 0.071*BE¢+0.063*BE+0.295

< °° 21}y =0.6047x - 0.8514 AU
2 _ L]
° o, =AU 5| [R?=06160 _
T =
S o0 Pd. Pt Cu ] Pt.. Pd
g ' - ' [ H > -Cu
L ] =" &Ni o .
M 06 . 5 -5 = Ni
- - . ] o
3 &0
< -0.8- -6
[&]
RN » C &O,MAE=0.08 L
10 08 -06 -04 -02 00 '8 7 6 5 4 3
Calculated BE, .., (V) BE_ (eV)

Figure 5-3 (A) Binding Energy of adsorbed FA calculated using the scaling relations plotted against the
DFT values. (B) Binding Energy of atomic O plotted against that for atomic C.

With the exception of adsorbed FA, the BE for all the surface species scaled linearly with the BE
of either C or O; the BE of adsorbed FA was found to scale with a linear combination of the two
parameters, as shown in Figure 5-3A. Figure 5-3B shows that BE of C and O are not correlated,
further underscoring the importance of having both of them as independent reactivity descriptors.
Similar scaling relations were developed for the (100) facets, and are shown in Figure 5-4., The
maximum mean absolute error (MAE) for all the relations is less than 0.15 eV for the COOH
intermediate, while the binding energies themselves span over as much as 6 eV. This is within the

intrinsic errors of 0.2 eV associated with DFT calculations.
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Figure 5-4 Binding energy of all surface adsorbates plotted against the binding energy of C and O, the
two reactivity descriptors for FA decomposition, on the (100) facets.
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Bronsted Evans Polanyi-type Correlations to Estimate Activation Barriers

The existence of strong linear correlations between the activation energy barriers of elementary
surface reactions and their respective reaction energies has been reported for several
heterogeneously catalyzed reactions. These Brgnsted-Evans-Polanyi (BEP) type correlations,
together with the linear scaling relations described in the previous section, provide a powerful
methodology to map out the entire thermochemistry and Kinetics of the reaction by identifying all
the minima (thermodynamic states) and maxima (transition states) in the potential energy surfaces,
from the knowledge of the two reactivity descriptors alone.

We utilize the results from our activation energy barrier calculations on 5 fcc metals (Au, Cu, Ni,
Pt, Pd) on (111) and (100) facets to obtain these linear BEP relations between the transition state
energies (or activation energy barriers) for the elementary steps listed in Figure 5-1 with their
reaction energy. Figure 5-5 shows the BEP type correlations for the five key elementary steps on

the (111) facets, and Figure 5-6 shows the corresponding plots for the (100) facets.
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Figure 5-5 Brgnsted Evans Polanyi relationships for the five key elementary steps included in the
microkinetic model, for the close-packed facets
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Figure 5-6 Brgnsted Evans Polanyi relationships for the five key elementary steps included in the
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5.2.3 Microkinetic Modeling

A simple mean-field microkinetic model was then developed to utilize the scaling relations and

obtain accurate predictions for the reaction activity and selectivity under reaction conditions. A

brief description of the model formulation and inputs is included below:

(@)

Reaction Condition: The ‘home’ condition selected for these simulations was chosen to be at

T =200°C and P =1 atm, with the inlet feed comprising of 2% FA diluted with He.

(b) Thermodynamic and Kinetics Parameters: The only DFT derived inputs to this model were the

(©)

linear scaling relations reported in the earlier sections. The BEs of C and O were varied from
-8 eV to -3eV, and -7 eV to -2 eV respectively, in increments of 0.1 eV each, to finely sample
the entire parameter space. As a result, this parameter space was sampled at 2500 discrete data
points, each of which potentially representing a unique catalyst. The scaling relations were
then used to obtain the BEs of surface species and the activation energy barriers for all
elementary steps. The vibrational frequencies for all surface intermediates were calculated on
Pd (111) and Pd(100), and these values were assumed to be independent of the metal identity.
Using these vibrational frequencies, we calculated the zero-point energies and Shomate
Parameters, as described in section 2.2, which were then used to calculate the entropy of
surface species and transition states, and the temperature corrections for the surface enthalpy
and entropy for all states. All this information was then used to calculate the equilibrium and
forward/reverse rate constants at 200°C.

Model Formulation: The model was formulated as a transient CSTR, along the lines described
by Madon et al.” Forward simulation was performed for all 2500 discrete data points (both for

the close-packed and (100) models), to obtain the reactivity and selectivity under reaction
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conditions. This information was then used to prepare the activity and selectivity ‘volcano

plots’.

5.2.4 Volcano Plots
The linear scaling relations based microkinetic model was employed to develop two dimensional
activity and selectivity volcano plots that provide insights into the reaction mechanism and

guidelines to identify and design alloy catalysts with improved performance.

Close-Packed Facets

The activity and selectivity volcano plots were obtained from the microkinetic model at the ‘home
conditions’ and are shown in Figure 5-7for the close-packed facets. The two reactivity descriptors,
i.e., the BEs of C and O are the x- and y-axes for all these plots and the red and blue regions in the
parameter space correspond to higher and lower rates / selectivity respectively. Given the fine
discretization of the parameter space, these graphs can be assumed to be continuous contour plots
for all practical purposes.

As can be seen from Figure 5-7, Cu(111) is predicted to be the most active (TOF = 0.1 s}), and
Au(111) is predicted to be the least active (TOF = 1e-10 s) close-packed facets among the
monometallic catalysts with fcc/hcp crystal structure. In comparison, a ‘full microkinetic model’,
one that employs the thermochemistry and kinetics parameters obtained from the rigorous DFT
calculations for a much larger reaction network predicts the TOFs of 0.08 s*and 1e-10 s* for
Cu(111) and Au(111) respectively for the same reaction conditions. Hence, it can be argued here
that there isn’t any appreciable loss in accuracy upon going from the full model to the curtailed
and simplified scaling-relations based model, at least for the monometallic catalysts considered
here. Also, there appears to be a room for improvement in the maximum achievable rates, as

Cu(111) seems to lie along the fringes of the volcano (region in red); the volcano ‘peak’, which
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has the coordinates (BEc, BEo) of (eV, eV) is predicted to be ~ 3 orders of magnitude more active
than Cu(111). Moreover, CO2 and H> are predicted to be the exclusive products for majority of the
region in the parameter space (Figure), and only the catalysts that exhibits strong C and O

adsorption (BEc > -6.5 eV and BEo > -4.5 eV) are predicted to exhibit low selectivity for COo.

-13.00
| -9.500
-6.000

-2.500

BE of O (eV)
<«—((;-8)d0L)bo|

BE of O (eV)
<« ‘0D 01 fynnosjes —
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Figure 5-7 Theoretical activity and selectivity volcano plots for FA decomposition, developed using the
scaling relations developed for the close-packed facets. For activity volcano, the logarithms of the
turnover frequencies are plotted as functions of binding energy of atomic C and O. The selectivity to
CO; is defined as the total outlet flow rate of CO2 normalized by the total amount of FA converted, the
only other C containing product being CO.
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Closed Catalytic Cycle and Rate Controlling Steps

As was shown in Figure 5-1, the reaction network considered in this study comprises of two
pathways: the ‘HCOO pathway’ and the ‘COOH pathway’. Here, we try and determine the
individual contributions from these two pathways to the overall rates, and identify the closed-
catalytic cycle on different catalysts. The existence of these two alternate pathways results in two
unique volcano ‘peaks’: a relatively smaller, less active peak at high C binding and moderate O
binding regime, corresponding to the COOH pathway (Figure 5-8A), and a more active peak at
moderate C and O binding, for the HCOO pathway (Figure 5-9); at their respective peaks, the
HCOO pathway is ~2.5 orders of magnitude more active than the COOH pathway.

On a related note, HCOO pathway is predicted to be the dominant pathway that carries the bulk of
the reaction flux for all the catalysts that exhibit weak C binding (<-6.5 eV), and COOH pathway

is predicted to be the dominant pathway for those that exhibit strong C binding (>-6.5 eV).
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Figure 5-8 Theoretical activity and selectivity volcano plots for FA decomposition, when only the COOH
pathway was considered in the microkinetic model.
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Figure 5-9 Theoretical activity and selectivity volcano plots for FA decomposition, when only the HCOO
pathway was considered in the microkinetic model. Since the only route to CO formation is via the COOH
pathway, the inclusion of only the HCOO pathway results in CO; being the only product. For these
reasons, separate selectivity volcano plot is not included here.

The kinetic significance for each elementary step was quantified by calculating their respective
‘Campbell’s degree of rate control (XRC)’, with the elementary step having the highest XRC
defined as the rate controlling step; Figure 5-10 shows how the rate controlling steps vary across
different regions in the parameter space. (Note: This plot appears to be more pixelated than others

because we used a relatively coarse mesh to discretize the parameter space for this analysis).
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Figure 5-10 Variation of the rate controlling steps with the binding energy of atomic C and O.

Surface Coverages

In addition to the reactivity and selectivity volcano plots, similar two-dimensional plots were also
developed to illustrate how the surface coverages of the key reaction intermediates vary across the
parameter space. These ‘surface coverage volcano plots’ provide predictions regarding the most
abundant surface intermediates (MASI) for different catalysts under reaction conditions.

(1) Figure 5-11A: Catalysts that exhibit strong C binding (> -5 eV) and weak O binding (< -3.

eV) are predicted to have a high concentration of atomic H on the surface.
(2) Figure 5-11B: Catalysts that exhibit very strong C binding (> -7 eV) and O binding of >-3.5

eV are predicted to have CO as the MASI. Note here that the maximum surface coverage of
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CO allowed by the model is 2/3 ML. This is enforced by using a coverage-dependent binding

energy of CO, as was implemented by Grabow et al.?’

(3) Figure 5-11C: Catalysts that exhibit relatively weak C binding (< -6 eV) and strong O binding

(>-5 eV) are predicted to have HCOO as the MASI.

(4) Figure 5-11D: Catalysts that exhibit weak C and O binding (< 5 eV for each) are predicted to

be vacant under the reaction conditions employed for these simulations.
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Figure 5-11 Variation of surface coverages of adsorbed (A) H (B) CO (C) HCOO (D) vacant sites, with

the binding energy of atomic C and O.
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Identifying Improved Alloy Catalysts

In the previous sections, we demonstrated how a descriptor based approach that uses microkinetic
modeling and linear scaling relations can be used to obtain insights into the reaction mechanism,
and obtain specific information regarding the rate controlling steps and the surface environment
under reaction conditions, for any catalyst that exhibits the C and O binding within the range of
BEs employed here. We also showed that there exists an untapped region in the parameter space
that is predicted to have higher activity than Cu(111), which is the most active monometallic
catalyst among those considered here, with 100% selectivity for the desired product. The challenge
then was to screen for alloy catalysts that might possess this desirable combination of C and O
BEs, and hence, lie within the promising window in the parameter space. To this end,
thermochemistry calculations were performed on the close-packed facets of over 75 bimetallic
alloy catalysts, to determine the BEs of C and O on these surfaces, and subsequently determine
their respective positions on the reactivity and selectivity volcano plots. Figure 5-12A - C show
some of the promising candidates that were identified from these calculations. In this Figure, the
candidates have been classified into 3 categories: In Figure 5-12A, the bulk metal and near surface
alloys (NSAs) of relatively inexpensive base metals, specifically, Cu, Ni, Sn, Zn, and Co are
shown. Figure 5-12C shows some exotic combinations of the precious metals (Au, Pt, Pd, among
others), while Figure 5-12B demonstrates how the reactivity might change upon changing the
lattice constant of Cu. In particular, upon increasing the lattice constant of Cu from 3.66 A to 3.94
A, the reactivity is predicted to change by ~ 2 orders of magnitude. In practice, this change in
lattice constant of Cu can be affected by overlaying Cu monolayers over metals with larger lattice

constant (Au, Ag etc.).
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Figure 5-12 Selected promising bimetallic alloy catalysts and the activity of their (111) facets.

Figure 5-13A-C quantify the relative activity of the candidate alloy catalysts, normalized by the
predicted activity on Cu(111). As can be seen from these figures, the most active alloys identified

from this method predict rates that are ~ 2.5 orders of magnitude higher than those on Cu(111),

the most active close-packed facet among the monometallic catalysts.
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Figure 5-13 Relative rates for the promising bimetallic catalysts, as predicted by the descriptor based
microkinetic model. The predicted rates on all the catalysts are normalized by the rates on Cu(111), the
most active monometallic catalyst.

Cu(100) facets

Using the same approach as described in the earlier sections, the linear scaling relations developed
for the (100) facets were utilized to develop the volcano plots for these more open facets (Figure
5-14). The reaction rates at the peak of the ‘(100) volcano’ were found to be ~ 2 orders of
magnitude smaller than that of the ‘(111) volcano’; this can be attributed to the relatively higher
surface coverages of the HCOO species in that region of the parameter space, as the open surface
tends to exhibit stronger binding than their close-packed counterparts. As before, thermochemistry
calculations to determine the binding energy of atomic C and O were performed on the (100) facets

of over 75 bimetallic alloys, and some promising candidates are included in Figure 5-14.
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Figure 5-14 Selected promising bimetallic alloy catalysts and the activity and selectivity of their (111)
facets

5.3 Conclusions

This study reports a theoretical analysis for formic acid decomposition reaction on transition metal
surfaces. The database of binding energy and activation energy barriers that was obtained using
rigorous DFT calculations on several fcc and hep close-packed, and fcc(100) facets, was utilized
to develop the linear scaling relations that correlated the adsorption energies of surface species to
the reactivity descriptors (binding energy of C and O), and the Brgnsted Evans Polanyi-type
relations that correlated the activation energy barriers with the thermochemistry of elementary
steps. These semi-empirical correlations were incorporated in a mean-field microkinetic model to
develop two-dimensional volcano plots that described the turnover frequencies (TOFs) and
selectivity to COz as functions of the two descriptors. These volcano plots were then used to search
for alloy catalysts that have improved performance over the most active monometallic catalysts,

and several potentially promising catalysts were identified and reported.
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Chapter 6

Reactions of Propylene Oxide on Supported
Silver Catalysts: Insights into Pathways Limiting
Epoxidation Selectivity’

6.1 Introduction

Propylene oxide (PO) is an important industrial chemical with wide applications in the fabrication
of plastics, fuel additives, and urethane foams, among others. In 2009 the global production of
propylene oxide reached 6 million tons, making it one of the most widely produced chemicals in
the world 2%, All of the existing commercial processes for the production of PO suffer from
drawbacks. The oldest of these, the chlorohydrin process, generates stoichiometric amounts of
chloride salts. The Halcon process employs a (homogeneous) early transition metal catalyst to
react an alkyl hydroperoxide with propylene, and its economics are closely coupled to the values
of co-products such as tertiary butyl alcohol or styrene, produced in addition to PO. Similar
processes using heterogeneous catalysts include the Shell SMPO process?® and the recently
commercialized BASF/Dow HPPO process, which uses hydrogen peroxide to oxidize propylene.
The use of hydrogen peroxide introduces safety issues and, while potentially more economical
than the use of alkyl hydroperoxides, is generally less economical than carrying out direct
oxidations with air or oxygen, if the latter can be performed selectively. Unfortunately, although

ethylene can be epoxidized directly to ethylene oxide with silver catalysts with high (80% to 90%)

3 Adapted from “Reactions of Propylene Oxide on Supported Silver Catalysts: Insights into Pathways Limiting
Epoxidation Selectivity”, A. Kulkarni, M. Bedolla-Pantoja, S. Singh, R. F. Lobo, M. Mavrikakis, M. Barteau, Topics
in Catalysis 55, 3 (2012). Experiments for this study were performed by A Kulkarni and M. Bedolla-Pantoja.
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selectivity, direct propylene epoxidation is much less favorable. Propylene epoxidation
selectivities with silver catalysts in the archival and patent literature range from less than 5% to

50% 2°¢, with most tending toward the lower end of this range.

The low selectivity for direct propylene epoxidation over silver catalysts has been attributed to
the vulnerability of the allylic hydrogen in propylene to abstraction by adsorbed oxygen, leading
to complete combustion 2°/. Heavy modifications, particularly with alkali metals and/or in the
presence of gas-phase modifiers, such as organic chlorides, are generally required to obtain even
moderate PO selectivity. The co-feeding of conjugated dienes like butadiene has also been shown

to increase the PO selectivity.?%

It is unclear, however, whether these approaches involve
suppression of allylic hydrogen abstraction. For instance, for olefins that do not contain allylic
hydrogen such as ethylene and butadiene, epoxidation selectivity may still be limited by reactions
that occur after the addition of oxygen to the olefin. In both cases, addition of an oxygen atom to
a terminal carbon results in the formation of a surface oxametallacycle intermediate. In the case of
ethylene, the corresponding oxametallacycle can ring-close to form ethylene oxide (EO), or can
isomerize via a 1,2-hydrogen shift to form acetaldehyde which is then readily combusted. The
branching ratio between the ring closure and isomerization channels available to the
oxametallacycle then controls selectivity. In the case of ethylene epoxidation, the barrier heights
for these two reactions are nearly equal, and unpromoted catalysts achieve a selectivity of around
50%.° Both Cs and CI promotion increase selectivity, and this effect can be explained by their
impact on the barriers for these competing oxametallacycle reactions.?%®

The oxametallacycle reaction network in the epoxidation of butadiene to epoxybutene (EpB) is

more complex. The principal isomerization reaction for the oxametallacycle is a 1,4-shift to form

the conjugated aldehyde, crotonaldehyde. In surface science experiments products of 1,4 ring
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closure such as dihydrofurans are observed?'%: under the conditions of the catalytic epoxidation
reaction these are dehydrogenated to furan .?!! The oxametallacycle reaction networks proposed
for ethylene epoxidation and butadiene epoxidation are illustrated in Figure 6-1. Cs and ClI
promotion of silver catalysts leads to EpB selectivities of 95% or greater, primarily by lowering
the barrier for oxametallacycle ring closure.?10 212

Studies of the reaction networks of the oxametallacycles in these two cases have been facilitated
by surface science experiments in which stable oxametallacycles were formed by activated ring
opening of EO and EpB. Reaction paths accessible in UHV experiments could be compared with
the product distributions observed over supported catalysts both with and without promoters.
Unfortunately, all other examples of oxametallacycle formation in surface science experiments
involve molecules with additional unsaturation such as styrene and isoprene.?'* To date, no stable
oxametallacycles have been created by ring opening of alkyl olefin epoxides.

While evidence for stable oxametallacycles with alkyl substituents, as well as for the participation
of such intermediates in propylene epoxidation, is lacking, there are a variety of reasons to assume
that the steps involved in oxygen addition to propylene on silver are analogous to those for ethylene
and butadiene. First, silver catalysts can produce PO, albeit with lower selectivity, and it is difficult
to imagine how a reaction as unique as direct olefin epoxidation on silver could proceed by
multiple pathways for different olefins. Second, as we have shown previously, the
thermodynamics of oxametallacycle formation from alkyl olefin epoxides do not differ
significantly from those for EO.?!* Recent calculations by Lei et al.?® have suggested that
oxametallacycle formation from propylene and oxygen on Ags clusters is facile, with an apparent
activation barrier of 12 kJ/mol. Finally, the classic experiments of Manara and Parravano [19]

nearly four decades ago demonstrated clean exchange of oxygen between EO and propylene to
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form PO and ethylene, implying an equivalence of the C, and Cs structures involved in the
exchange reaction. In short, in striving to understand and to model the complex network of
reactions involved in propylene epoxidation on silver catalysts, one can either begin with the fabric
of theory, analogy, and circumstantial evidence that connects this chemistry to that of ethylene, or
assume that these two homologs do not share a common mechanism for epoxidation.

Since relatively little attention has been paid to the network of reactions that may follow oxygen
addition to propylene on silver, we have studied propylene oxide reactions on supported silver
catalysts. Here we present experimental results that aim to understand the network of reactions
that result from the ring opening of PO, analogous to the networks in Figure 6-1, for the selectivity-
limiting branching reactions of oxametallacycles in ethylene and butadiene epoxidation. Note that
unlike ethylene oxide, PO can form two oxametallacycles on Ag (Scheme 1) and thus the reaction
network may be more complicated. Since some of these reaction products are subject to facile
oxidation (as in the case of acetaldenyde formed from the oxametallacycle in ethylene
epoxidation), we have also examined the reactions of PO co-fed with oxygen. These experiments
were carried out at temperatures and oxygen flow rates resembling those for olefin epoxidation. In
addition to experiments, we performed periodic, self-consistent DFT to probe the energetics of the
relevant elementary reaction steps. These combined experimental and theoretical results help to
develop a reaction network that connects propylene with propylene oxide and other C3 oxygenated

products via surface oxametallacycle intermediates.

Y ?
Ag Ag Ag Ag
OMCAH oOMC2

Scheme 5-1: Schematic of oxametallacycle isomers from ring opening propylene oxide.
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Figure 6-1 Reaction networks for ethylene and butadiene epoxidation, modified from past studies
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6.2 Methods

6.2.1 Experimental Methods

The reactions of PO on Ag/a-Al,O3 were studied using the catalysts and reactor set-up previously
described in reference 2%°. The catalysts were prepared by wet-impregnation techniques. Foam
monoliths (18 mm diameter x 10 mm length and 45 ppi) consisting of 99.5% a-Al,O3 and provided
by Vesuvius Hi-Tech, were used as catalyst supports. The monoliths were first heated at 700 °C
in air for 12 h to remove carbonaceous impurities, then boiled in deionized (DI) water for 2 h and
dried at 363 K. The monoliths were immersed in a solution of silver nitrate (AgNO3) in DI water
to prepare the catalyst. The desired amount of AgNOs in solution was calculated so that the
nominal loading of Ag in each catalyst was 15 wt %. The catalysts were then dried at 363 K for
12 h and calcined at 673 K in an open-air furnace for 12 h. After preparation, the catalysts were

reduced in a flow of 100 sccm of 20% H» in He at 573 K for 12 h.

Prior to the PO decomposition experiments, catalysts were tested for propylene epoxidation by
flowing a gas mixture of propylene, oxygen and nitrogen (10 sccm propylene, 10 sccm Oz and 80
sccm Ny) to the reactor operating at 543 K and allowing the catalyst to achieve steady state with
respect to conversion of propylene and the selectivity to PO. Finally, the catalysts were purged
with N for several hours to remove any propylene or oxygen, after which a 50 sccm stream of 1
% PO in nitrogen from a pre-mixed cylinder was introduced to the reactor at 543 K. The reactor
effluent was analyzed using an HP6890 gas chromatograph with both flame ionization detector
and a thermal conductivity detector. The conversion and selectivity, quantities defined here on
molar basis (with respect to moles of carbon), were calculated from the calibrated peaks from the
gas chromatograph. Weight hourly space velocity (WHSV) in h* was calculated by determining

the density of gas mixture at reaction conditions and using it to calculate the mass of the gas
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components. The catalysts were also imaged by scanning electron microscopy (SEM). The images,
shown in the supporting information, show the catalyst surface before and after the reduction of
catalyst in Hx flow. Additional information about typical characteristics of these monolith-
supported silver catalysts, including particle sizes and oxygen uptakes, can be found in previous

publications.?16-218

6.2.2 Theoretical Methods
All DFT calculations were performed using the Vienna ab initio simulation package (VASP).1%
219 The close-packed facet of Ag(111) was used as the model surface and was represented by a
four-layer slab, periodically repeated in a super cell geometry with six equivalent layers of vacuum
(~ 14 A) in between any two successive metal slabs. The atoms of the top two layers of the slab
were allowed to relax to their lowest energy configuration, while those of the bottom two layers
were fixed in their bulk truncated positions. To accommodate the adsorbed species without
significant interaction across repeated unit cells, we employed a p(3 x 3) surface unit cell,
corresponding to a surface coverage of 1/9 ML for each adsorbate. Adsorption was allowed on
only one of the two surfaces exposed and the electrostatic potential was adjusted accordingly.®
We calculated the lattice constant for bulk Ag to be 4.16 A, in good agreement with an
experimental value of 4.09 A 2%

The electron wave function was expanded using plane waves with an energy cutoff of
400 eV, and the core electron interactions were described using the projector augmented wave
method (PAW). 220221 The surface Brillouin zone was sampled using a 4 x 4 x 1 Monkhorst-Pack
k-point mesh;*® convergence was confirmed with respect to the k point set. The self-consistent
PW91 generalized gradient approximation (GGA-PW91)% % was used for describing the

exchange-correlation energy and potential. Minimum energy paths and respective activation
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energy barriers for all elementary steps were calculated using the climbing image nudged elastic
band method (CI-NEB).1%2 The minimum energy path for each elementary step was discretized by
at least nine images, including the initial and final state. Transition states were verified by
calculating the Hessian matrix'% and identifying a single imaginary frequency along the reaction

coordinate.

6.3 Results and Discussion

6.3.1 Propylene epoxidation activity of silver catalysts

The Ag/a-AlOs catalyst was essentially unselective towards epoxidation. During propylene
oxidation experiments at the conditions noted above, 1.4% conversion of propylene with 98.5%
selectivity to carbon dioxide (CO2) was achieved. Production of acrolein accounted for nearly all
of the balance with trace amounts of PO and propanal being detected. PO selectivities of 3 to 4%
were achieved with bimetallic catalysts that have previously been shown to increase ethylene
epoxidation selectivities.?1%-28 However, the studies of PO reactions described hereafter were
carried out on the Ag/a-Al>O3 catalyst only. In these studies PO decomposition was used to
understand the network of reactions that lead to acetone, acrolein and propanal observed in
propylene oxidation, and thus to probe sequential reactions that might contribute to low

epoxidation selectivity.

Propylene Oxide Reactions
PO reaction experiments were carried out with and without oxygen co-feed. Anaerobic reactions

of PO are considered first, followed by the oxygen co-feed experiments.

In the anaerobic experiments, PO concentration and feed to the reactor were kept constant (50

sccm stream with 1 % v/v PO) while the temperature was varied at a constant WHSV of 1547 h',
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The PO conversion profile as a function of temperature is shown in Figure 6-2A. At 518 K, the
PO conversion was 0.8% and increased exponentially with temperature in agreement with the
Arrhenius rate expression. Based on these data, the activation energy for the isomerization of PO
on the Ag/a-Al,O3 was determined to be 116 kJ/mol. This value is similar to the energy barrier
reported for the formation of an oxametallacycle intermediate from adsorbed PO. Using Density
Functional Theory, Lei et al. recently calculated a value of 121.7 kJ/mol for PO ring opening on
Ag nanoparticles. 2*> A similar value was calculated for periodic slabs of Ag by Torres et al. 222,
These results are consistent with the hypothesis that formation of an oxametallacycle from
adsorbed PO is the rate-limiting step for PO isomerization.

Figure 6-2B shows the selectivity to acrolein, propanal, acetone and allyl alcohol at different
conversions of PO. At 518 K the selectivity to propanal was almost 88%, but as the temperature
of the reactor was increased, selectivity to propanal decreased: at 543 K the selectivity was down
to 38%. At the same time, the selectivity towards acrolein increased from 0% at 518 K to 49% at
543 K. The selectivity to acetone and allyl alcohol remained stable through this temperature range.
The increase in the selectivity to acrolein occurred in parallel to the decrease in the selectivity of

propanal over the same temperature range.

All of the products of PO reaction in Figure 6-2, except for allyl alcohol, are frequently reported
in the literature as by-products of propylene epoxidation on silver-based catalysts [?> 223227 |n
the absence of oxygen in this experiment, no CO, was detected. Note that, except for acrolein, all
of the observed products are structural isomers of PO. Acrolein, having two hydrogen atoms less
than the other species, was the only non-isomeric product observed in these decomposition

experiments. However, no hydrogen co-product was detected by the gas chromatograph.
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The formation of acetone, allyl alcohol and propanal from PO is thermodynamically favorable.
Propylene oxide, having a highly strained three-member ring, has a smaller heat of formation than
its isomers and thus is more reactive (see Table 6-1). Acetone is the most stable of the isomers
with AHf® = -217.1 kJ/mol compared to PO with a AHs* = -93.7 kJ/mol and propanal and allyl
alcohol are intermediate (see Table 6-1). It is not surprising that given suitable conditions, PO will
isomerize into a more stable configuration. In fact, calculation of the equilibrium concentrations
for the products of isomerization reveals that the reaction favors strongly the production of the
isomers. The equilibrium constants for the isomerizations of PO to acetone, PO to propanal, PO to
allyl alcohol and PO to acrolein and hydrogen (Ki, at 543 K) were 2.7x10%2, 4.1x10°, 6.2x10% and
2.1x10°, respectively. If the reaction were thermodynamically controlled the conversion of PO
should have been larger than observed. The conversion of only 6% of the PO on the Ag catalyst
and the formation of propanal as the dominant product indicate that the decomposition of PO into
its isomers and acrolein is kinetically determined.

The selectivity trends for PO isomerization in Figure 6-2B provide a hint that acrolein may be a
secondary product. Unlike the other products, acrolein selectivity remains low until PO conversion

exceeds 3% and then increases rapidly, mainly at the expense of the dominant product, propanal.
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Table 6-1 Gas Phase Standard Enthalpies of Formation of Propylene Oxide Isomers (298.15 K)

Standard Enthalpy Relative Stability,
of Formation, AH¢° AHf° - AHf°(PO)

[kd/mol] [kJ/mol]
Propylene )

Oxide 94.7 0
Acetone -217.5 -122.8
Propanal -188.7 -94.0

Allyl -123.6 -29.9
Alcohol
Acrolein

+H, -81.8 +12.9

Data from NIST Chemistry Webbook (2011)

This suggests that acrolein may be a secondary product, formed by dehydrogenation of a primary
product, propanal, of PO isomerization. However, because increasing temperature was used to
drive increased conversion in the experiments portrayed in Figure 6-2, these results alone are not
sufficient to draw such a conclusion. It is conceivable, for example, that acrolein could also be a
primary product of PO reaction, formed in parallel with, but with a somewhat higher activation
barrier than, the various isomerization products. In order to distinguish between these two

possibilities, it is necessary to carry out isothermal experiments at varying conversion.
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Figure 6-2(A) PO conversion Ag/a-Al,O3 and (B) selectivity to various products from PO isomerization
on Ag/a-Al,O3 at different temperatures.

To determine the reaction network and kinetics of PO isomerization, the reaction rank for
the formation of the isomerization products was therefore investigated. In this experiment, the flow
rate of PO to the reactor was varied while keeping temperature and concentration of PO in the feed
constant, hence just changing the contact time with the catalyst. The PO flow was varied from 0.3
sccm to 0.8 sccm and diluted with N2 to keep a constant 1% v/v PO in the feed. Figure 6-3 shows
the selectivity of PO reactions vs. PO conversion in these experiments; PO flow rates are shown
along the top axis of the figure. As conversion increased with longer contact times, the selectivity
to the various products changed. Selectivity to propanal decreased substantially with a smaller
reduction in the selectivity to allyl alcohol and acetone. Conversely, the selectivity to acrolein
increased dramatically from its negligible level at low PO conversion. It is apparent from Figure
6-3 that acrolein is a secondary product, formed primarily by dehydrogenation of propanal,

whereas the PO isomers acetone, allyl alcohol and propanal are primary products.
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Figure 6-3. Selectivity to various products of PO isomerization on Ag/a-Al,Oz at 543 K at varying
conversions produced by changing the PO feed rate.

By utilizing the two oxametallacycle structures in Scheme 1 as the common intermediates, one can
construct a reaction network connecting propylene oxide to its primary and secondary reaction
products on silver catalysts. This network is illustrated in Figure 6-4. For completeness, the
formation of these two oxametallacycles from propylene and adsorbed oxygen atoms is also
shown. Note the symmetry of the network with respect to propylene and PO. Depending on which
C-O bond is made (in the case of propylene oxidation) or broken (by PO ring opening) either
oxametallacycle can be accessed from either propylene or PO. This is not the case with the other
isomers: acetone, propanal and allyl alcohol can be connected only to the oxametallacycle that

contains the corresponding C-O bond in each case.
The isomers of PO can each be formed by a net hydrogen shift of one of the two oxametallacycles
in Scheme 1, as shown in Figure 6-4. The two products containing a carbonyl group, propanal and

acetone, can be formed by 1,2 H-shifts of the linear (OMC1) and branched (OMC2)
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oxametallacycles, respectively. Allyl alcohol can be formed by a net 1,4 H-shift of the linear
oxametallacycle. Both 1,2 and 1,4 H-shift reactions of oxametallacycles are elementary processes
in the reaction networks shown in Figure 6-1: acetaldehyde formation from EO involves a 1,2 H-
shift in the corresponding oxametallacycle; crotonaldehyde formation from EpB represents a 1,4
H-shift of that oxametallacycle. However, reaction data alone are not sufficient to determine

whether the 1,2 and 1,4 H-shifts of PO-derived oxametallacycles are elementary processes.

The results in Figure 6-3 clearly show that acrolein is formed as a secondary product at the expense
of propanal. Close inspection of the results reveals that allyl alcohol selectivity also decreases,
albeit less severely with the increased formation of acrolein. Figure 6-4 therefore shows acrolein
as a dehydrogenation product of both propanal and allyl alcohol. It should be noted however that,
unlike all of the other steps depicted in this figure, dehydrogenation of these molecular products

is unlikely to be an elementary process.

Finally, returning to the temperature variation experiments in Figure 6-2, it is striking that all of
the primary products of PO isomerization are present at essentially all temperatures, and absent
the increasing effect of the secondary dehydrogenation, their selectivities are relatively insensitive
to temperature. This suggests that the activation barriers for the two ring opening reactions are
quite similar to each other; likewise the barriers to the H-shift steps must also be similar to each

other.
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Figure 6-4 Proposed network for propylene oxide reaction under anaerobic conditions on silver
catalysts.

Comparison of insights from theory and experiment

The reaction network in Figure 6-4 and the insights regarding the relative barriers of the competing
reaction channels deduced from experiment provide an important framework for computational
chemistry studies and for benchmarking the results of these. Conversely, by utilizing theory to
test the minimum reaction network necessary to explain experimental observations, one can
identify potential additional complexities in the mechanism that may not be obvious from available

experimental results. This framework can thus provide the basis for further experimental and
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theoretical evaluation of a host of other relevant conditions, including surface structure, co-
reactants and co-adsorbates, catalyst promoters, etc.

To illustrate the complementary insights into the surface reactions of propylene oxide on silver
and to provide a foundation for future comprehensive studies, we have carried out DFT
calculations of the barriers involved in elementary steps linking propylene, propylene oxide, and
reaction products to the two oxametallacycle intermediates depicted in Figure 6-4. The most stable
adsorption configurations of all reaction intermediates, along with their respective binding
energies, is shown is Figure 6-5 and a schematic of the reaction coordinate is shown in Figure 6-6,
with the energies of each transition state identified and of each adsorbed intermediate, all relative
to the energy of propylene(ad) + O(ad), in their minimum energy coadsorbed state. While the
results obtained thus far are not sufficient to produce a microkinetic model of propylene
epoxidation or propylene oxide isomerization with secondary reactions, they buttress the
interpretation of our anaerobic reaction experiments significantly. In particular, they demonstrate
that

1. The barriers to the formation of the two oxametallacycles from propylene and oxygen are quite
similar to each other;

2. The barriers to the formation of the two oxametallacycles from PO are similar, but the formation
of OMC2 is more highly activated, consistent with the minor formation of acetone from PO
isomerization in our experiments;

3. The barriers to ring opening of adsorbed PO are 105.9 kJ/mol (to OMC1) and 117.5 kJ/mol (to
OMC?2), near the observed apparent activation barrier for PO reaction (116 kJ/mol), and consistent

with the hypothesis that PO ring opening is likely rate determining in the isomerization network;
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4. PO formation from OMC1 has one of the lowest barriers of any of the reactions of the two
oxametallacycles, suggesting that PO can be formed selectively from such intermediates;

5. The highest energy pathway from the oxametallacycles to a Cs oxygenate product leads to
acrolein + Hz, consistent with the increased formation of acrolein at higher temperatures in our
experiments.

These results also provide one important caveat to the interpretation of our experimental results.
We have been unable thus far to find a transition state for the 1,4 H-shift of OMCL to produce allyl
alcohol. Instead, the path to allyl alcohol appears to involve a sequence of C-H scission and O-H
formation steps involving transfer of a hydrogen atom to and from the surface, and involving an
allyl alkoxide intermediate. However, as shown below, for PO reaction under aerobic conditions
minor amounts of allyl alcohol formed are rapidly oxidized to acrolein. Thus the 1-4 H shift
reaction, whether direct or surface mediated, may ultimately be of little consequence in propylene

epoxidation catalysis.
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Figure 6-6 Schematic potential energy surface for reactions of propylene oxide. All energy values are
with respect to Propylene (ad) + O(ad) in their minimum energy co-adsorbed state. Grey line connects
PO(ad) with OMC2, with a transition state energy of 48.3 kJ/mol.

6.3.2 Effects of oxygen on the reactions of PO on Ag/a-Al:O;

Oxygen was introduced to the reactor along with PO to determine the effect of adsorbed oxygen
on the reactivity of the oxametallacycles and the products of PO decomposition. The catalyst was
allowed to reach steady state at 543 K and constant flow of 0.5 sccm PO in 50 sccm N2. The oxygen

flow was then adjusted to change the O./PO flow ratio to the reactor.
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Oxygen affects the isomerization of PO significantly. As shown in Figure 6-7A, the conversion of
PO increased from ~6% to ~10% as the O2/PO ratio was increased from 0 to 2. The introduction
of 1 sccm O2 to the reactor almost doubled the rate of PO decomposition, and yet, further increases
in the flow rate of oxygen had little effect on the PO conversion. Indeed, the conversion leveled
off at ~13% even as the amount of oxygen was increased to higher levels (up to a 70:1 ratio). If
these results are extrapolated to propylene oxidation conditions, they suggest that a fraction of the
PO produced could end up reacting into other products. This complication poses additional
constraints for the design of a selective Ag-based catalyst for propylene epoxidation. Even if
combustion of propylene via allylic hydrogen abstraction can be suppressed, the catalyst must
produce PO selectively and prevent its isomerization, which occurs here at noticeable levels. As
shown in Figure 6-7, the reaction products in the presence of oxygen were similar to those under
anaerobic conditions, with two significant differences. CO, became a significant product, and allyl
alcohol disappeared from the product slate even at the lowest levels of oxygen utilized. The
selectivities for acetone and acrolein initially increased when a small amount of oxygen was first
introduced to the reactor. However, beyond this point, further increases in oxygen concentration
caused both propanal and acrolein selectivities to decrease; the acetone selectivity was insensitive
to the O2/PO ratio.

It is important to consider not just selectivity trends, but also the dependence of yield on oxygen
concentration in order to understand the various reaction channels. For example, the yields of both
propanal and acrolein increased as more oxygen was added to the feed up to an O2/PO ratio of 30,
after which point the acrolein yield declined. This result demonstrates that at high O2/PO ratios of
30 to 70, where PO conversion is constant, the increased production of CO2 comes from the

combustion of acrolein; propanal is surprisingly unaffected. Since both aldehydes should react
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readily with oxygen on silver to form surface carboxylates (which would undergo combustion)
this result suggests that acrolein is preferentially adsorbed relative to propanal on the silver surface.
The stronger binding of o,p-unsaturated carbonyl compounds relative to aliphatic aldehydes and
ketones is expected, and has previously been deduced from studies of selective acrolein

hydrogenation.??

The disappearance of allyl alcohol from the slate of PO isomerization products upon oxygen
addition is also not surprising in view of the well-understood deprotonation of alcohols by atomic
oxygen on silver.??® Separate experiments revealed that in the presence of oxygen, allyl alcohol
reacts readily to form acrolein on supported silver catalysts. This was confirmed by experiments
in which the alcohol was fed by flowing nitrogen through a saturator containing liquid allyl
alcohol. In the absence of oxygen a small portion of the alcohol reacted to form propanal and
acrolein. The conversion of the alcohol at 543K was 4%, with no CO; or other products detected.
When oxygen was introduced to the reactor, however, most of the allyl alcohol reacted to form
acrolein and COz. The conversion of the alcohol in the presence of oxygen was 74%, with 80%
selectivity to acrolein. This is also reflected in the results (Figure 6-7) where the slight increase in
acrolein selectivity is observed with the introduction of oxygen paralleled the disappearance of

allyl alcohol.

The high conversion of allyl alcohol in the presence of oxygen indicates that even if this compound
is formed during propylene epoxidation, it is highly unlikely that it will be detected directly. This
explains why allyl alcohol has not been reported on other propylene epoxidation studies 2% 223-227,
More importantly, this experiment confirms the pathway for the formation of acrolein established

by Solomon and Madix 2%°. The proposed mechanism involves the formation of an allyl alkoxide
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from the dehydrogenation of adsorbed allyl alcohol. This alkoxide goes through a further
dehydrogenation step to produce acrolein.

The results shown in Figure 6-8 suggest that surface oxygen plays a few simple roles in the
reactions of PO on silver. The relatively modest increase in PO conversion, even under highly
oxidizing conditions, suggests that co-adsorbed oxygen decreases the barrier for epoxide ring
opening slightly, but does not appear to react directly with PO to produce combustion products.
This observation is consistent with the interaction of O(ad) and EO previously explored on the
Ag(110) surface. In TPD experiments in UHV, it was observed that in the presence of co-adsorbed
oxygen, a higher coverage of surface oxametallacycles was generated by EO ring opening [48].
However, the selectivity of oxametallacycle reaction channels to EO and acetaldehyde was
insensitive to the presence of oxygen. The kinetics and selectivity of CO> formation could be

accounted for entirely by secondary reactions of the acetaldehyde product.
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Figure 6-8 Proposed reaction network for propylene epoxidation and decomposition over silver
catalysts.

The principal roles of oxygen in the present experiments appear to be to enhance acrolein
formation by oxidative dehydrogenation of allyl alcohol and/or of allyl alkoxides formed from it
or directly from OMC1, and to combust acrolein produced by this reaction and by the isomerization
and dehydrogenation of PO. Thus to the reaction network for PO isomerization in Figure 6-4, one
can add steps involving reactions of oxygen with allyl alcohol and acrolein. While it would be
expected that oxygen might also participate in the dehydrogenation and/or combustion of propanal,
as well, the present experiments provide little evidence for the operation of such pathways under

the conditions explored. Future studies will examine changes to the potential energy surface of
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Figure 6-6 with additional oxygen atoms present on the surface, however, we stress again that the
experimental results described above do not give reason to expect significant perturbations.

Finally, we consider the implication of these results for the design of more selective propylene
epoxidation catalysts. It is clear from previous work that the first major “fork™ in the propylene
oxidation network is between the pathways for oxygen addition and allylic hydrogen abstraction
(which leads inexorably to combustion.) However, additional branches in the reaction network
after oxygen addition lead to a variety of CsHsO isomers, of which PO is the least
thermodynamically preferred. The manifold of reactions can be understood in terms of the
formation and reactions of the two oxametallacyle intermediates depicted in Scheme 1, and all of
the isomers can be accessed via ring closure or 1,2 and 1,4 H-shifts previously observed in ethylene
and butadiene epoxidation. These results suggest that improvement of PO selectivity will require
catalyst modifications that disfavor allyl hydrogen abstraction, but also those that favor ring
closure over hydrogen shift reactions of oxametallacycles. Successful strategies for improvement

of catalysts for EO and EpB production may also contribute to improved PO catalysts.

One of the perhaps surprising observations of the present work is the resistance of PO and its major
isomers to oxidation with silver catalysts. While the small amount of allyl alcohol and the
secondary product acrolein were both readily oxidized, there was little evidence for combustion of
PO or propanal under the conditions examined. This again suggests that the design focus for
improving PO selectivity should be on suppressing propylene combustion and on manipulating the

branching reactions of surface oxametallacycles, rather than on sequential combustion of products.
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6.4 Conclusions

The reactions of propylene oxide on silver have been studied to understand the reaction network
accessible after the addition of oxygen to propylene. PO reacts on Ag catalysts under both aerobic
and anaerobic conditions. Under anaerobic conditions, all of the products of isomerization are
primary products; the dehydrogenation product acrolein is a secondary product. The apparent
activation energy for PO isomerization is 116 kJ/mol, consistent with the energy of
oxametallacycle formation from PO. Oxygen increases the conversion of PO somewhat. In the
presence of oxygen, allyl alcohol readily reacts on the surface of the catalyst to form acrolein, and
COs- is generated primarily by acrolein oxidation. These results shed light on the network of
reactions involving surface oxametallacycle intermediates that can influence the selectivity of

propylene epoxidation with silver catalysts.
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Chapter 7

Conclusions and Suggestions for Future Work

7.1 Conclusions

The studies reported in this thesis adopt a common methodology involving the use of first-
principles density functional theory calculations and microkinetic modeling, coupled with
experiments, for developing a mechanistic understanding of reaction network and using this
information in the discovery and design of improved heterogeneous transition metal catalysts.

The utility of this combined theoretical and experimental approach for unravelling the
reaction mechanism and obtaining insights into the nature of active sites, was demonstrated first
for formic acid decomposition on Au/SiC catalysts. A microkinetic model parameterized using the
DFT derived initial guesses on Au(111), Au(100), and Au(211) surfaces was employed to describe
the experimental FA decomposition rate and selectivity data. It was shown that FA decomposition
follows the formate (HCOO) mediated path, with 100% selectivity towards the dehydrogenation
products (CO2 + Hy) under all reaction conditions in the kinetic regime explored. An analysis of
the Kinetic parameters suggested that an Au surface in which the coordination number of surface
Au atoms is < 4 may provide a better model for the active site of FA decomposition on supported
Au catalysts.

This approach was then used to explore the structure sensitivity of this reaction on
supported Cu catalysts. Cu(100) was shown to be the active site for FA decomposition, and the
surface was predicted to have a high coverage of HCOO species. It was shown that the presence

of these adsorbed intermediates can significantly affect the reaction energetics, and hence, the
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overall reaction rates, and that an explicit treatment of these surface poisons is important. Next, a
descriptor based microkinetic modeling framework was developed to obtain two dimensional
reactivity and selectivity volcano plots that led to the discovery of several potentially promising
bimetallic alloy catalysts.

Finally, the reaction mechanism of propylene oxide (PO) on silver catalysts were studied
to understand the network of parallel and sequential reactions that may limit the selectivity of
propylene epoxidation by these catalysts. DFT calculations provided mechanistic insights for this
reaction and were used to explain the low selectivity in direct propylene epoxidation with silver
catalysts.

In addition to the work reported in this dissertation, similar DFT-based approaches were
also adopted to study the following problems:

(1) Selective Lactic Acid Hydrogenation: The primary aim of this study was to identify the
fundamental aspects that govern the selectivity in the conversion of a-hydroxy carboxylic acids to
different products under hydrogenation conditions. Thermochemical trends were first obtained for
this reaction on the close-packed facets of 10 transition metals; subsequently, detailed DFT
calculations and reaction kinetics experiments were performed on supported Cu catalysts, and
microkinetic modeling was employed to identify the reaction mechanism and nature of active sites.
(2) Steam Methane Reforming (SMR) on stepped Ni surfaces: DFT calculations were performed
to map out the thermochemistry and kinetics of SMR on a stepped Ni(533) surface, and
subsequently understand the role of step edges in the overall activity this reaction through

microkinetic modeling. In addition, the mechanism of nucleation of graphene was also explored.
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7.2 Suggestions for future work

Catalysis by gold has received significant attention over the last several decades and the
remarkable activity of highly dispersed gold catalysts has been established for several reactions,
like CO oxidation, acetylene hydro chlorination, selective oxidation of alcohols, and selective
hydrogenation of alkenes and unsaturated aldehydes, among others. Although it is reasonably well
established by now that it is perhaps the ‘small’ (< 2 nm) Au clusters that contribute to its
unexpected activity, the true nature of the active site on Au catalysts hasn’t been unequivocally
established. The first natural extension of our study may be to use advanced ab-initio molecular
dynamics methods, together with standard DFT calculations to obtain the energetics of this
reaction on highly undercoordinated Au atoms, and employ the iterative method that we had
described in our study, to determine the exact nature (coordination number, charge, etc.) of the
active site for FA decomposition. Recently, oxide supports have been shown to play an active role
in CO oxidation on Au catalysts, and this combined AIMD-DFT approach can be particularly
valuable in describing these systems. The insights from these studies can then be used to synthesize
Au catalysts with high surface concentration of the desired sites, using bottom-up synthetic
protocols with atomic level precision. Given the fact that Au catalysis is currently at the hotspot
of heterogeneous catalysis, we anticipate that such an analysis may be paradigmatic for Au based
catalysis, for several reactions ranging from CO oxidation to selective alkyne hydrogenation,
among others.

Our analysis of formic acid decomposition on supported Cu catalysts demonstrated the
importance of meticulously and explicitly incorporating surface coverage effects in the DFT

calculations for obtaining accurate predictions for the active sites and surface coverages. The
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natural extension of this study would be for the processes that involve more reactive transition
metal catalysts, for instance Pt and Pd that are prone to surface poisoning by adsorbed reaction
intermediates. For the reactions (for instance, FA decomposition, water gas shift reaction, oxygen
reduction reaction, ammonia and methanol electro-oxidation, NO reduction etc.), for which surface
poisoning by CO/CH/NO has been well documented on these catalysts, the methodology described
in this chapter may be particularly useful for ensuring that the final solutions obtained are self-
consistent; i.e., the surface environment used in the DFT calculations is indeed consistent with
those predicted by the microkinetic model, and observed from spectroscopic studies.

The descriptor based approach reported in Chapter 5 illustrates a catalyst design strategy
that can be used for tailoring surfaces with improved catalytic properties, by utilizing the
theoretical insights developed on monometallic catalysts. It should be noted here that this
framework has its limitations as it was formulated using the data on close packed fcc(111) and hcp
(0001), and a more open fcc(100) facets. Hence, there are several challenges that will need to be
addressed before it can be adopted as a generic methodology for a wider range of heterogeneously
catalyzed systems on transition metal nanoparticles. However, several advanced inorganic
synthesis techniques are now available to design supported catalysts with well-defined
morphology, allowing preferential exposure of specific crystal facets to the reaction environment.
For such systems, this approach can arguably be extended with reasonable accuracy. Another
extension of this study may be to utilize this base framework and improve the accuracy of its
predictions by explicitly accounting for other crystal facets than the ones included here, accurate
treatment of surface poisons, and evaluating long term catalyst stability. While several of these

factors can be simulated using DFT derived microkinetic models, a versatile framework for
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catalyst design will require significant benchmarking of the simulations against detailed

experimental studies under reaction conditions.
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Appendix
A-1 Significant Quantum Effects in Hydrogen

Activation*

Introduction

The making and breaking of bonds involving hydrogen atoms at the surfaces of materials plays a
major role in nature. It is also relevant to heterogeneous catalysis, sensing, energy storage, and
chemical reactions in the interstellar medium.® Therefore, understanding the adsorption and
reaction dynamics of hydrogen on solid surfaces is of widespread importance and central to
process improvement and materials engineering. The light mass of hydrogen makes it subject to
quantum behavior, which can strongly affect its reactivity.” It has been demonstrated both
experimentally and theoretically that quantum tunneling plays a role in a variety of reactions
including conformational inversions, eliminations, and enzymatic reactions involving hydrogen.”
® While it is known that quantum effects can have a significant effect on the rate of reactions
involving hydrogen, our understanding of the regimes in which these quantum effects are

important in is currently not well developed.

Heterogeneously catalyzed hydrogenation reactions often employ metals and alloys based on
platinum, ruthenium, palladium, or nickel. These metals allow for the facile dissociation of

molecular hydrogen due to a relatively low reaction barrier. In contrast, coinage metals like Cu

4 Adapted from “Significant Quantum Effects in Hydrogen Activation”, G. Kyriakou, E. R. M. Davidson, G.
Peng, L. T. Roling, S. Singh, M. B. Boucher, M. D. Marcinkowski, M. Mavrikakis, A. Michaelides, E. C. H.
Sykes, ACS Nano 8, 4827 (2014)



160

and Au exhibit a higher barrier for the dissociation of molecular hydrogen and are less reactive
towards hydrogen.1%1? Many surface science studies have examined the quantum behavior of
hydrogen.®*=% Experimental work has focused on the quantum tunneling-enabled diffusion of
single hydrogen atoms on a variety of surfaces using field emission microscopy,'® helium spin-
echo spectroscopy,® optical diffraction,*® and scanning tunneling microscopy (STM).20-22
Recently, quantum tunneling was found to allow 2D self assembly of hydrogen atoms at low
temperature (5 K) on Cu(111).2 The key observable difference between classical and tunneling
reaction pathways is the temperature dependence of the reaction rate and divergence from classical
behavior is often detected through careful examination of kinetic isotope effects in chemical

reactions.” 17:27.28,31

We recently reported that addition of just 1% of a monolayer of Pd to the surface of Cu can
promote the dissociation of hydrogen.®2-3* These single atom Pd sites lower the energy barrier to
hydrogen uptake, allowing it to dissociate and then spill over onto the bare Cu terraces.®3* Despite
careful use of density functional theory (DFT) calculations, a number of recent studies could not
explain these results.®® Here we use a well-defined model system and an array of sophisticated
theoretical approaches that allow us to understand and quantify the precise role of quantum effects
in hydrogen dissociation. We studied the uptake of hydrogen and deuterium using temperature
programmed desorption (TPD), DFT, path integral based DFT approaches to account for quantum
nuclear effects, and kinetic Monte Carlo (KMC). The dissociative adsorption of molecular
hydrogen and deuterium reveals vastly different rates and temperature dependence for the two
species. The rate of hydrogen activation is higher at lower sample temperature, whereas deuterium
activation slows down as the temperature is lowered. The dramatically different behavior observed

in these experiments originates from the different extent of quantum tunneling for Hz and Do. In
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both cases our calculations indicate that tunneling is relevant. In the case of Ho, the contribution
from tunneling is so significant that the effective barrier is reduced to the point that H> uptake
becomes dominated by thermodynamic effects. On the contrary, tunneling through the D> barrier
is not as significant, and the D, uptake rate is dictated kinetically by the effective height of the

barrier.

Materials and Methods

Experimental

Measurements were carried out in two UHV chambers, both of which have been described in detail
elsewhere.?® 33 3 The first UHV chamber was operated at a base pressure of <1x10° mbar and
was equipped with a quadrupole mass spectrometer, used for temperature programmed desorption
measurements as well as LEED and AES capabilities. The Cu(111) crystal could be resistively
heated to 775 K and cooled to 73 K. Normally the crystal could only be cooled to 83 K with liquid
nitrogen, but lower temperatures were reached by bubbling helium gas through the cryogenic
dewar. The sample was cleaned by cycles of Ar sputtering (1.5 kV, 11 pA) followed by annealing
at 725 K. The second chamber, an Omicron Nanotechnology LT-UHV STM was operated at a
base pressure of <5 x 10! mbar. The instrument incorporated a preparation chamber in which
sample cleaning, annealing and Pd deposition were performed. Pd deposition was performed in
both UHV systems using flux monitored Omicron Nanotechnology Focus EFM 3 electron beam
evaporators with the Cu(111) samples held at 380 K during deposition. Pd coverages were
calibrated using both AES and TPD of CO. Hydrogen 99.999% (AirGas) and Deuterium

(99.999%) (AirGas) were used in our study. Hydrogen coverage calculations were based on a
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saturation coverage of unity when hydrogen was adsorbed on a 5 monolayer (ML) Pd film,

assuming that the film terminates as Pd(111).
Theoretical

Calculations of the classical barrier and pathway for H2/D> dissociation were performed using the
VASP code*® with projector augmented wave (PAW) potentials.*® Van der Waals dispersion forces
were accounted for through the optB88-vdW functional,** which accounts for dispersion forces
within the non-local vdW-DF scheme*? and has been implemented in VASP by Klimes et al.*>° The
electronic states were expanded using plane waves with an energy cutoff of 600 eV. The
Pd/Cu(111) surface was modeled by a five-layer slab with a (3x3) surface unit cell with a Cu atom
at the top layer substituted by a Pd atom. A vacuum layer equivalent of six atomic layers was
used. The Brillouin zone was sampled using a (8x8x1) k-point mesh based on the Monkhorst-Pack
scheme.>! The two bottom-most Cu(111) layers were fixed during relaxation. All structures were
fully relaxed until the Hellmann-Feynman forces acting on the atoms were smaller than 0.01 eV/A.
The climbing image nudged elastic band (CI-NEB) method®? was used to calculate the classical
H>/D> activation energy barrier. ZPE corrections to the classical barrier were obtained simply by
taking the difference between the sum of real-valued harmonic vibrational frequencies at the

transition state and at the physisorbed (initial) state.

Quantum tunneling effects were accounted for using two path integral based approaches. Most
results reported have been obtained from the harmonic quantum transition state theory method
(also known as instanton) on an analytic potential fitted to the underlying DFT potential energy
surface. Specifically fitted to a DFT potential energy surface in which the atoms in the substrate
were fixed at the positions they adopt prior to H dissociation. Fixing the surface in this manner is

an approximation but it also gives a sensible reaction coordinate as quantum effects frequently
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result in corner-cutting of the classical minimum energy path during reactions. Here the fixed
surface results in a chemisorption barrier of 468 meV, only 6 meV higher than the barrier obtained
when the surface is allowed to fully relax during the dissociation process. We used 200 beads in
our instanton calculations, which were converged by comparing to 100 and 500 bead test
calculations. AIPIMD simulations were also performed using 16 imaginary time-slices (known as
beads) propagated by Langevin dynamics at 85 K and forces computed on-the-fly using DFT. For
efficiency reasons we used a slightly less expensive computational set-up than the barrier height
calculations above, in particular a three-layer slab was used with the bottom layer fixed, and the
Brillouin zone was sampled with a (4x4x1) k-point mesh. These reduced settings result in a
classical chemisorption barrier of 465 meV, which is a very good representation of the fully

converged system.

The kmos®® framework was used for the implementation of Kinetic Monte Carlo (KMC)
simulations. From a given state of the system, the KMC algorithm determines the
probability of all possible transitions to other states according to the user-defined rates of
all available elementary reaction steps. A reaction step is then chosen in accordance with
this probability distribution, and the system assumes the new state determined by that
reaction step. The simulation has no memory; that is, the probability of undergoing a
particular transition is determined only by the current state of the system and not by any
prior configuration. The simulation time step after each transition is selected randomly
from a Poisson distribution with a mean that equals the sum of the rates of all available
transitions from the original state. Simulations are allowed to proceed until the desired
simulation time is reached (50 s for H>,200 s for D., same as the dosing times in the

experiments).The code input comprises the lattice structure, binding energies and
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minimum energy configurations of all the species involved in the reaction mechanism,
activation energy barriers and pre-exponential factors for all elementary steps, simulation
time, and the reaction temperature and pressure. All simulations were performed on a
Pd/Cu catalytic surface represented as a lattice in which all types of atop (Pd, Cu) and
three-fold hollow (Pd/Cu, Cu) sites were explicitly taken into account (see Figure S2). In
particular, the lattice structure was represented by a 20x20 Cu(111) grid with periodic
boundary conditions. 1% of the surface Cu atoms were randomly substituted by Pd atoms
with the restriction that they could not be nearest neighbors. This is in agreement with
studies that have shown that Pd atoms disperse in the surface layer of Cu(111)54 and that
the most stable configurations for alloys with low Pd content (and coverages below Xpa =
0.4) are those where the surface Pd atoms are surrounded by Cu atoms32. This is also
consistent with STM observations reported in past experimental studies.55 56 H. (D2)
molecular precursors were only allowed to adsorb atop surface atoms, while H (D)
adatoms occupied only hollow sites, consistent with our DFT calculations indicating that
adsorption of H adatoms is ~0.4 €V more stable on the hollow sites than the atop sites.
Our DFT calculations show that adsorption of H (D) adatoms is thermodynamically
favorable in up to three hollow sites around a single metal surface atom. Adsorption of a
fourth, fifth, or sixth H (D) adatom around a metal surface atom is energetically
unfavorable, with substantially weaker binding compared to that on other surface sites.
The KMC simulations therefore allowed adsorption in up to three hollow sites around
each metal surface atom. Simulations were performed at similar conditions as
experiments: the surface coverage of H (D) was recorded after dosing with 10-1° atm H-

for 50 s (109 atm D-2for 200 s) at fixed temperatures in the range 75 K — 195 K. Each KMC
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simulation was performed a total of 25 times to obtain an average value of final surface
coverage for each experimental condition being simulated.

All the model parameters, with the exception of sticking coefficients for H> (D2), were rigorously
derived from our DFT calculations. The sticking coefficients for the H2(D2) adsorption steps were
assumed to be 1. The enthalpy estimates for the surface species and transition states were obtained
by correcting the electronic energies, as obtained from our DFT calculations, for zero point energy
(ZPE) contributions and temperature variations. The temperature-dependent activation energy
barriers for the Ho/D- dissociation steps on Pd (Table 1, Step 3) were obtained from the HQTST
calculations. For our modeling purposes, these quantum tunneling barriers were approximated to
be linear functions of temperature until they reach their classical values, as shown in Figure S3.
The classical activation energy barrier for the H> (D2) dissociation step on Cu (Table S1, Step 4)
was obtained using the CI-NEB method®?; the barriers for all the surface diffusion steps (Table S1,
Step 5-9) were found to be insensitive parameters for the KMC simulations and were fixed at 0.12
eV, in agreement with our earlier studies.>” The entropy values were directly calculated from the
vibrational frequencies of the respective states, and the pre-exponential factors were calculated
from entropy differences between the initial and transition states of the respective elementary
steps. The rate constants for reactions involving bond-formation or bond-scission were calculated
using transition state theory; collision theory was employed to calculate the rate constants for the

adsorption-desorption steps.>® °

Results and Discussion

The uptakes of hydrogen and deuterium on single atom alloy Pd/Cu surfaces as a function of
temperature were obtained using TPD experiments, as shown in Figure 1la and b. The

measurements were performed on the 0.01 ML Pd/Cu(111) alloy surface, which consists of 1% Pd
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in the form of individual, isolated Pd atoms substituted into the Cu(111) lattice.®?3* The surface
was exposed to either hydrogen or deuterium at a selected sample temperature in the range of 75-
193 K. The sample was subsequently warmed or cooled to 83 K, followed by the thermal
desorption measurement. The 75— 193 K temperature range reflects: (i) the minimum temperature
to which our sample could be cooled; and (ii) the maximum temperature we could heat the sample
to without desorption of gaseous hydrogen or deuterium. It is immediately clear that the uptakes
of the two isotopes on the 0.01 ML Pd/Cu(111) surface are very different. Critically, the uptake of
hydrogen decreases when the temperature is raised while deuterium’s uptake increases at higher
sample temperature. Isotope effects that lead to different rates of H vs. D reactions are common,
however, the completely opposite behavior observed here as a function of temperature is
exceptional. Figure 1(c) shows a natural log plot of the two uptake curves shown in Figures 1(a)
and (b) as a function of inverse temperature. These plots were used to extract the apparent
activation energy for the dissociative adsorption process. In the case of deuterium, the apparent
activation energy was found to be 0.045 + 0.005 eV and for hydrogen it was -0.023 = 0.005 eV.
The small negative apparent activation barrier of hydrogen on 0.01 ML Pd/Cu(111) suggests that
the dissociation process involves more than a single step. Typically, negative apparent activation
barriers in Arrhenius plots are indicative of the presence of a precursor state?® 3% 40 however, we

will show later in our analysis that it relates to the thermodynamics of H uptake.
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Figure 1. The uptake of hydrogen and deuterium on 0.01 ML Pd/Cu(111). (a) Uptake of hydrogen atoms on the alloy
surface after an exposure of 5 L of molecular hydrogen at different temperatures. (b) Uptake of deuterium atoms on
the alloy surface after an exposure of 200 L of molecular deuterium at different sample temperatures. The exposures
of Ha/D, (5 L/200 L) were chosen to yield comparable surface coverages over the temperature range examined. (c)
Arrhenius plots for the data shown in (a) and (b). Circles represent hydrogen data points and triangles are deuterium
data points. (d) STM image of the 0.01 ML Pd/Cu(111) alloy showing that at this coverage Pd exists as single atoms
which appear as protrusions in the Cu(111) surface. Scanning conditions: | = 0.04 nA, V =0.08 V, Scale Bar =1 nm.

To elucidate the underlying mechanism and differences of the H./D> dissociation process on
Pd/Cu(111) we performed DFT calculations for the process. The specific exchange-correlation
functional used was the optB88-vdW functional*!, which accounts for van der Waals (vdW)
dispersion forces within the non-local vdW-DF scheme.*? Full details of the computational setup
are given in the Methods section. The classical DFT potential energy barrier for Hz dissociation
was calculated on a Cu(111)-(3x3) surface with a single Pd atom substitution (Figure 2(a)). Along
the minimum energy pathway of H> dissociation, a weak physisorption well was identified, with

H. found 1.9 A above Pd. Starting from this physisorbed state (with a binding energy of about -
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0.1 eV relative to a H> molecule in the gas phase), the H—H bond dissociation occurs above the
Pd atom with an energy barrier of 0.46 eV. The barrier obtained here with the optB88-vdW
functional is slightly higher than that obtained in previous DFT calculations using a standard
generalized gradient approximation functional and both barriers are much too high to account for

the experimental observations.®
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Figure 2. (a) Potential energy surface for H, dissociation from the physisorbed precursor state on the Pd/Cu(111)
substrate. The total energy of the clean s  urface and the Hz in the gas phase is used as the energy zero. Insets are top
and side views of initial physisorbed precursor state (H,*), transition state (TS), and final state (2H*). White, brown,
and cyan spheres indicate H, Cu, and Pd atoms, respectively. (b) Temperature dependence of the effective quantum
energy barrier (relative to the gas phase) obtained from harmonic quantum transition state theory calculations that take
into account tunneling through the chemisorption barrier and zero point energies. It can be seen that below the quantum
crossover temperature (260 K for Hy, 190 K for D,) the effective energy barrier decreases as the temperature is
lowered. The orange/pink regions of the graph correspond to two different mechanisms for chemisorption below 80
K for H, or 50 K for D,. These two routes to chemisorption are the precursor-mediated process (c), or below 80 K for
H: (50 K for D) a direct chemisorption for H incident on a Pd site (d).

Bearing in mind that the computed DFT barrier is too high to account for the facile activation of
H> below 100 K, as observed in experiments, we now consider how quantum nuclear effects may
alter our physical picture of the dissociation process. The simplest and traditional first step is to
consider how zero point energy (ZPE) will alter the energetics of the process. When we consider
the effect of ZPE corrections, we do indeed find that they lower the energy barrier to dissociation.
However, the reduction is small and the barriers remain too high at 0.37 eV for H, and 0.39 eV for
D>, as compared to the experimentally observed apparent barriers (-0.023 eV and 0.045 eV for H>

and Do, respectively) This indicates that the experimental results cannot be explained through a
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simple consideration of the ZPE effect and that instead quantum mechanical tunneling is likely to

play an important role in this process.

To account for quantum tunneling effects in this system, we have used two path integral based
approaches. Specifically most calculations reported were obtained with harmonic quantum
transition state theory (HQTST) (otherwise known as instanton theory)*® although the more
sophisticated ab initio path integral molecular dynamics (AIPIMD)*# approach was also used.
The HQTST method is an efficient path-integral based approach that includes quantum tunneling
by considering the spread of a “necklace” of beads over the top of the dissociation barrier. The
beads are connected by mass and temperature-dependent springs, such that the classical limit (with
all beads contracted to a single point) is recovered at high temperature and/or high mass. As the
temperature is lowered, these springs weaken and the beads sample lower energy states on either
side of the classical saddle point, resulting in a lowering of the quantum energy barrier due to
tunneling through the classical potential. The HQTST calculations were performed on an analytical
one-dimensional potential constructed to resemble our DFT energy profile for dissociative
adsorption (Figure 2(a)). Figure 2(b) shows some of the key results of the HQTST calculations
wherein the effective dissociation barriers for both H, and D> are plotted as a function of
temperature. It can be seen that below the quantum-classical crossover temperature (which is the
temperature below which classical and quantum mechanics diverge — in this system 260 K for Ha,
190 K for Dy), the effective quantum energy barrier decreases as the temperature is lowered. A
lower barrier will result in more facile chemisorption of Hz from the physisorbed state following
the precursor mechanism shown in Figure 2(c). At 80 K (50 K) the effective quantum barrier for
H> (D2) to dissociatively chemisorb reaches zero (relative to Hz or D2 in the gas phase). This

indicates that below these temperatures an incident molecule at a Pd site could undergo barrierless
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dissociation if, prior to doing so, it does not get trapped in the physisorbed state, as illustrated

schematically in Figure 2(d).

The HQTST calculations reveal that it is mainly tunneling that leads to the substantial reductions
in the effective quantum dissociation barriers. To test this conclusion we performed a separate set
of AIPIMD simulations in which the quantum delocalization of the breaking H. bond was
examined at various points along the classical dissociation pathway. In AIPIMD the forces on the
atoms are computed “on the fly”” and it does not rely on a pre-determined potential energy surface.
A snapshot from an 85 K AIPIMD simulation with the centre of mass of the H> fixed at the classical
saddle point is shown in Figure 3. Clearly there is a large spread of the path integral beads
associated with the two hydrogen atoms. Delocalization of the beads along the dissociation
reaction coordinate is a signature for quantum tunneling through the potential barrier. The extent
of the delocalization observed in the AIPIMD simulations is similar to the spreading observed in

the HQTST calculations at the same temperature (Figure S1).

Figure 3. Side view of a snapshot from an 85 K ab initio path integral molecular dynamics simulation of a single H»
at the classical saddle point for dissociation on the Pd/Cu(111) surface. In this simulation each H atom of the two H
atoms is represented by 16 path integral replicas (“beads”). The large spread of the beads along the dissociation
reaction coordinate indicates that at this temperature the H, molecule can tunnel through the dissociation barrier.

The path integral based DFT calculations reveal significant tunneling through the dissociation

barrier at experimentally relevant temperatures, with a greater extent of tunneling for Hz versus D>
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dissociation. To gain further insight into the experimentally observed differences in the H2/D-
uptake we performed a series of KMC simulations, making use of the data and insight gained from
the various DFT calculations. With no adjustments to the DFT-derived parameters (energetics and
reaction pre-factors), these simulations predict no quantifiable uptake of H (D) adatoms for the
two cases that employ: (a) a DFT-derived (classical) activation energy barrier; and (b) a
temperature-dependent quantum tunneling barrier obtained via the HQTST simulations.
Therefore, to capture the experimentally-observed trends, systematic adjustments to the model
parameters were performed until a reasonable agreement between the experimentally measured
and model predicted surface coverages was reached. These adjustments were small (0.20 eV or
less) and were within the typical error bars associated with DFT calculations of processes at
surfaces. A more detailed account of these adjustments can be found in the supporting information
(Figure S5, Table S1). In particular we found that the coverages predicted by our KMC simulations
are very sensitive to the binding energy of Hz (D2) on the Pd sites. Perturbations as small as 0.005
eV (stabilization) of H2 (D2) can cause the surface coverages to increase by as much as 20% from
their original values, thereby indicating that the binding strength of the precursor state plays a
critical role in the overall reaction. Accordingly, the correct treatment of the weak interaction of
H2/D> with the metal surface is highly desirable for the detailed understanding of the phenomena
studied here.

Figure 4 shows the results from the KMC simulations for H2/D. uptake, plotted against the
experimental observations. The surface coverage of H (D) adatoms is found to decrease (increase)
monotonically with an increase in temperature, consistent with the experimental trends. Our results

suggest that these opposite trends for the surface coverages of H/D adatoms with increasing
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temperature are due to the fact that H; dissociation is thermodynamically controlled, while D-

dissociation is kinetically controlled over the entire temperature regime.
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Figure 4. KMC simulations results for (a) H, uptake and (b) D, uptake, and their comparison with the experimentally
measured values. For parameter values used to obtain these results.

In the case of Hy, it is observed that the decreasing trend of H adatom surface coverage with
temperature is dictated by the thermodynamics, and not by the kinetics, of H> dissociation at
surface Pd sites. In other words, the temperature-dependent activation energy barrier for this step
is too small under all experimental conditions for it to be of great kinetic relevance, and the H
surface coverage is governed by the thermodynamic driving force, i.e., the reaction free energy of
this step. Since this is an exothermic step, an increase in temperature is expected to disfavor H»
dissociation. In particular, the reaction free energy of this elementary step increases with an
increase in temperature, which results in a monotonically decreasing equilibrium constant. The
decreasing H surface coverage, and hence the negative apparent activation energy barrier, is a
direct consequence of this phenomenon.

Contrary to the H> case just described, the monotonically increasing trend in D adatom surface

coverage is due to the fact that D dissociation is kinetically controlled. The temperature-dependent
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activation energy barrier for D> dissociation at surface Pd sites (Table S1, Step 3) is large enough
to ensure that it is the kinetically relevant rate controlling step over the entire temperature regime.
Consequently, the D surface coverage is governed by the kinetics of this elementary step, thereby
resulting in a monotonically increasing surface coverage with increasing temperature. In order to
quantify this, we obtained the overall rate of D, dissociation from our model (total number of D-
dissociation events, as obtained from our KMC model: ‘Enet’). Plotting the natural log of Enet
against 1/T, (where T = temperature (K)), yields the apparent activation energy barrier of the
overall reaction, as shown in Figure 5.. This apparent activation energy barrier, as obtained from

this analysis, is 0.032 eV, consistent with its experimental value (0.045+0.005eV).
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Figure 5. Determination of apparent activation energy barrier for KMC simulations of D uptake. The logarithm of
total number of D dissociation events (Ene) is plotted against the inverse temperature. The apparent activation energy

barrier, as calculated from the slope of the best-fit line, is 0.032 eV, consistent with the experimentally-determined
value of 0.045 £ 0.005 eV.

The results of our KMC simulations suggest that both H» and D> dissociation proceed through the

same reaction pathway. The dissociation of Hz (D2) to give surface H(D) adatoms occurs
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exclusively over Pd sites; for the temperature range employed in our experiments, no dissociation
is observed over Cu sites because of the prohibitively high activation energy barrier. H> (D2) must
land directly on or adjacent to surface Pd atoms, as the precursor states in the vicinity of Cu atoms
are extremely short-lived and prefer to desorb at all temperatures rather than diffuse across the
surface to a Pd site. This was verified by reducing the rate constants for H. (D>) diffusion steps by
several orders of magnitude from the calculated values and observing that the final results were

essentially independent of the diffusion rates.

Finally, we note that our calculations indicate that dissociation can occur through two distinct
processes, each due to the combination of van der Waals interactions and quantum tunneling. The
first process involves the trapping of H: in the physisorbed state, which acts as a precursor to the
dissociative chemisorption process (Figure. 2(a) and sketched in Figure. 2(c)). The second
mechanism may become possible at very low temperatures when quantum effects are so
pronounced that the effective chemisorption barrier drops below the gas phase H. energy zero
(sketched in Figure 2(d)). Our HQTST calculations predict that this can happen at less than ~80 K
for Hz and less than ~50 K for D». This direct dissociation process occurs at lower temperatures
than we have been able to probe in the current TPD experiments but it is an intriguing implication
of the calculations that we hope to examine in future studies. More generally, the results of this
study suggest a novel approach for inducing selective reactions or isotope separations that utilize
the vastly different rates of bond cleavage involving hydrogen and deuterium. For example, many
important surface-catalyzed reactions involve C-H or O-H bond cleavage.*® #’ If the C or O atom
remains at the same surface site before and after the bond breaks and most of the motion is of the
light H atom, similar temperature-dependent activation barriers may occur and novel ways to

control bond breaking developed.
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Conclusions

We have shown experimentally that the dissociation of H> and D> molecules at single Pd atom
surface sites in a Pd/Cu alloy occur at vastly different rates and with opposite trends as a function
of sample temperature. Traditional DFT-based methods for modeling dissociation barriers are
inadequate for explaining these results. Our experimental observations motivated us to take a
theoretical approach using path integral based DFT simulations that account for the role of
quantum nuclear effects in Ho/D> dissociation, coupled with KMC to model the dissociation rates
over the relevant range of temperatures. Our data reveal that the dissociation barriers are strongly
temperature-dependent and that Ha/D. dissociation is dictated by totally different
thermodynamic/kinetic parameters. Within our theoretical framework, we see a positive slope in
Arrhenius plots for Ho uptake, which originates from temperature-dependent quantum tunneling
aided by a precursor state, and a negative slope for D2 which can be explained by a scheme in
which thermally assisted barrier crossing dominates tunneling and the effect of the precursor state.
The breaking of chemical bonds involving H atoms is ubiquitous in nature, and our results provide
a unique insight into the highly temperature-dependent quantum effects that dictate these rates.
We also hope to apply this refined theoretical approach to other light-atom systems in order to
search for regimes where important chemistry may become more controllable once quantum

effects are fully understood and quantified.
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