
 

 

 

 

 

 

 

Mechanisms, Active Sites, and Promoters for the Direct Synthesis of Hydrogen Peroxide  

on Pd-Based Catalysts 

 

By 

Anthony D. Plauck 

 

A dissertation submitted in partial fulfillment of 

the requirements for the degree of 

 

Doctor of Philosophy 

(Chemical Engineering) 

 

at the 

UNIVERSITY OF WISCONSIN-MADISON 

2016 

 

Date of final oral examination: 11/21/2016 

The dissertation is approved by the following members of the Final Oral Committee: 

Manos Mavrikakis, Professor, Chemical & Biological Engineering 

James A. Dumesic, Professor, Chemical & Biological Engineering 

George W. Huber, Professor, Chemical & Biological Engineering 

Victor M. Zavala, Assistant Professor, Chemical & Biological Engineering 

Ive Hermans, Associate Professor, Chemistry 

Eric E. Stangland, Principal Research Scientist, The Dow Chemical Company 

 

 



 

 

  



i 

 

Abstract 

The widespread use of hydrogen peroxide (H2O2) for catalytic oxidations is limited by the 

wasteful process by which it is currently produced: the anthraquinone process. The direct synthesis 

of H2O2 (DSHP) is a promising alternative process. One primary technical obstacle to its 

commercialization is the identification of sufficiently active and selective heterogeneous catalysts. 

Although Pd is a promising active component that is used in most catalyst formulations, two factors 

have restricted the search directions for improved DSHP catalysts to experimental trial and error: 

(i) the reaction mechanisms are not resolved, and (ii) the active site requirements are poorly 

understood. Addressing these factors is complicated by the existence of multiple side reactions 

and the inherent complexities of heterogeneous catalysts and the DSHP reaction environment.  

In this dissertation, we employ density functional theory calculations to develop an atomic-

scale understanding of the DSHP on Pd-based catalysts. We propose reaction mechanisms and 

analyze Pd’s intrinsic reactivity toward forming H2O2 versus H2O from H2 and O2. We also 

develop an experimentally-consistent microkinetic model that describes H2O2 decomposition on 

Pd; one of the major drawbacks of Pd catalysts is high activity toward this undesirable reaction. 

Through these studies we highlight specific mechanistic challenges, including the identification of 

likely rate-limiting steps. We then consider how catalyst structure and composition can be 

modified to mitigate these challenges. We analyze the impact of the coordinative saturation of the 

Pd surface, the role of halides and Au as catalytic promoters, and the effect of phase 

transformations induced by the reaction environment.  

Our work demonstrates the utility of computational chemistry in deconvoluting complex 

catalytic systems – especially when coupled with experimental and microkinetic analyses. The 

results can potentially be used to build a framework that guides the search for new DSHP catalysts. 



ii 

 

Acknowledgements 

I would first like to thank my advisor, Professor Manos Mavrikakis. He struck a healthy 

balance between challenging me and understanding my capacity as a graduate student. Professor 

Mavrikakis has been a constant source of deep insights, and his methodical yet creative approach 

to research has positively influenced my thinking process. I hope to carry his passion for research 

and his strong work ethic with me in my future endeavors.  

Although not my official co-advisor, Professor James A. Dumesic has also been an 

invaluable mentor during my studies. I greatly appreciate all the time he has invested in my project, 

especially his guidance and patience with the experimental aspects. I also thank him for serving 

on my preliminary exam and defense committees. On that note, I extend my thanks to the rest of 

the CBE faculty for their support and feedback during my studies. In particular, I thank Professor 

Christos T. Maravelias and Professor Michael D. Graham for serving on my preliminary and fourth 

year exam committees. I also thank Professor George W. Huber, Professor Ive Hermans, and 

Professor Victor M. Zavala for serving on my defense committee. 

The work presented in this thesis has been in collaboration with (and funded by) The Dow 

Chemical Company. I am grateful to all of our Dow collaborators for their contributions to this 

work, particularly the opportunity to learn from their expertise. I thank Jack Kruper, Edward Lee, 

and Thomas Gilbert for initiating this project and for their continued support during its course. I 

especially thank Eric E. Stangland, this project’s Principal Investigator from Dow; his 

encouragement, flexibility, and eagerness to assist all aspects of this project have undoubtedly 

eased my studies. I also thank Eric for serving on my defense committee. Finally, I thank all other 

Dow collaborators who have provided valuable feedback throughout our many teleconferences, 



iii 

 

including David Barton, Wayne Blaylock, Ken Marshall, Sam Mistretta, Doran Bennett, and 

Junqiang Liu. 

I would also like to express my gratitude to the many members of the UW-Madison CBE 

department staff for their support. In particular, I am grateful for computer support from Todd 

Ninman, Russ Poyner, and Mary Heimbecker, and I am grateful for purchasing assistance from 

Christi Levenson and Michelle Kirch. I also thank Joel Lord and Eric Codner for technical 

assistance.     

I would like to recognize the guidance from Professor Fuat E. Celik during my first year at 

UW-Madison, as well as collaboration with Professor Ana C. Alba-Rubio on a significant portion 

of this thesis. (I am especially grateful for the tireless nights and weekends she spent on the electron 

microscope.) I wish them both the best of luck in their academic careers.  

I also thank all the members of the Computational Surface Science and Catalysis group. In 

particular, I am grateful for many lengthy and always fruitful discussions with [soon to be] 

Professor Srinivas Rangarajan – his future students will be privileged to have him as their 

Professor. I thank Dr. Luke T. Roling for his friendship and for countless research discussions, 

which I hope were mutually beneficial. I am also grateful to Dr. Jeffrey Herron, Dr. Guowen Peng, 

Dr. Sha Li, Dr. Yunhai Bai, Dr. Suyash Singh, and Lang Xu for always providing thoughtful 

responses to my technical questions. I extend this thanks to all other colleagues in the CBE 

department who I have interacted with over the past years. I thank Professor Thomas J. Schwartz 

and Dr. Ronald Carrasquillo for allowing me to bombard them with experimental questions and 

for equipment training. I am especially grateful for my lunch buddies, Dr. Mark Politz and Dr. 



iv 

 

Max Mellmer (also my housemate of three years); hopefully we move on to healthier eating habits 

post-graduation… 

Lastly, I would like to thank my family for love and support: Darryl, Diane, Nick, and 

Greg. I also thank Mr. and Mrs. Lee for a continuous supply of kimchi and other Korean 

delectables. Importantly, I thank my girlfriend Angel, who has endured me during the entirety of 

this experience. 

 

 

  



v 

 

Table of Contents 

Abstract …………………………………………………………………………………………..i 

Acknowledgements …………………..………………………………………………………….ii 

Table of Contents ………………………………………………………………………………..v 

List of Figures …………………………………………………………………………….……..ix 

List of Tables …………………………………………………………………………………...xiii 

Chapter 1: Introduction ............................................................................................................... 1 

1.1 Green Chemistry and Heterogeneous Catalysis .................................................................... 1 

1.2 Hydrogen Peroxide – A Green Oxidant, Produced by a Not-So-Green Process .................. 2 

1.3 Catalytic Challenges for the Direct Synthesis of H2O2 ......................................................... 5 

1.4 Elucidating Mechanisms and Active Sites by Density Functional Theory ........................... 8 

1.5 Thesis Scope .......................................................................................................................... 9 

Chapter 2: Overview of Methods .............................................................................................. 12 

2.1 Background: The Shrödinger Equation and Density Functional Theory ............................ 12 

2.2 Applications of Density Functional Theory to Catalysis .................................................... 15 

2.2.1 Slab models to describe metal nanoparticles ................................................................ 15 

2.2.2 Binding and surface reaction energies .......................................................................... 17 

2.2.3 Vibrational frequencies ................................................................................................. 18 

2.2.4 Activation energy barriers ............................................................................................ 19 

2.3 Experimental System........................................................................................................... 20 

Chapter 3: Mechanisms and Structure Sensitivity of the Gas-Phase Oxygen-Hydrogen 

Reaction on the Late Transition Metals.................................................................................... 22 

3.1 Introduction ......................................................................................................................... 22 

3.2 Computational Methods ...................................................................................................... 24 

3.3 Results and Discussion ........................................................................................................ 27 

3.3.1 Thermochemistry of adsorbed species ......................................................................... 29 

3.3.2 Kinetics of O-O bond dissociation ............................................................................... 32 

3.3.3 Kinetics of H-H bond dissociation ............................................................................... 35 

3.3.4 Kinetics of O-H bond formation ................................................................................... 36 

3.3.5 Analysis of reaction pathways using potential energy surfaces ................................... 37 



vi 

 

3.3.6 Prediction of the most likely abundant surface intermediates ...................................... 40 

3.3.7 Maximum rate analysis of pathways and potential rate-limiting steps ........................ 44 

3.4 Conclusions ......................................................................................................................... 47 

Supplementary Figures, Tables, and Methods for Chapter 3 .................................................... 49 

Chapter 4: Active Sites and Mechanisms for H2O2 Decomposition over Pd Catalysts ........ 55 

4.1 Introduction ......................................................................................................................... 55 

4.2 Methods ............................................................................................................................... 57 

4.2.1 Density functional theory ............................................................................................. 57 

4.2.2 Experiments .................................................................................................................. 58 

4.2.3 Microkinetic model....................................................................................................... 60 

4.3 Results ................................................................................................................................. 61 

4.3.1 Thermochemistry and binding configurations of reaction intermediates on clean Pd . 61 

4.3.2 Activation energy barriers of elementary steps ............................................................ 65 

4.3.3 Catalytic cycles and potential energy surfaces ............................................................. 70 

4.3.4 Kinetics experiments and microkinetic modeling ........................................................ 72 

4.4 Discussion ........................................................................................................................... 78 

4.5 Conclusions ......................................................................................................................... 81 

Supplementary Figures, Tables, and Methods for Chapter 4 .................................................... 83 

Chapter 5: Understanding the Role of Co-Adsorbed Halides on Pd(111) ............................. 93 

5.1 Introduction ......................................................................................................................... 93 

5.2 Computational Methods ...................................................................................................... 96 

5.3 Results ................................................................................................................................. 98 

5.3.1 Halogen binding on Pd(111) ......................................................................................... 98 

5.3.2 Energetics for H2O2 synthesis and decomposition mechanisms on Pd(111) .............. 105 

5.4 Discussion ......................................................................................................................... 118 

5.4.1 Anticipated effects on activity and selectivity ............................................................ 118 

5.4.2 Reactivity trends and scaling on halogen-modified Pd(111)...................................... 122 

5.5 Conclusions ....................................................................................................................... 125 

Supplementary Figures, Tables, and Methods for Chapter 5 .................................................. 127 

Chapter 6: The Impact of Metal Surface Structure on Halide-Modified Pd Catalysts ..... 137 

6.1 Introduction ....................................................................................................................... 137 

6.2 Computational Methods .................................................................................................... 138 



vii 

 

6.3 Results and Discussion ...................................................................................................... 141 

6.3.1 Halogen binding, diffusion, and saturation coverage ................................................. 141 

6.3.2 Co-adsorption of reaction intermediates with halogens on Pd(100) .......................... 146 

6.3.3 Thermochemistry for H2O2 formation and bifurcation points leading to H2O ........... 154 

6.3.4 Kinetic barriers for O-O dissociation at the bifurcation points .................................. 157 

6.4 Conclusions ....................................................................................................................... 161 

Supplementary Figures, Tables, and Methods for Chapter 6 .................................................. 163 

Chapter 7: Direct Synthesis of H2O2 over Au-Pd Catalysts Prepared by Electroless 

Deposition .................................................................................................................................. 165 

7.1 Introduction ....................................................................................................................... 165 

7.2 Experimental Methods ...................................................................................................... 167 

7.2.1 Catalyst synthesis ....................................................................................................... 167 

7.2.2 Catalyst characterization ............................................................................................. 168 

7.2.3 Hydrogen peroxide synthesis and decomposition ...................................................... 169 

7.3 Results and Discussion ...................................................................................................... 171 

7.3.1 High dispersion (hd) Pd/SiO2 and Au-Pd/SiO2 catalysts............................................ 171 

7.3.2 Low dispersion (ld) Pd/SiO2 and Au-Pd/SiO2 catalysts ............................................. 176 

7.4 Conclusions ....................................................................................................................... 181 

Supplementary Figures, Tables, and Methods for Chapter 7 .................................................. 182 

Chapter 8: The Effect of Surface, Subsurface, and Bulk Hydrogen on Pd Catalysts ........ 186 

8.1 Introduction ....................................................................................................................... 186 

8.2 Computational Methods .................................................................................................... 188 

8.3 Results and Discussion ...................................................................................................... 189 

8.3.1 The Pd hydride model ................................................................................................. 190 

8.3.2 Oxygen adsorption ...................................................................................................... 193 

8.3.3 Oxygen hydrogenation ............................................................................................... 195 

8.3.4 H2O2 adsorption and dissociation ............................................................................... 199 

8.4 Conclusions ....................................................................................................................... 201 

Chapter 9: Conclusions and Recommendations for Future Work ...................................... 203 

9.1 Conclusions ....................................................................................................................... 203 

9.2 Recommendations for Future Work .................................................................................. 205 

9.2.1 Increase complexity of Pd surface models ................................................................. 206 

9.2.2 Search directions for improved catalysts .................................................................... 209 



viii 

 

References .................................................................................................................................. 212 

 

  



ix 

 

List of Figures 
 

Figure 1.1 Simplified diagram of the overall reactions that produce H2O2 in the AO process 

and the DSHP. ......................................................................................................................4 

Figure 2.1 (left) Pictorial representation of an fcc metal nanoparticle (ca. 2 nm) with the 

close-packed (111) and more open (100) planar facets dominating the exposed 

surface. (right) Top-down views of the (111) and (100) facets used in slab models. ........16 

Figure 2.2 Binding energy calculation for an adsorbate on the (111) facet of an fcc metal. ........18 

Figure 3.1 (A-O) Top-down and side views of the preferred binding geometries for 

adsorbates on the (100) facet of Pd, Pt, Cu, Ag, and Au. ..................................................30 

Figure 3.2 Activation energy barriers for (A-C) O-O bond dissociation, (D) H-H bond 

dissociation, and (E-H) O-H bond formation on the (111) and (100) facets. ....................34 

Figure 3.3 PESs for the direct reaction of O2 and H2 on the (111) and (100) facets of (A) 

Cu, (B) Pd, (C) Pt, (D) Ag, and (E) Au, comparing the sequential addition of H* to 

O2* with the competing O-O bond dissociation steps. ......................................................38 

Figure 3.4 Stability of each surface intermediate (at 0.25 ML coverage in a (2 × 2) surface 

unit cell) relative to gas-phase reservoirs of the H2 and O2 reactants at 298.15 K. ...........43 

Figure S3.1 Stability of each surface intermediate (at 0.25 ML coverage in a (2 × 2) surface 

unit cell) relative to gas-phase reservoirs of the H2 and O2 reactants at 398.15 K. ...........49 

Figure 4.1 (A-G) Side and top-down views of the preferred binding sites for all adsorbates 

on Pd(100). .........................................................................................................................63 

Figure 4.2 Side and top-down views of the transition state geometries for (a-c) O-O bond 

scission, (d-g) dehydrogenation, and (h-m) H-transfer elementary steps on Pd(100).

............................................................................................................................................66 

Figure 4.3 Schematic representation of reaction pathways for H2O2 decomposition on 

clean surfaces. ....................................................................................................................71 

Figure 4.4 Potential energy surfaces (thermochemistry only) for reaction pathways from 

Figure 4.3 on clean Pd(111) and Pd(100) based on the DFT-derived energetics. .............71 

Figure 4.5 (A,C) Parity plots of experimental and model-predicted reaction rates for H2O2 

decomposition. ...................................................................................................................75 

Figure 4.6 Dominant reaction pathways predicted by the microkinetic model for the OH*-

coverage solution. ..............................................................................................................78 

Figure S4.1 Enthalpy surface for adsorption and O-O bond scission in H2O2 corresponding 

to the O*-coverage solution parameters. ...........................................................................88 

Figure 5.1 (A) Side and top-down views of Br* at its preferred binding site (fcc) on 

Pd(111). (B) Side and top-down views of Br* absorbed in the first subsurface layer 

of Pd(111) at the octahedrally coordinated site; the top layer of Pd atoms is colored 

in blue. (C) Top-down views of the fcc to hcp diffusion path. ........................................100 

Figure 5.2 Average binding energy per halogen adatom as a function of coverage on 

Pd(111), with corresponding top-down views of the most stable relaxed structures 

at each coverage. Dashed lines are to guide the eye. .......................................................102 



x 

 

Figure 5.3 Phase diagram for F*, Cl*, Br*, and I* on Pd(111) as a function of the partial 

pressure of the corresponding hydrogen halide at 298 K. ...............................................104 

Figure 5.4 Top-down and side views of the hydrogen-bonded states corresponding to 1/9 

ML F* co-adsorbed with OH*, H2O*, OOH*, and H2O2* on Pd(111). ..........................108 

Figure 5.5 Reaction energies for hydrogenations on clean and halogen-covered Pd(111). ........112 

Figure 5.6 Reaction energies for O-O and H-H bond dissociations on clean and halogen-

covered Pd(111). ..............................................................................................................113 

Figure 5.7 Reaction energies for hydrogen transfers on clean and halogen-covered Pd(111).

..........................................................................................................................................114 

Figure 5.8 Surface reaction energies for hydrogen transfer from DSHP reaction 

intermediates to adsorbed halogens on clean Pd(111) at 1/9 ML halogen coverage 

(e.g., ΔE = 2.06 eV for the reaction H2O* + I* ↔ OH* + HI*), plotted as a function 

of the experimental proton affinity of the corresponding gas-phase halide. ....................118 

Figure 5.9 Potential energy surfaces for adsorption and dissociation of (A) O2, (B) H2, and 

(C) H2O2 on clean and 1/3 ML halogen-covered Pd(111). ..............................................119 

Figure 5.10 Potential energy surface for direct H2O2 formation on clean and 1/9, 2/9, and 

1/3 ML Br*-covered Pd(111)...........................................................................................122 

Figure 5.11 (A) Potential energy surfaces (PESs) for the thermochemistry of direct H2O2 

formation. .........................................................................................................................125 

Figure S5.1 Top-down and side views of the preferred binding geometries for the hydrogen 

halides on clean Pd(111). .................................................................................................129 

Figure S5.2 Thermodynamic cycle for co-adsorption of DSHP intermediates with the 

halogens. ..........................................................................................................................130 

Figure S5.3 Top-down and side views of (left) H2O
(p) and (right) H2O2

(p) binding 

geometries on 1/3 ML Br*-covered Pd(111). ..................................................................132 

Figure S5.4 Top-down views of the transition state structures for O-O bond dissociation 

in (A-D) O2*; (E-H) OOH*; and (I-L) H2O2*; and for H-H bond dissociation in (M-

P) H2* on clean and 1/3 ML halogen-covered Pd(111). ..................................................133 

Figure S5.5 Top-down views of the initial, transition, and final states in the minimum 

energy CI-NEB pathways for O-O dissociation in OOH* on 1/3 ML halogen-

covered Pd(111). The initial state for each pathway is taken as the energy reference.

..........................................................................................................................................134 

Figure S5.6 Potential energy surface for direct H2O2 formation on clean and 1/9, 2/9, and 

1/3 ML Cl*-covered Pd(111) (thermochemistry only). ...................................................135 

Figure S5.7 Potential energy surface for direct H2O2 formation on clean and 1/9, 2/9, and 

1/3 ML I*-covered Pd(111) (thermochemistry only). .....................................................135 

Figure S5.8 Transition state energies (BETS) plotted against the binding energy of O* for 

O-O bond dissociations in (A) O2*, (B) OOH*, and (C) H2O2*; and H-H bond 

dissociation in (D) H2*.....................................................................................................136 

Figure 6.1 (A) The difference in halogen binding energy (ΔBE) between its value on 

Pd(111) and its value on Pd(100) and Pd(533). ...............................................................142 



xi 

 

Figure 6.2 Average binding energy per halogen adatom as a function of coverage on 

Pd(100), with corresponding top-down views of the most stable adlayer structure 

at each coverage. Dashed lines are to guide the eye. .......................................................144 

Figure 6.3 Side and top-down views of (A-C) H2O2 and (D-F) O2 adsorption on clean and 

1/2 ML halogen-covered Pd(100). ...................................................................................148 

Figure 6.4 Binding energies for each intermediate as a function of Br* coverage on 

Pd(111) (black squares) and Pd(100) (blue triangles). ....................................................151 

Figure 6.5 Potential energy surface for direct H2O2 formation from sequential 

hydrogenation of O2 on clean and halogen-covered Pd(111) and Pd(100). ....................155 

Figure 6.6 Reaction energies (ΔE) with respect to the gas-phase H2 and O2 reactants at the 

three bifurcation points, which are defined by O-O bond dissociation events ................157 

Figure 6.7 (Left) Activation energy barriers for O-O bond dissociation in H2O2*, OOH*, 

and O2* on clean Pd(111) and Pd(100) compared to the barriers on 1/3 ML halogen-

covered Pd(111) and 3/8 ML halogen-covered Pd(100). .................................................158 

Figure S6.1 Procedure for constructing the phase diagrams in Figure 6.1 for Cl*, Br*, and 

I* adsorption on Pd(111), Pd(100), and the Pd(533) step edge as a function of 

aqeuous-phase hydrogen halide concentration. ...............................................................163 

Figure 7.1 STEM images and particle size distribution for: (a) Pd/SiO2 (hd), (b) 0.53 ML 

Au-Pd/SiO2 (hd), (c) Pd/SiO2 (ld), and (d) 0.74 ML Au-Pd/SiO2 (ld). ld: low 

dispersion, hd: high dispersion. .......................................................................................172 

Figure 7.2 Transmission FTIR spectra of CO adsorption on: (a) high dispersion catalysts: 

monometallic Pd/SiO2 (hd) (green) and bimetallic 0.53 ML Au-Pd/SiO2 (hd) 

(orange); and (b) low dispersion catalysts: monometallic Pd/SiO2 (ld) (blue) and 

bimetallic 0.69 ML Au-Pd/SiO2 (ld) (red). ......................................................................173 

Figure 7.3 (▲) Conversion-time and (■) mmol H2O2 produced-time data for (a) Pd/SiO2 

(hd); (b) 0.53 ML Au-Pd/SiO2 (hd); (c) Pd/SiO2 (ld); and (d) 0.69 ML Au-Pd/SiO2 

(ld). ...................................................................................................................................175 

Figure 7.4 Composition distribution obtained by EDS spot-beam analysis, and EDS maps 

of single particles following electroless deposition of Au: (a) 0.69 ML Au-Pd/SiO2 

(ld), (b) 0.74 ML Au-Pd/SiO2 (ld). ..................................................................................176 

Figure 7.5 mmol H2O2 decomposed-time data for (▲) Pd/SiO2 (ld) and (■) 0.69 ML Au-

Pd/SiO2 (ld) for (a) the decomposition reaction with H2 present and (b) the 

decomposition reaction without H2 present. ....................................................................179 

Figure S7.1 Effect of stirring speed on H2 conversion and H2O2 production during H2O2 

synthesis using 0.69 ML AuPd/SiO2 catalyst (ld). ...........................................................184 

Figure S7.2 (●) H2 conversion, (□) selectivity to H2O2 and (■) mmol of H2O2 produced 

versus mass of 0.69 ML AuPd/SiO2 catalyst (ld) used in the reaction. ...........................185 

Figure 8.1 DFT-calculated lattice expansion of Pd hydride versus bulk atomic ratio of 

H:Pd (black triangles). .....................................................................................................191 

Figure 8.2 Preferred positions for H vacancy formation in the PdH(111) slab. The 

PdH(111) surface model is saturated with hydrogen on all surface hcp sites and all 

subsurface octahedral sites, and the Pd lattice constant corresponds to that 

calculated in Figure 8.1 for a 1:1 H:Pd bulk atomic ratio. ...............................................192 



xii 

 

Figure 8.3 Binding energies of atomic oxygen (BEO) at surface fcc (red circles) and hcp 

(gray squares) sites as a function of increasing H content on the surface (H*) and 

in the subsurface (Hsub) of Pd(111). .................................................................................194 

Figure 8.4 Activation energy barriers (Ea) for H2O2* decomposition and O* hydrogenation 

on Pd(111) as a function of the reaction energy (ΔE), at different concentrations of 

H on the surface (H*) and in the subsurface (Hsub)..........................................................196 

Figure 8.5 Pictorial representation of O* hydrogenation by Hsub on (left) clean Pd(111) and 

(right) PdH(111), including activation barriers (Ea), reaction energies (ΔE), and 

geometric parameters. ......................................................................................................198 

Figure 9.1 (A,B) Select scaling relations and (C,D) BEP relations on the (111) facet of Cu, 

Pd, Pt, Ag, and Au. ..........................................................................................................210 

 



xiii 

 

List of Tables 

 

Table 1.1 Experimental gas-phase bond enthalpies. .......................................................................7 

Table 3.1 ZPE-corrected binding energies (in eV) and site preferences for H*, H2* O*, 

OH*, and H2O* on the (100) facet of Pd, Pt, Cu, Ag, and Au. .........................................29 

Table 3.2 ZPE-corrected binding energies (in eV) and site preferences for dioxygen species 

(O2*, OOH*, and H2O2*) on the (100) facet of Pd, Pt, Cu, Ag, and Au. ..........................31 

Table 3.3 Summary of the maximum rate (rmax) and rate-limiting step for each pathway, as 

predicted by the maximum rate analysis. ...........................................................................45 

Table S3.1 Reaction energies, ΔE, (and activation energy barriers, Ea, in parenthesis) for 

all elementary steps on the (100) facet of Pd, Pt, Cu, Ag, and Au. ...................................50 

Table S3.2 Stability of all isomeric states in reference to the reactant state of [2H2(g)+O2(g)] 

for the (111) facet...............................................................................................................51 

Table S3.3 Stability of all isomeric states in reference to the reactant state of [2H2(g)+O2(g)] 

for the (100) facet...............................................................................................................52 

Table S3.4 Maximum rates of elementary steps in competing mechanisms (Scheme 3.1) 

on the clean (111) facets. ...................................................................................................53 

Table S3.5 Maximum rates of elementary steps in competing mechanisms (Scheme 3.1) 

on the clean (100) facets. ...................................................................................................54 

Table 4.1 Calculated binding energies (BE) of adsorbed species, their preferred adsorption 

sites, and O-O bond lengths (dO-O) on Pd(111) and Pd(100). ............................................62 

Table 4.2 Energetics of elementary steps considered for the decomposition of H2O2. .................65 

Table 4.3 Reaction rates obtained from the kinetics experiments on Pd/spSiO2. .........................72 

Table 4.4 Experimental and microkinetic model-predicted reaction orders and apparent 

activation energy barriers (Eapp). Reported experimental error is the standard error 

from linear regression. .......................................................................................................73 

Table 4.5 Degree of rate control (XRC) calculated for kinetically relevant reaction steps for 

reaction condition (3) of Table 4.3; XRC is given for both the O*-coverage solution 

and the OH*-coverage solution at this experimental condition.........................................76 

Table 4.6 DFT-calculated binding energies (BE) of adsorbed species on Pd(100) in the 

presence of 0.5 ML of OH*; and comparison with the BEs in the OH*-coverage 

solution. ..............................................................................................................................77 

Table S4.1 Shomate parameters (A to G) for T = 100-400 K on clean Pd(111)...........................89 

Table S4.2 Shomate parameters (A to G) for T = 100-400 K on clean Pd(100)...........................90 

Table S4.3 Adjustments (“Δ”) to the DFT-calculated binding energies (BE) and activation 

barriers (Ea) on clean Pd(111) needed to obtain the O*-coverage solution. ......................91 

Table S4.4 Adjustments (“Δ”) to the DFT-calculated binding energies (BE) and activation 

barriers (Ea) on clean Pd(100) needed to obtain the OH*-coverage solution. ...................92 

Table 5.1 Surface adsorption energies (BE), geometric parameters (ΔZPd, ZX-Pd, and dPd-

Pd), surface diffusion activation energies (Ea), and subsurface sorption energies 

(ΔE) of halogens on Pd(111); coverage is 1/9 ML. ...........................................................99 



xiv 

 

Table 5.2 Binding energies (eV) and adsorption sites for reaction intermediates on clean 

and halogen-covered Pd(111). .........................................................................................107 

Table 5.3 Activation energy barriers (eV) for O-O and H-H bond dissociation steps on 

clean and 1/3 ML halogen-covered Pd(111). ...................................................................115 

Table S5.1 Surface adsorption energies, dissociation energies, and geometric parameters 

for the hydrogen halides on clean Pd(111). .....................................................................129 

Table S5.2 Contributions to the destabilization of O* induced by co-adsorption with 1/9 

ML I*. ..............................................................................................................................131 

Table S5.3 Contributions to the destabilization of O* induced by co-adsorption with 1/3 

ML of Cl*, Br*, and I*. ...................................................................................................131 

Table S5.4 Reaction energies on halogen-covered Pd(111) (in eV) ...........................................132 

Table 6.1 Geometric parameters (defined in Figure 6.3) and binding energies for H2O2 and 

O2 adsorption to 1/2 ML halogen-covered Pd(100). ........................................................149 

Table S6.1 Binding energies (eV) for reaction intermediates on clean and halogen-covered 

Pd(100). ............................................................................................................................164 

Table S6.2 Surface reaction energy data (in eV) on clean and halogen-covered Pd(100). .........164 

Table 7.1 Theoretical and actual Au coverages, ICP results, and CO chemisorption results 

for Pd/SiO2 and Au-Pd/SiO2 catalysts. ............................................................................171 

Table 7.2 Comparison of selectivity and initial H2O2 production rate for the synthesis 

reaction (hd and ld catalysts). ..........................................................................................174 

Table 7.3 Comparison of initial rates for the H2O2 synthesis and decomposition reactions 

for (ld) catalysts. ..............................................................................................................178 

Table S7.1 FTIR peak positions and intensity ratios for Pd/SiO2 and Au-Pd/SiO2 catalysts.

..........................................................................................................................................183 

Table S7.2 Decomposition of H2O2 (ld catalysts) using a 2 wt % H2O2 feed solution in 1:1 

molar ratio MeOH:H2O solution. .....................................................................................184 

Table 8.1 Effect of hydride-induced strain on the kinetics for H2O2 decomposition at 

temperatures relevant to a DSHP process. .......................................................................201 

 

  



1 

 

Chapter 1: Introduction  

1.1 Green Chemistry and Heterogeneous Catalysis 

The guiding principle of “green chemistry” is to eliminate or minimize the intrinsic hazards 

of chemical products and processes.1 It is a proactive rather than remedial approach to reducing 

risks posed by the chemical industry – both to the environment and to human beings – while 

meeting modern society’s demand for chemical products.2 Numerous texts have been devoted to 

the continued development and dissemination of the concepts of green chemistry, and the 

importance of this issue is also recognized with national awards including the U.S. Presidential 

Green Chemistry Challenge.3   

Many challenges to implementing new (or modifying existing) chemical processes that 

meet the criteria of green chemistry1 can involve identifying improved catalytic materials – in 

particular, heterogeneous catalysts, which afford more facile recovery and recycling compared to 

their homogeneous counterparts.4 Catalysts enable chemical syntheses to proceed at low 

temperatures and pressures to increase energy efficiency, are reusable as opposed to stoichiometric 
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reagents, and can help minimize the waste produced per amount of desired product.5 However, 

heterogeneous catalysts can be complex materials. They are primarily composed of an active 

component dispersed on a high surface area support material. A combination of diverse 

experimental and theoretical techniques is often necessary to establish the relationships between 

the structure/composition of the active component and catalytic performance that will aid catalyst 

design. This thesis focuses on the development of improved Pd-based catalysts for an alternative, 

greener production process for hydrogen peroxide (H2O2): the direct synthesis of H2O2.  

1.2 Hydrogen Peroxide – A Green Oxidant, Produced by a Not-So-Green Process 

Hydrogen peroxide is a versatile and environmentally benign chemical oxidant that has the 

potential to decrease the environmental impact of numerous manufacturing processes.6, 7 Water is 

the only byproduct of its use. The largest demand for H2O2 is in the pulp and paper industry, where 

H2O2 can be used to displace or completely replace chlorinated compounds.8-10 H2O2 is also an 

important chemical oxidant for the treatment of industrial wastewater.11, 12 Furthermore, the 

utilization of H2O2 for selective oxidation reactions represents a growing field and has garnered a 

number of Presidential Green Chemistry Challenge awards;3 H2O2 can be used to oxidize alcohols, 

olefins, and sulfides under mild conditions, replacing deleterious heavy metal and organic 

stoichiometric oxidants, among others.13-15 In 2006, the annual global market for H2O2 was 

estimated to be 2.2 million metric tons,10 and a recent market report by Global Industry Analysts, 

Inc. projects that the annual worldwide demand for H2O2 will exceed 5.7 million metric tons by 

2022.16 

Despite the efficacy of H2O2 as a green oxidant, the introduction and expansion of chemical 

processes that utilize H2O2 can be limited by the high cost of its production. Nearly all H2O2 used 

in industry today is produced by the anthraquinone (AO) process.17 The basic description of the 
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AO process is simple: an alkyl anthraquinone is cyclically hydrogenated by H2 to the 

hydroquinone, and then auto-oxidized in air to liberate H2O2 and regenerate the alkyl 

anthraquinone (Figure 1.1). The major drawbacks of the AO process are tied to the many unit 

operations surrounding these two reaction steps. First, the hydrogenation catalyst (typically 

palladium or Raney nickel) must be filtered from the working solution (a solvent mixture 

containing the dissolved anthraquinone/hydroquinone) prior to the oxidation reactor to prevent 

catalytic H2O2 decomposition. Second, the H2O2 is extracted from the oxidized working solution 

using water, and residual water is removed from the working solution by drying. Third, the 

working solution must be purified and regenerated because the solvent mixture and anthraquinone 

form degradation products during their continuous circulation; some degradation products, 

particularly those formed in the hydrogenation reactor, cannot be regenerated and lead to waste 

generation. Moreover, some of the working solution is stripped by the air used in the oxidation 

reactor. There are also additional unit operations required to process the crude H2O2 that is 

extracted from the working solution: organic and metallic contaminants are removed from the 

crude H2O2 by treatments such as solvent extraction and ion-exchange, and distillation is usually 

applied to further purify and concentrate the H2O2 to 50-70 wt % H2O2 for commercial 

distribution.17  
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   The Anthraquinone Process (AO Process)              The Direct Synthesis of H2O2 (DSHP) 

Figure 1.1 Simplified diagram of the overall reactions that produce H2O2 in the AO process and the DSHP. Other unit 

operations involved in the AO process, including extraction, purification, and distillation, are not included here but 

are described in the text. The DSHP is generally performed in a liquid solvent such as water.  

 

Clearly, the AO process can be considered a less than green process due to significant waste 

generation, utilization of large amounts of organic solvents and quinone (which themselves can be 

synthesized by processes that generate toxic wastes), high energy consumption by the many unit 

operations, and the requirement for a large-scale plant due to economies of scale. A consequence 

of the latter is that H2O2 is often produced far from its point-of-use and must be stabilized and 

transported. The single-step direct synthesis of H2O2 (DSHP) from H2 and O2 using a 

heterogeneous transition metal catalyst is a promising alternative to the AO process (Figure 1.1).18 

Not only would a DSHP process enable on-site production of H2O2 for small- to medium-scale 

processes, increasing the attraction and feasibility of H2O2 as a green oxidant, but the DSHP 

process itself would be green: this reaction can be performed in a single reactor using an aqueous 
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solvent, and the only side product is water. García-Serna et al19 discuss the economic viability of 

a DSHP process in comparison with the existing AO process. There is also the potential to couple 

selective oxidation processes with the in situ direct synthesis of H2O2, such as in the epoxidation 

of propylene.15, 20, 21 However, a DSHP process has not yet been commercialized even though its 

origins date back as far as 1914.22 A primary technical obstacle toward the implementation of a 

DSHP process is finding sufficiently active and selective heterogeneous catalysts – highlighted by 

the abundance of review articles published on this subject within the last ten years.15, 18, 19, 23-28 

1.3 Catalytic Challenges for the Direct Synthesis of H2O2 

Both the AO process and the DSHP produce H2O2 from H2 and O2 (Figure 1.1). The former 

separates the hydrogenation (catalytic) and oxidation (non-catalytic) steps and therefore avoids 

side reactions that can occur between H2 and [O2 or H2O2] over the catalyst – as well as direct 

catalytic H2O2 decomposition. It is these side reactions that constitute a selectivity challenge for 

DSHP catalysts, because H2, O2, H2O2, and catalyst are all present in the same reactor. The 

complete reduction of O2 to H2O is more thermodynamically favorable than the partial reduction 

of O2 to H2O2: 

[Reaction 1] H2(g) + O2(g) → H2O2(l)                         ΔG°298K = -120.4 kJ mol-1, 

[Reaction 2] H2(g) + O2(g) → H2O(l) + ½O2(g)            ΔG°298K = -237.1 kJ mol-1, 

Consequently, H2O2 decomposition (disproportionation), 

[Reaction 3] H2O2(l) → H2O(l) + ½O2(g)                      ΔG°298K = -116.7 kJ mol-1, 

and H2O2 hydrogenation by H2, 

[Reaction 4] H2O2(l) + H2(g) → 2H2O(l)                      ΔG°298K = -353.8 kJ mol-1, 
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are also thermodynamically favorable reactions. The optimal DSHP catalyst must therefore 

selectively produce H2O2 at high rates and preserve H2O2 from decomposition.  

 Pd is the most studied transition metal catalyst for the DSHP, but pure Pd is generally 

poorly selective toward H2O2 and is highly active toward the H2O2 decomposition reactions.26, 29-

31 There is a large body of experimental literature concerning catalyst preparation methodology, 

pretreatment conditions, and reaction conditions, from which some widely-accepted strategies 

have emerged to enhance Pd’s activity and selectivity. These include alloying Pd with Au32-36 or 

Pt,37-40 adding acids or using CO2 as the gas-phase diluent (which itself acidifies aqueous reaction 

media by forming carbonic acid), and adding halides in the form of hydrogen halides or halide 

salts.18, 26 Nonetheless, systematic improvements to Pd-based catalysts are limited by two factors: 

the reaction mechanisms for H2O2 synthesis, H2O synthesis, and H2O2 decomposition have not 

been resolved, and the active sites remain poorly understood.  

Insights into the DSHP reaction mechanisms have mainly been derived from fitting semi-

empirical rate expressions (e.g., power law rate expressions) to experimental kinetics data and lack 

a detailed description of the elementary surface processes.41-51 There are also some examples 

where theoretical calculations have been used to explore elementary steps.52-56 The H2O2 synthesis 

mechanism is normally assumed to proceed through the sequential hydrogenation of molecular 

oxygen on the catalyst surface, i.e. O2 → OOH → H2O2, with OOH as the key intermediate. The 

nature of the hydrogenation steps may be more complex than a direct reaction between surface-

bound hydrogen atoms and oxygen, specifically when the DSHP is performed in a liquid solvent; 

some researchers propose solvent-assisted hydrogenations56, 57 and even a direct role of solvated 

protons.58-60 Furthermore, Dissanayake and Lunsford demonstrated that no H2
16O18O is formed 

from a reactant mixture of [18O2 + 16O2] with H2 over a Pd/SiO2 catalyst,61 which suggests that 
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breaking the O-O bond is irreversible on Pd and leads to H2O formation. A catalyst selective 

toward H2O2, then, must not break the O-O bond, but still needs to dissociate H2. While the O-O 

bond in gas-phase O2 is stronger than the H-H bond in H2, adding H atoms to O2 progressively 

weakens the O-O bond (Table 1.1). More mechanistic analyses should be performed to discern the 

O-O bond breaking channel(s) that are likely to produce H2O, understand the nature of the 

hydrogenation steps, and identify which elementary step(s) are rate and selectivity determining on 

Pd catalysts for the DSHP – also considering the secondary H2O2 decomposition reactions. 

Table 1.1 Experimental gas-phase bond enthalpies.62 

Species ΔH°298K / kJ mol-1 

H2  →  H + H 436.0 

O2  →  O + O 498.4 

OOH  →  O + OH 286.1 

H2O2  →  OH + OH 214.1 

 

The microscopic properties (binding energies, activation barriers) that differentiate 

competing reaction mechanisms and ultimately regulate the macroscopic kinetics can be sensitive 

to the structure and composition of the active site. Unfortunately, conventional synthesis 

techniques for supported metal catalysts (e.g., impregnation63) do not provide tight control over 

the metal nanoparticles, and this problem can amplify when other components are introduced. A 

variety of surface structures exists, which all may contribute to the observed kinetics to difference 

degrees. There have been no definitive conclusions regarding the site requirements for active and 

selective H2O2 synthesis, nor what sites are responsible for H2O2 decomposition on Pd-based 

catalysts. Another complication is that the reaction environment can modify these sites, even 

though there have been substantial efforts to correlate the structural/compositional features of 

freshly synthesized and characterized Pd-based catalysts with experimental reactivity. H2 and O2 

can both form surface/bulk phases with Pd (hydride,64 oxide65). Seemingly contradictory studies 
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claim reduced Pd,30, 66, 67 oxidized Pd,46, 68-70 or a coexistence of the two71 to be the active phase 

for H2O2 formation. The possibility of bulk Pd hydride as an active phase has been given 

considerably less attention,46, 53 despite the fact that a Pd hydride phase is thermodynamically 

favorable under the typical temperatures and H2 pressures employed for the DSHP. Various 

hypotheses also exist concerning the role of catalytic promoters, specifically the halides – which 

are known to increase selectivity toward H2O2 and suppress H2O2 decomposition.26, 29, 47, 57, 66, 68, 

72-74 Evidently, characterizing the active sites and their interaction with promoters in the DSHP is 

difficult through experiments alone due to the complexities of the heterogeneous catalyst and 

reaction environment.  

1.4 Elucidating Mechanisms and Active Sites by Density Functional Theory 

Advances in high-performance computing and modern electronic structure theoretical 

methods such as density functional theory (DFT)75 have allowed researchers to model chemical 

phenomena that would otherwise be demanding – and sometimes inaccessible – to study with 

current experimental techniques. In terms of heterogeneous catalysis, DFT calculations provide 

atomic-scale resolution on the structures of intermediates and transition states, and so reaction 

mechanisms can be evaluated comprehensively at the level of individual elementary steps. The 

fundamental insights from DFT calculations have proven critical to the understanding of 

mechanisms for many industrially important reactions that include Fischer-Tropsch synthesis,76-79 

the water-gas shift reaction,80-82 methanol synthesis,83 and ammonia synthesis.84  

Although the accuracy of DFT methods in some cases can be sufficient, for example, to 

differentiate competing reaction pathways and determine the likely rate-limiting step(s) on the sole 

basis of DFT calculations, many of the studies highlighted above demonstrate the importance of 

coupling DFT calculations with experimental measurements of reaction kinetics – e.g., in a 
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microkinetic model.85, 86 Feedback between experiments and theory is important to the 

development of models that best capture the surface chemistry and the nature of the active sites 

under realistic operational conditions.  

Ultimately, the chemical challenges identified through these mechanistic analyses can be 

overcome by proper material design.87-89 Computational models have facilitated the deconvolution 

of structural, compositional, and environmental factors that can contribute to the reactivity of real 

catalysts – in particular, by explaining how these factors affect electronic structure.90-96 One can 

then systematically propose design criteria for improved catalysts. There are an increasing number 

of examples in the literature where these theoretical foundations have supported the identification 

of improved catalysts for specific reactions (e.g., hydrogen evolution,97, 98 steam reforming,99 and 

electrochemical oxygen reduction100-102).  

1.5 Thesis Scope 

Search directions for new or improved DSHP catalysts are currently limited to 

experimental trial and error. In this thesis, we demonstrate the utility of density functional theory 

calculations – in some cases, coupling with experiments and microkinetic modeling – toward 

developing more detailed knowledge of the DSHP reaction mechanism on Pd-based catalysts and 

the effects of catalyst structure/composition on the underlying energetics. Our results can inform 

the search for better catalysts through (i) defining key activity- and selectivity-determining 

parameters and (ii) elucidating how we can tune these parameters to enhance catalyst performance 

in the DSHP. More generally, the mechanistic insights can be extended to in situ H2O2 synthesis 

for selective oxidation reactions, which can facilitate the realization of these greener oxidation 

processes in the chemical industry.   
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The main areas of advancement are in: elucidating elementary reaction mechanisms for the 

direct synthesis – and subsequent decomposition – of H2O2 on Pd, including kinetically-limiting 

steps and the impact of catalyst surface structure (Chapters 3 and 4); clarifying the essential roles 

of catalytic promoters in these mechanisms (halides, Chapters 5 and 6; and Au, Chapter 7); and 

understanding how changes to the surface/bulk state of Pd, induced by the reaction environment, 

can affect reactivity (Chapter 8). We conclude this thesis by summarizing our key results and 

providing recommendations for future work. 

More specifically, in Chapter 3 we calculate thermodynamic and kinetic parameters for 

direct H2O2 versus H2O formation mechanisms from H2 and O2 on the late transition metals (Pd, 

Pt, Cu, Ag, and Au). We compare energetics on the close-packed (111) and more open (100) facets, 

which indicate that none of the monometallic surfaces are expected to be both selective and active 

for direct H2O2 synthesis. In particular, selectivity toward H2O2 on Pd is limited by facile O-O 

bond dissociation in the OOH and O2 surface intermediates on the (111) and (100) facets, 

respectively. We then analyze the mechanisms for H2O2 decomposition on these same facets of Pd 

in Chapter 4. We construct an experimentally-consistent mean-field microkinetic model based on 

our DFT-derived kinetic and thermodynamic parameters, which enables prediction of the flux-

carrying and rate controlling steps in addition to the nature of the active Pd surfaces under reaction 

conditions.  

Chapters 3 and 4 help to explain why unmodified Pd is generally found to be ineffective 

for the DSHP. We then consider the effect of adsorbed halides on the DSHP reaction mechanisms 

in Chapters 5 and 6. In Chapter 5, our DFT calculations on Pd(111) suggest that the primary role 

of adsorbed halides is to decrease the exothermicity – and raise kinetic barriers – of O-O bond 

dissociation in O2 and OOH, and to restrict the re-adsorption of H2O2. We predict similar functions 
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for the halides on Pd(100) in Chapter 6, but our DFT calculations in this chapter also demonstrate 

that halides are less effective at these functions on more coordinatively undersaturated features of 

Pd compared to Pd(111). However, halides also preferentially populate the more coordinatively 

undersaturated Pd facets to a greater degree. In Chapter 7, we exploit an established synthesis 

technique, electroless deposition, to deposit sub-monolayer amounts of Au onto pre-existing Pd 

nanoparticles supported on silica. Although these Au-Pd bimetallic catalysts neither increase 

selectivity toward H2O2 nor suppress its decomposition compared with their monometallic Pd 

counterparts, ex situ spectroscopic measurements of adsorbed CO indicate that contiguous Pd 

ensembles remain at the surface of the bimetallic Au-Pd catalysts; this finding reinforces DFT 

calculations from the literature, which predict complete isolation of Pd atoms by Au to be desirable 

for limiting O-O bond dissociation. Finally, in Chapter 8 we use DFT calculations to examine the 

reactivity of Pd as the surface, subsurface, and bulk saturate with hydrogen. Subsurface penetration 

of hydrogen is facile at the typical temperatures and partial pressures of H2 employed for the 

DSHP, but its potential role in the DSHP has not been characterized. 

We begin with a brief background on density functional theory and the experimental 

methods employed in this thesis (Chapter 2).  



12 

 

Chapter 2: Overview of Methods 

2.1 Background: The Shrödinger Equation and Density Functional Theory 

 Here we provide a brief synopsis regarding the development of density functional theory. 

We refer the reader to other works75, 103-105 for more detailed accounts.  

The time-independent Shrödinger equation is the fundamental equation for the quantum 

mechanical description of a physical system:  

 

where ψ is the wavefunction, E is the total energy of the system, and H is the Hamiltonian operator. 

The form of the Hamiltonian depends on the system of interest, and the solutions provide energetic 

information as well as the probability distributions for all constituent particles.  

Systems relevant to catalysis are complex (i.e., containing many electrons interacting with 

many nuclei). Fortunately, the electronic and nuclear wavefunctions can be decoupled by the Born-

Oppenheimer Approximation; that is, the electronic wavefunctions can be solved for a given 
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arrangement of atomic nuclei because of the much faster motion of electrons due to their small 

mass, relative to the nuclei. The Hamiltonian describing the electronic wavefunction, ψelectronic, can 

then be expressed as:  

 

where the sums are over all N electrons, ħ is the reduced Planck constant, m is the mass of an 

electron, and the ri are the spatial coordinates for each electron. There are three terms in this 

Hamiltonian: the first is the sum of each electron’s kinetic energy, the second is the sum of the 

interaction energy between each electron and all atomic nuclei (Velectron-nuclei), and the third is the 

sum of the interaction energy between different electrons (Velectron-electron). (Note that the electronic 

wavefunction also has a spin component for each electron, in addition to the spatial coordinates.) 

The last term of the Hamiltonian presents the largest challenge to solving the Shrödinger equation 

because the electron-electron interaction potential depends on simultaneously knowing the spatial 

distribution of all electrons. Solving this many-body problem require further approximations to 

the Hamiltonian.  

Density functional theory (DFT) is one approach that was developed in the 1960’s by 

Hohenberg, Kohn, and Sham.106, 107 Hohenberg and Kohn proved two mathematical theorems that 

provided the foundation for DFT, and then Kohn and Sham derived a set of equations (the Kohn-

Sham equations) that established how to implement DFT in practice.  

A central concept of DFT is that the electron density (n(r)) at any given set of spatial 

coordinates r can be expressed as a summation of the one-electron wave functions (ψi): 
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(Note again that these one-electron wave functions also have a spin component.) According to the 

first theorem from Hohenberg and Kohn, the ground state energy of the Shrödinger equation, E, is 

a unique functional of this electron density: 

 

Furthermore, the second theorem from Hohenberg and Kohn states that the electron density 

corresponding to the full solution of the Shrödinger equation is the same electron density that 

minimizes the energy of the functional. (Therefore, the ground-state electron density can be found 

by varying the electron density until the energy of the functional is minimized.) Kohn and Sham 

then demonstrated that a set of self-consistent one-electron equations can be solved to minimize 

E[n(r)] (the Kohn-Sham equations), effectively replacing the many-body electron problem: 

 

As with the Hamiltonian corresponding to the full Shrödinger equation, there are kinetic 

and potential energy contributions; however, the solutions to the Kohn-Sham equations are 

functions of only three spatial coordinates instead of 3N spatial coordinates. The first potential 

energy term again corresponds to the interaction between an electron and the all atomic nuclei. 

The second potential energy term, the Hartree potential, corresponds to the interaction between a 

given electron and the total electron density n(r). These two potential energy terms are readily 

defined. The third potential energy term, VXC, is the exchange-correlation potential. This term 
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contains corrections for the self-interaction introduced in VHartree (because each electron is part of 

the total electron density) as well as other quantum mechanical effects, but the exact form of VXC 

is unknown. The functional derivative of VXC with respect to the electron density is the exchange-

correlation functional, EXC(r), and there are various functionals that have been developed to 

approximate EXC(r).104 We employ the exchange-correlation functional developed by Perdew and 

Wang (PW91) in this thesis.108, 109  

The Kohn-Sham equations are solved by an iterative procedure, which involves defining a 

trial electron density, solving the Kohn-Sham equations with that density (yielding the ψi), using 

the ψi to re-calculate the electron density, and updating the trial electron density if it does not 

match re-calculated electron density (i.e., the solutions ψi must be self-consistent). Once this 

procedure has converged to a self-consistent set of ψi, which defines the ground state electron 

density, the ground state energy can be calculated.   

2.2 Applications of Density Functional Theory to Catalysis 

 We utilize density functional theory primarily to calculate the ground state energies of 

different atomic configurations. This enables structural optimization and extraction of catalytically 

important parameters. In particular, we are interested in deriving thermochemical (adsorption and 

surface reaction energies) and kinetic (activation energy barriers) parameters on surface models 

that represent potential active sites.  

2.2.1 Slab models to describe metal nanoparticles 

 On typical supported metal catalysts, the dispersed metal particles contain hundreds of 

atoms for metal particle sizes as small as a few nanometers. Modeling such a system using DFT 

calculations is intractable in terms of the required computational resources. Instead, we can define 
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simpler models to represent various surface features exposed by such metal nanoparticles (Figure 

2.1). Many of the late transition metals, including Pd, adopt the face-centered-cubic (fcc) structure, 

and the most thermodynamically stable surface terminations (i.e., the facets exhibiting the lowest 

surface energies) are the close-packed (111) facet, followed by the more open (100) facet. Barring 

any strong particle-support interactions and assuming that crystallinity is retained, supported fcc 

metal nanoparticles on the order of a few nanometers or larger should expose a substantial 

proportion of these two facets to minimize their total surface energy – in addition to defect sites 

such as corners and edges. Therefore, in the absence of direct experimental evidence regarding the 

active site(s) for the DSHP on Pd, the (111) and (100) facets are reasonable starting points. 

 

Figure 2.1 (left) Pictorial representation of an fcc metal nanoparticle (ca. 2 nm) with the close-packed (111) and more 

open (100) planar facets dominating the exposed surface. (right) Top-down views of the (111) and (100) facets used 

in slab models. Each model is periodic along the surface plane, and the repeating unit cells are demarcated by dotted 

black lines (in these examples, (2 × 2) unit cells are defined). The numbered red circles within each image show the 

high-symmetry binding sites. The majority of computational work presented in this thesis evaluates reactivity on these 

planar surface models. 

 We model different surface facets separately using a slab geometry with a periodic 

structure along the surface (Figure 2.1), and using a periodic basis set of plane waves. The choice 
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of surface unit cell size is a compromise between avoiding interactions between adsorbates in 

neighboring unit cells and minimizing computational cost; an additional consideration is accurate 

representation of experimentally-relevant adsorbate phases/coverages, if this information is 

available. A sufficiently large vacuum region is included between the periodically repeating slabs 

in the z-direction to prevent interactions between neighboring slabs. The bottom metal layers in 

the slab model are generally fixed at their truncated bulk equilibrium lattice positions, and the top 

layers can be relaxed – for modeling adsorption on one side of the slab. The number of total (and 

relaxed) slab layers chosen for the slab model depends on the convergence of the quantities of 

interest, e.g. binding energies. At the beginning of each chapter, we describe the specific density 

functional theory parameters and slab model geometry employed in that chapter.  

2.2.2 Binding and surface reaction energies 

 The binding energy (BE) of a species to a metal surface is readily calculated once the 

surface model is defined. First, an initial guess for the adsorption geometry is made, and then a 

geometry optimization is performed based on the calculated energy gradient until the Hellmann-

Feynman forces on atoms are below a specified value. Multiple initial guesses are necessary to 

probe the unique binding sites (Figure 2.1), because the geometry optimization finds only the local 

minima near the initial guess. (We note that for adsorbates containing multiple atoms, different 

conformational arrangements must also be considered in the search for the most stable minimum 

energy adsorption structure – in addition to the different binding sites.) Once the minimum energy 

adsorption structure is identified, its calculated total energy (Eslab+adsorbate), less the energy of the 

clean slab (Eslab) and the energy of the adsorbate in the gas-phase (Egas-phase adsorbate), yields the 

binding energy. The energy of the adsorbate in the gas-phase is calculated by placing the isolated 

adsorbate in a sufficiently large unit cell to prevent interactions with neighboring unit cells. Figure 
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2.2 provides a pictorial representation of the binding energy calculation. In all subsequent chapters, 

the conventional “*” is appended to a species to denote its adsorption onto the metal slab (e.g., O* 

represents an oxygen atom adsorbed to a metal slab). 

 

Figure 2.2 Binding energy calculation for an adsorbate on the (111) facet of an fcc metal. The adsorbate (red circle) 

is at the fcc site on the (111) facet. In the top-down slab images, the repeating unit cells ((2 × 2) unit cell, for this 

example) are demarcated by dotted black lines.  

 Surface reaction energies (ΔE) for elementary steps can also be calculated from the DFT-

derived total energies:  

ΔE = Σ Eproducts – Σ Ereactants 

For example, the bimolecular reaction between A* and B* on the surface to form AB*, is 

calculated as: 

ΔE = (EAB* + Eslab) – (EA* + EB*), for the surface reaction A* + B* → AB* + * 

where the clean slab energy (Eslab) is included in the products because of the empty surface site 

(represented by the “*” that stands alone). 

2.2.3 Vibrational frequencies 

 The vibrational frequencies of gas-phase or adsorbed species can be used to calculate their 

zero-point energy and entropy. We assume all atoms to be quantum harmonic oscillators and 

diagonalize the mass-weighted Hessian matrix to obtain the vibrational frequencies. The Hessian 

matrix is calculated using a second order finite difference approximation of the force derivatives, 
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displacing atoms with step size of 0.015 Å from their equilibrium positions.110 We then calculate 

the zero-point energy (ZPE) of a system from these vibrational frequencies (υi): 

ZPE = Σ (½ × h × υi) 

where h is Planck’s constant, and the sum is over all vibrational frequencies. In the computational 

methods section of each chapter, we explicitly note when the DFT-derived energies have been 

corrected for the ZPE. The entropy is calculated from the vibrational frequencies by summing the 

vibrational partition functions.85   

2.2.4 Activation energy barriers 

 In order to calculate the activation energy barrier for an elementary process, we need the 

energy corresponding to the transition state and the initial state. There are a number of different 

algorithms that implement DFT calculations to identify transition state energies.111-114 We use the 

climbing image-nudged elastic band (CI-NEB) method112, 115 in this thesis. The general NEB 

method locates the minimum energy pathway between two adjacent local minima (the initial and 

final states). First, intermediate “images” are generated between the initial and final states by linear 

interpolation; these images are linked by an elastic band, which keeps the images evenly spaced 

along the reaction coordinate. Then, the intermediate images are optimized to minimize the forces 

perpendicular to the elastic band (the “real” forces), constrained by the artificial spring forces 

parallel to the band. The converged NEB calculation yields the minimum energy pathway. The CI 

modification to the NEB method also yields the transition state structure at the saddle point of the 

minimum energy pathway. We can verify that the transition state structure represents a true saddle 

point by identifying a single imaginary frequency among its normal vibrational modes. 
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The activation energy barrier (Ea, the difference in total energy between the transition and 

initial states), coupled with the entropy of the initial and transition states, can be used to calculate 

the rate constant for an elementary step. Transition state theory defines the rate constant (k) based 

on an assumed equilibrium between the transition state complex and the initial reactant state:  

k = kB × T × h-1 × exp(-ΔG‡ × kB
-1 × T-1)   ;  ΔG‡ = ΔH‡ – T × ΔS‡  

where kB is the Boltzmann constant, T is the temperature, h is Planck’s constant, and ΔG‡, ΔH‡, 

and ΔS‡
 are the changes in free energy, enthalpy, and entropy between the initial state and 

transition state. The DFT-derived activation energy barrier can be used to approximate ΔH‡, and 

ΔS‡ can be calculated from the vibrational frequencies.85, 86  

 We note that only gas-phase DFT calculations, as described in Section 2.2, are employed 

throughout this thesis. This means that we neglect energetic contributions induced by a liquid-

solid interface, even though the DSHP is most often performed using a heterogeneous catalyst that 

is submersed in a liquid solvent. We address the inclusion of potential solvent effects in our 

recommendations for future work (Chapter 9).  

2.3 Experimental System 

 All reactivity experiments for H2O2 decomposition over Pd (Chapter 4) and H2O2 

synthesis/decomposition over Au-Pd (Chapter 7) are performed in a 50 mL Parr Instrument 

Company Hastelloy C-276 autoclave operated in batch mode. The autoclave is equipped with an 

overhead magnetic stirrer, a heating mantle, a pressure gauge, and a fixed thermocouple that has 

its tip submerged in the liquid phase during reaction. The liquid solvent consists of either ultra-

pure water (18 MΩ × cm) or a mixture of ultra-pure water with methanol (Sigma-Aldrich 322415, 

anhydrous 99.8 %). The H2O2 used for decomposition experiments is diluted from a non-stabilized 
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30 wt % H2O2 solution (< 10 ppb Cl-, Gigabit, KMG). Gas mixtures are supplied by Airgas, and a 

high-performance liquid chromatography pump (HPLC pump, Chrom Tech Series 1) is used to 

charge the reactor with liquid feed for H2O2 decomposition experiments. For reactions performed 

at sub-ambient temperature, the autoclave is submerged in a liquid reservoir and cooled to the 

desired temperature using a refrigerated bath circulator (ARCTIC A25, Thermo Scientific). 

 The H2O2 produced or consumed is quantified by titration of the reaction solution with 

Ce(SO4)2 (FLUKA-Sigma-Aldrich 34253, 0.05 M), using ferroin as indicator. Analysis of the gas-

phase is performed by gas-chromatography (GC-2014 with thermal conductivity detector, Restek 

HayeSep DB 80/100 mesh column, 2 m, 2.0 mm ID, Ar carrier gas, Shimadzu Scientific 

Instruments, Inc). Catalysts are synthesized in-house from the appropriate metal precursors and 

support material. Details of catalyst synthesis and the specific reaction procedures/conditions are 

described in the relevant chapters. 
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Chapter 3: Mechanisms and Structure Sensitivity of the Gas-

Phase Oxygen-Hydrogen Reaction on the Late Transition 

Metalsi
 

3.1 Introduction 

We begin our study by examining the reaction of hydrogen and oxygen gases over 

transition metal catalysts, which has been a long-standing interest in the catalysis community.116 

Not only does this reaction played an important role in fundamental surface science studies,117-119 

but catalytic control of the hydrogen-oxygen reaction also has practical applications that include 

energy generation by proton exchange membrane fuel cells (PEMFCs),120, 121 the in situ activation 

of O2 by H2 for selective oxidation reactions,122, 123 and the direct synthesis of hydrogen peroxide 

(DSHP) – the latter being the primary subject of this thesis.  

Transition metals are commonly employed as heterogeneous catalysts for these 

applications. For example, Pt is one of the most widely studied materials for the electrocatalytic 

                                                 
i Calculations on Au and Ag were performed in collaboration with Jan Scheffczyk during his time at UW-Madison. 
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reduction of oxygen at the cathode of PEMFCs,124 and Pd is actively investigated for the direct 

synthesis of H2O2.
24, 35, 125, 126 In practice, these transition metals are dispersed as nanoparticles 

onto a support material, and both the composition and structure of the nanoparticles may influence 

catalytic performance.  

Simplified theoretical models based on the binding properties of small reaction 

intermediates (namely, O* or OH*) to various transition metal surfaces are able to successfully 

capture experimentally measured activity trends in the electrocatalytic reduction of oxygen at the 

cathode of PEMFCs.127, 128 A common assumption in these models is that the activation barriers 

for electrochemical proton-electron transfer can be approximated as a function of the reaction 

thermochemistry, which varies with applied potential.127, 129 These models have been further 

utilized to explain the increased activity (with respect to polycrystalline Pt) of mono- and bi-

metallic catalysts with engineered structures,101, 130, 131 and in some cases to predict improved 

catalysts for the electrochemical reduction of O2.
132  

Fewer developments have been made toward explanatory and/or predictive models for the 

direct, non-electrochemical reaction of oxygen with hydrogen to produce H2O2 or to utilize for in 

situ selective oxidation reactions; some recent theoretical work can be found in references # 47, 53-

56, 133, 134. Unlike in the electrochemical system where oxygen reduction is decoupled from 

hydrogen activation – and complete reduction of O2 to H2O is generally desirable to maximize fuel 

cell efficiency – the direct, non-electrochemical reaction of hydrogen and oxygen necessitates a 

catalyst that can both activate H2 and partially reduce O2, where selectivity toward H2O represents 

a wasteful consumption of the more expensive H2 reagent. Not only can hydrogen activation 

require overcoming a significant kinetic barrier depending on the substrate,135 but hydrogenation 

reactions can involve surface-bound atomic hydrogen, and the associated kinetic barriers55 may 
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differ substantially from those barriers for the corresponding electrochemical proton-electron 

transfer.129 Given these fundamental differences, it is pertinent to understand the compositional 

and structural properties that control catalytic activity and selectivity during the direct, non-

electrochemical reaction of hydrogen and oxygen gases. 

In a previous publication from our group, we used DFT calculations to systematically study 

the direct reaction of hydrogen with oxygen on the (111) facet of eight transition metals (Rh, Ir, 

Ni, Pd, Pt, Cu, Ag, and Au).55 In this chapter, we extend that analysis to the more coordinatively 

undersaturated (100) facet of Pd, Pt, Cu, Ag, and Au to elucidate the structure sensitivity of this 

reaction. Rh, Ir, and Ni are not included here because O2 dissociation was calculated to be very 

facile on the (111) facet of these metals,55 suggesting that O2 readily dissociates prior to reacting 

with hydrogen. The (100) facet is the next most stable facet of these fcc metals. We consider 

product formation pathways to H2O versus H2O2, and include the calculation of kinetic barriers 

for both H2 dissociation and direct hydrogenations of oxygenated intermediates by surface-bound 

hydrogen atoms. We utilize our results to provide insight into the most likely reaction pathways 

and the potentially rate-limiting steps – comparing the intrinsic reactivity of the (111) and (100) 

facets.  

3.2 Computational Methods  

The DACAPO total energy code was used for all DFT calculations in this chapter.90, 136 

The exchange-correlation energy and potential were described using the self-consistent PW91 

generalized gradient approximation functional (GGA-PW91108, 109), and the electron density was 

determined by iterative diagonalization of the Kohn-Sham Hamiltonian, Fermi population of the 

Kohn-Sham states (kBT = 0.1 eV), and Pulay mixing of the resulting electron density.137 The Kohn-

Sham one-electron valence states were expanded in a basis of plane waves with a kinetic energy 
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cutoff of 25 Rydberg, and all total energies were extrapolated to kBT = 0 eV. The ionic cores were 

described by ultrasoft Vanderbilt pseudopotentials.138  

The slab model for the (111) facets was identical to that used in reference # 55, consisting 

of a periodically repeated (2 × 2) unit cell with four atomic layers fixed at their bulk equilibrium 

positions. The slab model for the (100) facets also consisted of a (2 × 2) unit cell with four atomic 

layers, but the top two layers were allowed to relax, and the bottom two layers were fixed. Both 

the (111) and (100) surface unit cells correspond to 0.25 monolayer (ML) coverage for a single 

adsorbate. At least 12 Å of vacuum was used to separate slabs from their successive images in the 

z-direction. Adsorbates were only permitted on one exposed surface, and the dipole moment was 

corrected accordingly.139, 140 The bulk metal equilibrium PW91 lattice constants for Pd, Pt, Cu, Ag, 

and Au were calculated previously55 (corresponding experimental values141 in brackets) to be 3.99 

Å [3.89 Å], 4.00 Å [3.92 Å], 3.66 Å [3.62 Å], 4.18 Å [4.08 Å], and 4.14 Å [4.09 Å], respectively. 

All calculations involving molecular oxygen were performed spin-polarized. The surface Brillouin 

zone was sampled using 18 special Chadi-Cohen k-points142 for the (111) facets and a (6 × 6 × 1) 

Monkhorst-Pack k-point mesh143 for the (100) facets. 

The convergence criterion for binding energy (BE) calculations was that the Hellmann-

Feynman forces acting on atoms be less than 0.05 eV Å-1 in the final structure. All binding and 

transition state energies in this chapter were corrected for the zero-point energy (ZPE). Activation 

energy barriers were calculated using the climbing image-nudged elastic band method (CI-

NEB)112, 115 with at least seven intermediate images along the reaction pathway, and the 

convergence criterion was that the magnitude of the forces on all images be less than 0.1 eV Å-1 

(or 0.05 eV Å-1 for the hydrogen dissociation step). The transition states were verified by 

identifying a single imaginary vibrational mode along the reaction coordinate. All reaction 
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energies and activation barriers are reported with respect to the infinitely separated reactants and 

products, unless stated otherwise. The majority of the data for the (111) facets were taken directly 

from a previous publication.55 

The discussions in Sections 3.3.1-3.3.5 are based on the ZPE-corrected total energy 

calculations described above, which represent the energetics at 0 K and in vacuum. In Sections 

3.3.6-3.3.7 we also consider the effect of reaction conditions. We analyzed the relative 

thermodynamic stability of each adsorbed intermediate (at 0.25 ML coverage) by calculating the 

free energy of adsorption with respect to a gas-phase reservoir of the H2 and O2 reactants at a 

specified temperature and pressure (Section 3.3.6), analogous to the construction of ab initio phase 

diagrams.144 We defined the grand potential (Ω) for each combination of a single intermediate 

adsorbed to a metal surface as: 

Ω = Eslab+adsorbate – Eslab – NH2 × μH2 – NO2 × μO2 – T × S 

where NH2 and NO2 are the stoichiometric coefficients of H2 and O2 required to form the adsorbate 

molecule, μH2 and μO2 are the ideal gas chemical potentials of H2 and O2 at the specified 

temperature and pressure, T is the absolute temperature, and S is the entropy of the adsorbate on 

the slab. The entropy of the adsorbate on the slab was approximated as its local entropy (i.e., the 

total gas-phase entropy of the free adsorbate less its 3D translational entropy). The chemical 

potentials of H2 (and O2) were calculated as: 

μH2(P,T) = EH2 + μ0,H2(P0,T) + kB × T × ln(P P0
-1) 

where EH2 is the DFT-derived total energy of gas-phase H2, μ0,H2 is the difference in chemical 

potential of H2 between 0 K and the specified temperature at a pressure P0 of 1 atm (taken from 
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the NIST-JANAF Thermochemical Tables62), P is the pressure in atm, and kB is the Boltzmann 

constant.  

 The maximum rate analysis employed in section 3.3.7 was developed by Farberow et al145 

and was used to calculate the maximum theoretical rate and most likely rate-limiting step along 

each proposed reaction pathway based on the DFT-calculated energetics. We refer the reader to 

the original publication for the detailed maximum rate analysis procedure.145 The assumptions 

included in the maximum rate analysis follow: there is a single rate-limiting step along each 

pathway, all other steps are quasi-equilibrated, and the coverage of vacant sites is unity. The 

maximum rate was then calculated from the free energies of the stable gas-phase reactants/products 

and the transition state using transition state theory. We again approximated the entropy of 

adsorbates on the slab to be the local entropy, and the entropy of a transition state was set equal to 

that of the initial state entropy (final state entropy) for bond-breaking steps (bond-forming steps). 

The enthalpy of an adsorbed species was calculated by adding the DFT-derived binding energy to 

the enthalpy of the gas-phase adsorbate, and the enthalpy of a transition state was calculated by 

adding the DFT-derived activation barrier to the enthalpy at the initial state.145  

3.3 Results and Discussion 

Scheme 3.1 is the proposed reaction network for the direct reaction of H2 and O2 over a 

transition metal surface. Steps (1) and (2) are molecular oxygen adsorption and dissociative 

hydrogen adsorption, respectively. Molecular hydrogen shows no significant stabilizing 

interaction with any of the metal surfaces considered here except for the (111) and (100) facets of 

Pd and Pt; this H2* precursor state is discussed in a subsequent section. O2* can undergo sequential 

hydrogenations by H* to form OOH* (step 3a) and then H2O2* (step 4a) followed by desorption 

(step 5a), which represents the partial reduction of O2. Alternatively, O2 can be completely reduced 
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to H2O through any of the three O-O bond dissociation pathways: the dissociative path (step 3b), 

the peroxyl path (step 4b), and the peroxide path (step 5b). Following O-O bond dissociation, H* 

can directly hydrogenate the O* and OH* fragments (steps 6-7). H2O can be formed either from 

direct hydrogenation of OH* by H* (step 7) or from OH* disproportionation (step 8).  

 

Scheme 3.1 The proposed reaction network for the direct reaction of H2 and O2 over transition metal surfaces. There 

is one primary pathway for H2O2 formation (“H2O2 formation with desorption”), and there are three pathways for H2O 

formation that each involve breaking the O-O bond (“dissociative”, “peroxyl”, and “peroxide”). Each numbered step 

represents a unique elementary step. Numbered steps corresponding to hydrogenation of dioxygen species include an 

“a”, while the competing O-O dissociation steps include a “b”. A second hydrogen molecule is required to close the 

catalytic cycle for water formation (e.g., to reduce the O* species to H2O following step (9), or to reduce both OH* 

species to H2O following step (5b)). The “*” denotes an adsorbed species, and the “(g)” denotes a gas-phase species.  

Within this mechanistic framework, we first present binding properties of adsorbates, 

reaction energies, and kinetic barriers calculated on the (100) facet of Pd, Pt, Cu, Ag, and Au, 

comparing to results previously calculated on the (111) facet. We then develop potential energy 

surfaces (PES) to evaluate the most favorable pathways toward H2O and H2O2 and discuss which 

intermediates are most likely to be abundant on the surface. We finally employ a maximum rate 

analysis145 to identify the potentially rate-limiting steps, and to quantitatively compare the intrinsic 

activity of the (111) and (100) facets of these metals.  
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3.3.1 Thermochemistry of adsorbed species 

Table 3.1 provides binding properties for H*, O*, OH*, H2O*, and H2*, and the 

corresponding binding geometries are depicted in Figure 3.1. We calculate stronger binding on the 

(100) facet, as is anticipated due to the more coordinatively undersaturated nature of the (100) 

facet (each metal surface atom is coordinated to 8 nearest neighbors on the (100) facet, compared 

to 9 on the (111) facet); the only exception is for H* binding on Ag, although H*’s energetic 

preference for Ag(111) is only 0.05 eV. The energy difference between H* binding on the (111) 

facet versus the (100) facet is also weak (< 0.1 eV) for Pd, Cu, and Au, while for Pt the (100) facet 

is energetically favored by almost 0.2 eV. The (100) facet generally shows a much stronger 

preference for the open-shell oxygenated intermediates. For example, O* binds more strongly to 

Cu(100) by 0.52 eV compared to Cu(111), and the difference in OH* binding energy on Pt(100) 

and Pt(111) is 0.70 eV. 

Table 3.1 ZPE-corrected binding energies (in eV) and site preferences for H*, H2* O*, OH*, and H2O* on the (100) 

facet of Pd, Pt, Cu, Ag, and Au. The numbers in parenthesis show the difference in binding energy between the (100) 

and (111)a facets for each species, where a negative value indicates stronger binding on the (100) facet. The “-” 

indicates that the species does not bind to the surface (or for the case of H2* on Pt(100), dissociates spontaneously).  

Metal  H*   H2*   O*   OH*   H2O*  

 BE Site BE Site BE Site BE Site BE Site 

Pd -2.74 

(-0.04) 

h -0.28 

(-0.15) 

top -3.90 

(-0.26) 

h -2.43 

(-0.39) 

br -0.30 

(-0.09) 

top 

Pt -2.73 

(-0.19) 

br - 

(0.10) 

- 

 

-3.74 

(-0.15) 

br -2.52 

(-0.70) 

br -0.27 

(-0.09) 

top 

Cu -2.26 

(-0.04) 

h - 

(-) 

- -4.65 

(-0.52) 

h -2.91 

(-0.23) 

h -0.22 

(-0.06) 

top 

Ag -1.87 

(0.05) 

br - 

(-) 

- 

 

-3.63 

(-0.50) 

h -2.57 

(-0.29) 

h -0.15 

(-0.02) 

top 

Au -2.10 

(-0.10) 

br - 

(-) 

- -2.69 

(-0.26) 

hb -1.99 

(-0.52) 

br -0.13 

(-0.04) 

top 

aData for the (111) facet are taken directly from reference # 55. 
bFour-fold hollow site spontaneously reconstructs to a three-fold hollow site. 

 

H2O* binds weakly to all surfaces with a maximum BE of -0.30 eV on Pd(100), and H2O* 

always binds most stably to a top site with the O-H bonds pointing nearly parallel to the surface 
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plane. The hydrogen molecule does not show any significant stabilizing interaction on Cu, Ag, or 

Au, but our calculations do suggest the existence of a molecular precursor state that binds with the 

H-H bond stretched over a top site on Pd(111), Pd(100), and Pt(111). The H-H bond lengths in 

this precursor state are 0.842 Å, 0.854 Å, and 0.955 Å (compared to 0.754 Å calculated for gas-

phase H2), and the BEs are -0.13 eV, -0.28 eV, and -0.10 eV on Pd(111), Pd(100), and Pt(111), 

respectively. Evidence for a molecular precursor on Pd(111) and Pd(100) has also been presented 

in other theoretical works with the calculated H-H bond lengths comparable to those reported 

here.146-148  

 

Figure 3.1 (A-O) Top-down and side views of the preferred binding geometries for adsorbates on the (100) facet of 

Pd, Pt, Cu, Ag, and Au. The gray spheres are metal slab atoms, the red spheres are oxygen atoms, and the blue spheres 

are hydrogen atoms. (E) For atomic oxygen adsorption on Au(100), the fourfold hollow site spontaneously 

reconstructs to a threefold hollow site. Pd(100) is the only (100) surface on which we found a stable H2* precursor.  

The binding properties and geometries of the dioxygen intermediates are presented in Table 

3.2 and Figure 3.1, and we again calculate stronger binding on the (100) facet compared with 
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binding on the (111) facet for each metal. In general, the O-O bond lengths for adsorbed species 

increase moving from the (111) facet to the (100) facet, suggesting that the (100) facet further 

weakens the intramolecular O-O bonds. O2* binds to two bridge sites, over a hollow site, on 

Pd(100), Cu(100), and Ag(100), and retains no significant magnetic moment. The binding 

geometry of O2* on Pt(100) is a top-top configuration, and O2* retains a significant fraction of its 

gas-phase magnetic moment; this top-top binding configuration for O2* on the (100) surfaces of 

Pd, Cu, and Ag (although less stable than the bridge-bridge configuration) also retains some of its 

gas-phase magnetic moment. O2* only physisorbs to Au(100) over two top sites, with nearly 

thermoneutral binding; this is similar to its interaction with Au(111), where no significant 

stabilization is found.55 The difference in binding energy of O2* on Cu(100) versus Cu(111) 

represents the largest disparity in binding strength of all surface species, wherein Cu(100) binds 

O2* stronger than Cu(111) by 1 eV.  

Table 3.2 ZPE-corrected binding energies (in eV) and site preferences for dioxygen species (O2*, OOH*, and H2O2*) 

on the (100) facet of Pd, Pt, Cu, Ag, and Au.The numbers in parenthesis show the difference in binding energy between 

the (100) and (111)a facets for each species, where a negative value indicates stronger binding on the (100) facet. The 

O-O bond distances (in Å), dO-O, are also provided, as well as the magnetic moment (mag. mom., in µB) for adsorbed 

O2 (values in parenthesis for dO-O and mag. mom. correspond to the (111) facet).  

Metal  O2*   OOH*   H2O2*  

 BE Site dO-O
c mag. mom. BE Site dO-O

c BE Site dO-O
c 

Pd -1.27 

(-0.77) 

hollow 1.41 

(1.35) 

0.00 

(0.09) 

-1.28 

(-0.33) 

bent br 1.51 

(1.46) 

-0.36 

(-0.06) 

top 1.49 

(1.48) 

Pt -0.97 

(-0.51) 

top-top 1.35 

(1.34) 

0.66 

(0.54) 

-1.36 

(-0.40) 

bent br 1.45 

(1.45) 

-0.33 

(-0.04) 

top 1.48 

(1.47) 

Cu -1.50 

(-1.00) 

hollow 1.51 

(1.48) 

0.00 

(0.00) 

-1.70 

(-0.26) 

bent br 1.55 

(1.54) 

-0.35 

(-0.08) 

top 1.49 

(1.48) 

Ag -0.50 

(-0.38) 

hollow 1.44 

(1.30) 

0.00 

(1.02) 

-1.26 

(-0.26) 

upright h 1.50 

(1.50) 

-0.21 

(-0.03) 

top 1.48 

(1.47) 

Au -0.01 

(-)b 

top-top 1.28 

(-)b 

1.46 

(-)b 

-0.72 

(-0.38) 

bent br 1.47 

(1.47) 

-0.19 

(-0.03) 

top 1.48 

(1.47) 
aData for the (111) facet are taken directly from reference # 55. 
bO2 does not adsorb to Au(111). 
cthe calculated dO-O for gas-phase O2, OOH, and H2O2 are 1.24 Å, 1.35 Å, and 1.48 Å, respectively. 
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OOH* adopts both bent and upright configurations on the (100) surfaces with the non-

hydrogenated oxygen atom bound to either a bridge site or a hollow site. Finally, similar to H2O*, 

H2O2* preferentially binds to top sites through one oxygen atom on all (111) and (100) facets with 

the O-H bond on the other oxygen atom pointing toward the surface; for each metal, H2O2* has a 

preference (albeit a weak one, < 0.1 eV for all metals) to bind to the (100) facet compared to the 

(111) facet.  

3.3.2 Kinetics of O-O bond dissociation 

Figure 3.2A-C compares the kinetic barriers calculated for O-O bond dissociation in O2*, 

OOH*, and H2O2* on the (100) and (111) facets. The corresponding reaction energies for all 

elementary steps on the (100) facet can be found in Table S3.1. Ford et al55 observed that the 

binding energy of O* is a good descriptor for the ability of these (111) facets to break the O-O 

bond, i.e., weaker binding energies of O* indicate larger O-O bond dissociation barriers, and this 

trend is reasonably consistent with the results calculated on the (100) facet. Furthermore, the 

observation of lower activation barriers for O-O bond dissociation on the (100) facet compared to 

the (111) facet is consistent with the more coordinatively undersaturated nature of the (100) facet 

with respect to the (111) facet, that is, easier bond-breaking is expected on the (100) facet.   

O2* is the most difficult to dissociate of the dioxygen species, particularly on Ag(100), 

Ag(111), Au(100), and Au(111) where the barriers exceed 0.9 eV. Although Pd(111) and Pt(111) 

show significant barriers for O2* dissociation (> 0.7 eV), these barriers are greatly reduced on 

Pd(100) and Pt(100) to 0.30 and 0.15 eV, respectively. We note that the barrier calculated for O2* 

dissociation on Pt(100) corresponds to a diffusion barrier from its most stable top-top binding site 

toward the hollow site, followed by spontaneous O-O bond dissociation; the transition state 

geometry and calculated barrier closely resemble those reported in a previous publication for O2* 
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dissociation on Pt(100) that were calculated using similar computational parameters.149 Both 

Cu(111) and Cu(100) can readily dissociate molecular oxygen. The only surfaces on which the 

O2* dissociation barrier is energetically favorable to the O2* desorption barrier are Cu(111), 

Pd(100), Pt(100), and Cu(100).  

Hydrogenation of O2* to OOH* or H2O2* significantly weakens the O-O bond. OOH* is 

particularly unstable with respect to decomposition on both the (100) and (111) facets of Cu, Pd, 

and Pt, where all activation barriers are below 0.2 eV; we expect OOH* to be a short-lived 

intermediate on these clean surfaces, complicating identification of OOH* on these metals by in 

situ experiments. The (100) and (111) facets of Ag and Au have a greater resistance to O-O bond 

dissociation in OOH*; in fact, inelastic neutron spectroscopy (INS) experiments performed during 

the reaction of hydrogen with oxygen over a Au catalyst supported on TiO2 provide evidence for 

surface OOH* species.150 

Au is the only candidate among these late transition metals that may be able to effectively 

release H2O2* once it forms, exhibiting O-O dissociation barriers above 0.4 eV for H2O2* on both 

its (111) and (100) facets (which exceed the desorption barriers to H2O2(g)). While there is some 

variation in the ability of the (111) facet of Cu, Pd, Pt, and Ag to dissociate H2O2* (barriers range 

from 0.11 eV to 0.25 eV), the (100) facet of these metals dissociates H2O2 nearly spontaneously 

(barriers range from 0.05 eV to 0.08 eV). These calculations suggest that the tendency for clean 

metal surfaces to decompose rather than to release H2O2* increases with increasing coordinative 

undersaturation of the surface metal atoms due to two contributing factors: slightly increased 

binding strength of H2O2* (increased desorption barrier, Table 3.2), and decreased O-O bond 

dissociation barrier.  
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Figure 3.2 Activation energy barriers for (A-C) O-O bond dissociation, (D) H-H bond dissociation, and (E-H) O-H 

bond formation on the (111) and (100) facets. In (A-C) and (E-H), the metals are arranged (left to right) in order of 

decreasing binding energy of O* (BEO), which takes the same order on each facet. In (D), the metals are arranged (left 

to right) in order of decreasing binding energy of H* (BEH), which takes the same order on each facet. Black filled 

bars are for the (111) facet, and white filled bars are for the (100) facet. The numerical values for the activation barriers 

are also included above each bar. Data for the (111) facet are taken from reference # 55.  
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3.3.3 Kinetics of H-H bond dissociation 

Protons and electrons generated at the anode provide the reducing power for the 

electrochemical reduction of O2 at the cathode of PEMFCs. However, in the direct reaction of H2 

and O2 the same catalyst that is utilized to reduce O2 must also activate H2. H2 dissociates nearly 

spontaneously on both the (111) and (100) facets of Pd and Pt, consistent with previously reported 

results,135, 146, 151, 152 but H2 dissociation on those facets of Cu, Ag, and Au requires overcoming a 

significant activation barrier. All of these activation barriers are provided in Figure 3.2D, wherein 

barriers on the (111) facet are calculated using the same computational model as in reference # 55. 

These calculated barriers are in good agreement with results available in the computational 

literature for Cu,153, 154 Ag,155-157 and Au.158, 159 The lowest barrier for H2 dissociation is 0.50 eV 

on Cu(111), and the highest barrier is 1.06 eV on Ag(111). The difference in H2 activation barrier 

between the (111) and (100) facets is small on Cu and Ag (less than 0.1 eV, relatively structure-

insensitive), but Au exhibits a considerably lowered barrier (by 0.3 eV) moving from its (111) to 

its (100) facet. In addition to requiring a large activation energy, the (111) and (100) facets of both 

Au and Ag also exhibit an endothermic reaction energy for H2 dissociative adsorption, suggesting 

that a low population of H* is available on these surfaces for hydrogenation reactions.  

The trend in the H-H bond dissociation barrier on each facet is similar to the trend observed 

for the O-O bond dissociation barrier; in this case, the binding energy of H* (rather than O*) is a 

strong indicator of the ability of these metal surfaces to dissociate H2, with stronger binding of H* 

indicating smaller activation barriers. Moreover, the binding energies of O* and H* are poorly 

correlated on both the (111) facet and the (100) facet. We then emphasize that in addition to the 

binding energy of O* (or OH*), which have been successfully employed as activity descriptors for 

the electrochemical reduction of O2,
127 the binding energy of H* should be considered as an 
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additional descriptor for the direct reaction of H2 with O2 to capture the catalyst’s ability to 

dissociate H2 – parallel to the work of Rankin and Greeley.56 

3.3.4 Kinetics of O-H bond formation 

Hydrogenation of oxygen-containing intermediates by H* can require overcoming large 

kinetic barriers. Figure 3.2E-H presents the activation barriers for hydrogenations of O2*, OOH*, 

O*, and OH* by H* on the (100) facet, with the metals again arranged in order of decreasing 

binding energy of O*. Data for the (111) facet are also provided for comparison.55 We can extract 

a few trends from this data set. First, hydrogenation of the dioxygen species (O2* and OOH*) is 

generally more difficult on the (100) facet compared to the (111) facet for each metal; an exception 

is for the activation barrier for OOH* hydrogenation to H2O2* on Ag(100), where the barrier is 

calculated to be lower than that on Ag(111) by ca. 0.4 eV. Second, for a given facet, the 

hydrogenation barrier generally decreases with decreasing binding energy of O*. These trends are 

opposite to those observed for O-O bond dissociation barriers discussed in a previous section, and 

indicate that the “cross trends” behavior discussed in reference # 55 for the (111) facet is also 

displayed on the (100) facet. That is, the binding energy of O* may be used to delineate regimes 

in which H2O, H2O2, or metal oxide formation dominate: a surface that binds O* too strongly can 

easily generate O* but has difficulty forming O-H bonds, suggesting a tendency for the surface to 

irreversibly oxidize; more moderate binding of O* can still facilitate O-O bond dissociation, but 

also indicates that the surface can more readily hydrogenate O*/OH* to H2O; and even weaker 

binding of O* further facilitates O-H bond formation but resists O-O bond dissociation – although 

too weak binding of O* may limit O2* uptake.  

The hydrogenations of O* and OH*, to some degree, also follow the trend of decreasing 

activation barrier with decreasing binding energy of O* for a given facet, but there is no uniform 
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trend in the magnitude of the activation barrier moving from the (111) to the (100) facet. 

Nonetheless, we note that when hydrogenation of O* to OH* is easier on the (100) facet compared 

to the (111) facet, for a given metal, then the subsequent hydrogenation of OH* to H2O* is more 

difficult on the (100) facet compared to the (111) facet (and vice versa). Pt exhibits particularly 

large differences between O* and OH* hydrogenation barriers on both its (111) and (100) facets, 

and our calculated energetics are in good agreement with previous calculations in the literature.149 

O* hydrogenation has a large activation barrier of 0.83 eV on Pt(111), while the barrier is greatly 

reduced to ca. 0.37 eV on Pt(100). Conversely, OH* hydrogenation has a very small barrier of 

0.13 eV on Pt(111), while this step has a barrier of 0.74 eV on Pt(100). These calculations show 

that the reactions between O*/OH* and H* to form H2O exhibit a strong structure sensitivity on 

the (111) and (100) facet of these fcc metals.  

O-H bond formation does not exclusively require H*, even in the direct reaction of H2 and 

O2. O-H containing intermediates may exchange hydrogen atoms through bimolecular elementary 

steps.133, 160 The disproportionation of two OH* species to form H2O* and O* is one route to H2O 

formation from OH* that does not involve direct hydrogenation by H* (Scheme 3.1). This bond-

transfer step is endothermic on the (100) facet of Pd, Pt, Cu, Ag, and Au by 0.17, 0.53, 0.44, 0.86, 

and 0.65 eV, respectively. The activation barriers for these steps, with respect to an initial state of 

infinitely separated OH*, are nearly spontaneous in all cases; there is no significant overbarrier, 

and therefore the activation barriers can be well-approximated by the reaction energies. 

3.3.5 Analysis of reaction pathways using potential energy surfaces 

We plot PESs for molecular adsorption of O2, dissociative adsorption of H2, and then 

sequential reaction of H* with O2* in Figure 3.3 for the (100) and (111) facets. These PESs allow 

us to predict the point at which the O-O bond is likely to break – that is, which of the dissociative, 
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peroxyl, and peroxide pathways (Scheme 3.1) leading to complete O2 reduction to H2O are likely 

to be active on each metal surface – or if H2O2 can form and desorb without O-O bond breaking.  

 

Figure 3.3 PESs for the direct reaction of O2 and H2 on the (111) and (100) facets of (A) Cu, (B) Pd, (C) Pt, (D) Ag, 

and (E) Au, comparing the sequential addition of H* to O2* with the competing O-O bond dissociation steps. The “*” 

denotes an adsorbed species, the “(g)” denotes a gas-phase species, and the “TS” denotes a transition state. For each 

subfigure (A-E): the dotted lines correspond to the (111) facet, and the solid lines correspond to (100) facet; the gray 

lines correspond to reactant adsorption/activation, the black lines correspond to the “H2O2 formation with desorption 

pathway”, and the red lines correspond to the three O-O bond dissociation pathways leading to H2O formation 

(“dissociative”, “peroxyl”, and “peroxide”); the step numbers under “TS” can be referenced to Scheme 3.1, which is 

provided in subfigure (F) for convenience; the insets depict top-down views of the (111) and (100) facets, and the 

numbers within each inset designate the first O-O bond dissociation step that has a lower activation barrier than the 

competing O-H bond formation step. Data for the (111) facet are taken from reference # 55.  
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We follow the most energetically favorable pathway, starting from gas-phase H2 and O2. 

The PESs for the (100) facets are generally downshifted (lower in energy) with respect to the PESs 

for the (111) facets due to the stronger interaction of the (100) facets with both adsorbed species 

and transition states. On Pd(100), the dissociative pathway in which O2* decomposes directly to 

O* is kinetically favored by 0.89 eV, compared to O2* hydrogenation to OOH*. This differs from 

the energetics on Pd(111), where the hydrogenation of O2* is slightly kinetically favored by 0.04 

eV. Therefore we would expect significant OOH* formation on Pd(111) but not on Pd(100). Even 

if OOH* does form on Pd(100), its subsequent decomposition is calculated to be nearly 

spontaneous – as on Pd(111). The conclusions for Pt(100) are qualitatively similar to those for 

Pd(100), where the calculations also suggest the primary reaction pathway to be the dissociative 

pathway leading to H2O formation.  

The results on the coinage metals vary significantly moving down the periodic table (from 

Cu to Ag to Au). Metallic Cu readily dissociates O2* on both its (100) and (111) facets, preventing 

formation of the OOH* intermediate, and the dissociative pathway for H2O formation dominates. 

On Ag(100), hydrogenation of O2* to OOH* is kinetically favored by 0.35 eV compared to O2* 

dissociation. The subsequent hydrogenation of OOH* to H2O2* is competitive with OOH* 

decomposition, with a difference in activation barrier of only 0.03 eV (favoring OOH* 

decomposition); this deviates from the energetics on Ag(111), wherein the corresponding 

difference is 0.30 eV favoring OOH* decomposition. These energetics suggest that some H2O2* 

can form on Ag(100), but the H2O2* decomposition barrier of 0.08 eV is smaller than the H2O2* 

desorption barrier by 0.13 eV. We thus anticipate that both the peroxyl and peroxide pathways can 

be active on Ag(100), whereas the peroxyl pathway dominates on Ag(111). Similar to Au(111), 

Au(100) is the only (100) facet of the metals considered in this work on which the calculated 
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energy barriers favor H2O2* formation and desorption over its decomposition. The O-O bond 

dissociation barriers exceed the hydrogenation barriers by 0.94 eV on Au(100) (1.84 eV on 

Au(111)) for O2* and by 0.26 eV on Au(100) (0.40 eV on Au(111)) for OOH*.  

One final observation from these potential energy surfaces is that recombination of the O* 

and/or OH* fragments resulting from O-O bond dissociation is very thermodynamically 

unfavorable and is characterized by large kinetic barriers on the (100) facets of Pd, Pt, Cu, and Ag; 

the easiest O-O bond reformation step is O* + O* → O2 * + * on Pt(100) with an activation barrier 

of 1.13 eV, and the most difficult  O-O bond reformation step is OH* + OH* → H2O2* + * on 

Cu(100) with an activation barrier of 3.32 eV. Even for the case of Au, where O-O bond 

reformation steps can be exothermic (e.g., O* + O* → O2* + * has a reaction energy of -0.17 eV 

on Au(100)), large kinetic barriers also hinder O-O bond reformation on Au(100) with the easiest 

of these steps being O* + OH* → OOH* + * with a kinetic barrier of 1.16 eV. Thus, any H2O2 

that forms on clean metallic surfaces will likely originate from an intact O2 molecule. This can be 

corroborated experimentally by feeding a mixture of 16O2 and 18O2 during the direct reaction of H2 

and O2, and using Raman spectroscopy to distinguish H2
16O2, H2

18O2, and H2
16O18O products61 – 

the latter species representing the case where an O-O bond reformation step carries significant 

reaction flux. A similar conclusion is reached for the (111) facet of these metals.  

3.3.6 Prediction of the most likely abundant surface intermediates 

The energetic span, i.e. the lowest (and highest) energy states, of the full PESs for the direct 

reaction of H2 and O2 can yield predictions about which species are most (and least) likely to 

populate the different metal surfaces. A complete list of isomeric states on each metal facet is 

provided in Tables S3.2 and S3.3, including the stability of each state with respect to the reference 

state of the gas-phase reactants. Adsorbed molecular and atomic fragments (OH* and H*) 
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represent the deepest potential wells on the (100) facet of the more oxophillic metals (Cu, Pd, Pt), 

while the closed shell product H2O* is the most stable state on the (111) facet for all metals. In 

addition, atomic fragments (H* and/or O*) represent the least stable state on the (111) and (100) 

facets of Ag and Au, again highlighting the weak ability of these metals to activate bonds in the 

reactant molecules. Examining the lowest and highest energy states on the PES is constrained by 

the stoichiometry assigned to the reference state (e.g., 2H2(g) + O2(g) versus H2(g) + O2(g)) and 

does not include information about reaction conditions (e.g., temperature and entropic effects) 

unless we are to recast the PES in terms of the free energy.  

We address those limitations of our PESs by constructing ab initio phase diagrams to 

evaluate the relative thermodynamic stability of each intermediate as a function of reaction feed 

conditions (temperature and partial pressures of H2 and O2). The results are plotted in Figure 3.4 

for the (100) and (111) facets. The conditions in Figure 3.4 are chosen to investigate the effect of 

varying the H2:O2 ratio at a fixed partial pressure of O2 and at 298 K, which is a relevant 

temperature to experimental conditions reported in both patents and academic literature for the 

direct synthesis of H2O2, oxygen reduction in fuel cells, and propylene oxidation using H2O2 

generated in situ. In particular, the latter is also performed at significantly elevated temperatures161, 

162 and so we include the effect of increasing temperature to 398 K in Figure S3.1. 

We predict that H2O* is the most stable surface species in both H2-lean and H2-rich 

conditions on the (100) and (111) facets of Pd, Pt, Ag, and Au. The next most stable species on 

these facets is generally OH*, whose stability is more competitive with H2O* on the (100) facet 

compared to the (111) facet for each metal. On Cu(111), OH* is favored to H2O* only under H2-

lean conditions at 298 K when partial pressures of H2 are nearly three orders of magnitude less 

than those of O2. On Cu(100), OH* is favored to H2O* even when the partial pressure of H2 
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exceeds that of O2 by an order of magnitude at 298 K. These results are reasonably consistent with 

the conclusions drawn from examination of the maximum and minimum energy states on the PESs, 

which are derived from our DFT-derived total energy calculations (i.e. they represent the 

energetics at 0 K in vacuum and do not account for reaction conditions). Overall these 

thermodynamic calculations suggest a significant population of H2O* on all metals, with OH* as 

the second most abundant intermediate (except on Cu(100), where OH* is predicted to be most 

abundant over the conditions considered). Increasing the temperature (Figure S3.1), decreasing the 

partial pressure of H2 relative to that of O2, or moving from the (111) to the (100) facet stabilizes 

OH* relative to H2O*. Notably, O2* is one of the least stable surface intermediates on all (111) 

facets.  

We note that the thermodynamic analysis in Figure 3.4 treats each species independently 

(no co-adsorption states containing different intermediates are considered), does not consider 

coverage-dependent interactions between surface species91, 145, 163 (only the single-species binding 

energies calculated at 0.25 ML coverage in the unit cell have been used), and assumes that the 

surface remains metallic with adsorbates only on the top metal layer (e.g., phase transformations 

to surface/bulk oxides do not occur). The analysis also ignores the possible kinetic limitations to 

the formation of the various surface intermediates. Therefore, the conclusions should be 

interpreted with caution and only serve as a first approximation to the most likely abundant surface 

intermediates. Experimentally consistent microkinetic models, and confirmation by in situ 

spectroscopic experiments,164 are ultimately necessary to identify the most abundant surface 

intermediates and their coverage under reaction conditions.  
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Figure 3.4 Stability of each surface intermediate (at 0.25 ML coverage in a (2 × 2) surface unit cell) relative to gas-

phase reservoirs of the H2 and O2 reactants at 298.15 K. These diagrams are analogous to ab initio phase diagrams, 

wherein a more negative grand potential indicates a more stable species. The dotted black line at a grand potential of 

0.0 eV indicates the stability of the clean surface (no adsorbates).   
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3.3.7 Maximum rate analysis of pathways and potential rate-limiting steps  

To further analyze the intrinsic activity of the clean metal surfaces toward the direct 

reaction of H2 with O2, we perform a maximum rate analysis following the formalism of Farberow 

et al.145 This procedure improves upon our PES-based pathway analysis by also including effects 

of entropy, temperature, and partial pressure under realistic reaction conditions. We apply the 

maximum rate analysis to each of the four pathways defined in Scheme 3.1 (H2O2 formation with 

desorption, and the dissociative, peroxyl, and peroxide pathways leading to H2O formation), 

calculating the maximum rate and identifying the most likely rate-limiting step at 298 K. The 

results of the maximum rate analysis are summarized in Table 3.3 for the (111) facet and the (100) 

facet, with the complete data provided in Tables S3.4 and S3.5. 

First, we observe that the rate-limiting step predicted by the maximum rate analysis can 

depend on both the identity and structure of the metal substrate. For example, H2 dissociation is 

the slowest step on the (111) facets of the coinage metals (Cu, Ag, and Au) and remains limiting 

on the (100) facets of Cu and Ag, but H2 dissociation is not the slowest step for any pathway on 

Au(100). Sluggish H2 dissociation significantly lowers the maximum rates predicted for the 

coinage metals compared with those for Pd and Pt. In addition, the step O2* + * → 2O* is slowest 

in the dissociative pathway on the (111) facets of all metals (except that of Cu), but does not limit 

that pathway on the (100) facets (except that of Au) due to the significantly reduced O-O bond 

dissociation barriers on the (100) facets.  

Second, the hydrogenations of O* and OH* to form H2O* never limit the maximum rate 

of any pathways considered here (Tables S3.4 and S3.5). This means that, on all surfaces, H2O 

readily forms once the O-O and H-H bonds break. The only hydrogenation step that we predict to 

be kinetically limiting is the first addition of H* to O2* to form OOH* on Pd(111) and Au(100). 
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Table 3.3 Summary of the maximum rate (rmax) and rate-limiting step for each pathway, as predicted by the maximum 

rate analysis. The complete data for the maximum rate analysis are tabulated in Tables S3.4 and S3.5. The more active 

facet for each pathway is indicated in bold face under the rmax column heading. Pathways and step numbers are in 

reference to Scheme 3.1. Rates are calculated at a temperature of 298.15 K and H2, O2, and H2O partial pressures of 

1.0 atm, 1.0 atm, and 0.010 atm, respectively. The H2O partial pressure corresponds to 1 % conversion of H2 with 100 

% selectivity toward H2O.  

  Pathway   rmax / s-1   Rate-limiting Step  

   (111)   (100)   (111)   (100)  

Cu 

H2O2 desorption 2.2 2.8×10-1 (2) H2(g) + 2* → 2H* (2) H2(g) + 2* → 2H* 

Dissociative 2.2 2.8×10-1 (2) H2(g) + 2* → 2H* (2) H2(g) + 2* → 2H* 

Peroxyl 2.2 2.8×10-1 (2) H2(g) + 2* → 2H* (2) H2(g) + 2* → 2H* 

Peroxide 2.2 2.8×10-1 (2) H2(g) + 2* → 2H* (2) H2(g) + 2* → 2H* 

Pd 

H2O2 desorption 9.1×106 2.2×108 (3a) O2* + H* → OOH* + * (1) O2(g) + * → O2* 

Dissociative 1.3×10-1 2.2×108 (3b) O2* + * → 2O* (1) O2(g) + * → O2* 

Peroxyl 9.1×106 2.2×108 (3a) O2* + H* → OOH* + * (1) O2(g) + * → O2* 

Peroxide 9.1×106 2.2×108 (3a) O2* + H* → OOH* + * (1) O2(g) + * → O2* 

Pt 

H2O2 desorption 1.9×108 2.2×108 (1) O2(g) + * → O2* (1) O2(g) + * → O2* 

Dissociative 4.3 2.2×108 (3b) O2* + * → 2O* (1) O2(g) + * → O2* 

Peroxyl 1.9×108 2.2×108 (1) O2(g) + * → O2* (1) O2(g) + * → O2* 

Peroxide 1.9×108 2.2×108 (1) O2(g) + * → O2* (1) O2(g) + * → O2* 

Ag 

H2O2 desorption 9.7×10-10 1.2×10-8 (2) H2(g) + 2* → 2H* (2) H2(g) + 2* → 2H* 

Dissociative 1.8×10-14 1.2×10-8 (3b) O2* + * → 2O* (2) H2(g) + 2* → 2H* 

Peroxyl 9.7×10-10 1.2×10-8 (2) H2(g) + 2* → 2H* (2) H2(g) + 2* → 2H* 

Peroxide 9.7×10-10 1.2×10-8 (2) H2(g) + 2* → 2H* (2) H2(g) + 2* → 2H* 

Au 

H2O2 desorption 5.5×10-8 2.3×10-5 (2) H2(g) + 2* → 2H* (3a) O2* + H* → OOH* + * 

Dissociative 2.4×10-30 2.6×10-18 (3b) O2* + * → 2O* (3b) O2* + * → 2O* 

Peroxyl 5.5×10-8 2.3×10-5 (2) H2(g) + 2* → 2H* (3a) O2* + H* → OOH* + * 

Peroxide 5.5×10-8 2.3×10-5 (2) H2(g) + 2* → 2H* (3a) O2* + H* → OOH* + * 

 

Third, the peroxyl pathway to H2O, the peroxide pathway to H2O, and the H2O2 formation 

with desorption pathway always share the same rate-limiting step on a specific surface; and that 

rate-limiting step always precedes addition of the second hydrogen atom to molecular oxygen. 

Moreover, the maximum rate for the dissociative pathway to form H2O is always less than or 

equivalent to the maximum rates for all other pathways (on a specific surface). Together these 

observations imply that we cannot distinguish pathways on the basis of comparing maximum rates 

– except for disregarding the dissociative pathway to H2O on Pd(111), Pt(111), Ag(111), Au(111), 

and Au(100) due to maximum rates many orders of magnitude lower than the competing pathways. 

The result of a single shared rate-limiting step among competing pathways on a given surface also 

leads us to expect the product distribution to be dictated by the overall thermodynamics, assuming 

all steps after the rate-limiting step are quasi-equilibrated, and therefore H2O would always the 
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primary product. We then anticipate that none of these clean monometallic surfaces can be 

selective toward H2O2. In order to achieve selectivity toward H2O2 rather than H2O, elementary 

steps involving O-O bond dissociation, or O-H bond formation in O* or OH*, must also become 

kinetically limiting in each of the dissociative, peroxyl, and peroxide pathways to H2O. 

The qualitative conclusions from the maximum rate analysis are quite insensitive to 

changing the temperature or to changing the partial pressures of gas-phase species within an order 

of magnitude, because the calculated rates generally differ by many orders of magnitude. This 

same assessment is presented in Farberow et al.145 However, those authors also demonstrate the 

importance of using surface models that reflect the state of the catalyst surface under realistic 

reaction conditions, i.e. including appropriate spectator species in the DFT calculations. It is well-

known that spectator species can significantly modify the binding properties of both intermediates 

and transition states through adsorbate-adsorbate interactions165-168 – or even enable alternative 

reaction pathways that are not feasible at low surface coverage.  

Our analysis utilizes DFT energetics derived from spectator-free surface models, and so 

knowledge of the abundant surface intermediates under reaction conditions should be used to 

revise the surface models and repeat the maximum rate analysis. As discussed in the previous 

section, it is difficult to define the state of catalytic surfaces under reaction conditions based solely 

on DFT-calculated thermodynamics and in the absence of experimentally-validated microkinetic 

models or direct experimental evidence. We note that spectator coverage effects are generally 

observed to facilitate bond-forming steps and hinder bond-breaking steps. Those trends suggest 

that a highly covered surface might more adversely affect the dissociative, peroxyl, and peroxide 

pathways to H2O than the H2O2 formation and desorption pathway, because O-O bond-breaking 

might become more difficult, while O-H bond formation might become easier. Nonetheless, the 
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reaction rates on the (111) and (100) facets of Cu, Ag, and Au might become even further limited 

by difficult H2 dissociation if the surface is highly covered with adsorbates. The maximum rate 

analysis based on the clean surface energetics also suggests that the (100) facet is generally more 

active than the (111) facet (Table 3.3); but there is also a stronger thermodynamic driving force to 

populate the (100) facet with intermediates (Figure 3.4) – and so the relative activity of these facets 

may depend strongly on the surface coverage under reaction conditions.  

3.4 Conclusions 

In this chapter, we calculated thermodynamic and kinetic parameters for the direct, non-

electrochemical reaction of H2 and O2 gases on the (100) facet of Pd, Pt, Cu, Ag, and Au using 

periodic DFT-GGA, and we have compared these results with previous calculations on the close-

packed (111) facet of these late transition metals. Our goal was to determine the trends in oxygen 

reduction activity and selectivity when the coordinative saturation of the substrate decreases, 

including identification of the potentially rate-limiting steps and the most likely abundant surface 

intermediates. We find that, compared to the (111) facet of each metal, the (100) facet generally 

binds intermediates and transition states more strongly, lowers kinetic barriers for O-O bond 

dissociation, and raises kinetic barriers for O-H bond formation in dioxygen species. The latter 

two effects are particularly disadvantageous if the partial reduction product (H2O2) is desired – 

such as in the DSHP or for in situ activation of O2 during selective oxidation reactions. A direct 

comparison of activation barriers for O-O bond dissociation and O-H bond formation in the 

dioxygen intermediates reveals that: O2* is likely to dissociate before forming OOH* on Pd(100), 

Pt(100), Cu(111), and Cu(100); OOH* decomposition is favored to H2O2* formation on Pd(111), 

Pt(111), Ag(111), and Ag(100); and significant H2O2* formation may only be possible on Au(111) 

and Au(100).  
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We then performed a maximum rate analysis using realistic reaction conditions and 

demonstrate that the most likely rate-limiting step can depend on both the identity and structure of 

the metal surface. However, we predict none of the surfaces to be limited by their ability to (i) 

dissociate the O-O bond in OOH*/H2O2*, or (ii) hydrogenate O*/OH*, both of which are distinctly 

tied to H2O formation rather than H2O2 formation; instead, all rate-limiting steps in the H2O 

formation pathways are shared with the pathway toward H2O2 formation. This suggests that the 

intrinsic reactivity of the clean transition metal surfaces is to completely reduce O2 to H2O – 

independent of the surface structure – and therefore a primary challenge when tailoring catalysts 

for the partial reduction of O2 is to identify substrates on which steps distinct to H2O formation 

(e.g., O-O bond dissociation) become kinetically limiting. Our maximum rate analysis also shows 

that H2 dissociation is generally the slowest step on the coinage metals (Cu, Ag, and Au), 

highlighting the importance of considering H2 activation when developing predictive models for 

this reaction.  

A caveat of our analysis is that our thermodynamic and kinetic parameters pertain to clean 

metal surfaces and do not consider the effect of surface coverage, which may significantly modify 

the calculated surface energetics. We therefore also provided a thermodynamic analysis based on 

the construction of free energy diagrams to provide insight into the most likely candidates for 

surface-abundant intermediates, but experimental insight (spectroscopic evidence, experimentally-

consistent microkinetic models) is ultimately required to improve the accuracy of the surface 

models used in our DFT calculations.  
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Supplementary Figures, Tables, and Methods for Chapter 3 

 

Figure S3.1 Stability of each surface intermediate (at 0.25 ML coverage in a (2 × 2) surface unit cell) relative to gas-

phase reservoirs of the H2 and O2 reactants at 398.15 K. These diagrams are generated in an analogous manner to ab 

initio phase diagram, wherein a more negative grand potential indicates a more stable species. The dotted black line 

at a grand potential of 0.0 eV indicates the stability of the clean surface (no adsorbates).  
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Table S3.1 Reaction energies, ΔE, (and activation energy barriers, Ea, in parenthesis) for all elementary steps on the 

(100) facet of Pd, Pt, Cu, Ag, and Au. Step numbers are in reference to Scheme 3.1. All values are reported with 

respect to the infinitely separated reactants and products. No activation barriers are calculated for adsorption and 

desorption steps (assumed equal to the reaction energy, if endothermic, or zero barrier if the reaction is exothermic) 

with the exception of dissociative H2 adsorption. The initial state of the activation barrier calculation for elementary 

step 8, corresponding to two OH* co-adsorbed in the unit cell, is generally stabilized through hydrogen bonding with 

respect to infinitely separated OH* species. The subsequent activation barrier for hydrogen atom transfer is nearly 

spontaneous in the exothermic direction, and the corresponding transition state energy can be lower in energy than the 

final state energy of the infinitely separated O* and H2O* products. Therefore, we simply report the activation barriers 

as equal to the reaction energies at infinite separation for step 8.  

 



51 

 

Table S3.2 Stability of all isomeric states in reference to the reactant state of [2H2(g)+O2(g)] for the (111) facet. All 

energies are in eV, and are calculated from the DFT-derived total energies55 (i.e., these represent the relative energies 

at 0 K and under vacuum) with respect to species at infinite separation from each other (denoted by the “|”). Isomers 

are arranged in order of decreasing stability (more positive energy relative to the reactant state) for each surface. The 

most stable state for each surface is in bold face.  
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Table S3.3 Stability of all isomeric states in reference to the reactant state of [2H2(g)+O2(g)] for the (100) facet. All 

energies are in eV, and are calculated from the DFT-derived total energies (i.e., these represent the relative energies 

at 0 K and under vacuum) with respect to species at infinite separation from each other (denoted by the “|”). Isomers 

are arranged in order of decreasing stability (more positive energy relative to the reactant state) for each surface. The 

most stable state for each surface is in bold face.  
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Table S3.4 Maximum rates of elementary steps in competing mechanisms (Scheme 3.1) on the clean (111) facets. 

Rates are calculated at a temperature of 298.15 K and H2, O2, and H2O partial pressures of 1.0 atm, 1.0 atm, and 0.010 

atm, respectively. The H2O partial pressure corresponds to 1 % conversion of H2 with 100 % selectivity toward H2O. 

The limiting step in each pathway, on each surface, is shaded in red. Ki is the equilibrium constant for step i, and Ki
‡ 

is equilibrium constant for the production of the activated complex [  ]‡ of step i from the initial state of step i.  
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Table S3.5 Maximum rates of elementary steps in competing mechanisms (Scheme 3.1) on the clean (100) facets. 

Rates are calculated at a temperature of 298.15 K and H2, O2, and H2O partial pressures of 1.0 atm, 1.0 atm, and 0.010 

atm, respectively. The H2O partial pressure corresponds to 1 % conversion of H2 with 100 % selectivity toward H2O. 

The limiting step in each mechanism, on each surface, is shaded in red. Ki is the equilibrium constant for step i, and 

Ki
‡ is equilibrium constant for the production of the activated complex [  ]‡ of step i from the initial state of step i.  
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Chapter 4: Active Sites and Mechanisms for H2O2 

Decomposition over Pd Catalystsi 

4.1 Introduction 

 

Chapter 3 explored mechanisms for direct H2O2 and H2O synthesis from H2 and O2 on Pd, 

Pt, Cu, Ag, and Au, and discussed the factors that may limit activity and selectivity toward H2O2. 

The remaining chapters focus on Pd-based catalysts. Pd is widely recognized as the most effective 

transition metal for the DSHP in the experimental literature – but only when promoters are 

present.26 This is consistent with the DFT-derived energetics from Chapter 3, because the clean Pd 

surfaces can readily dissociate the O2* and/or OOH* surface intermediates to prevent H2O2 

formation. Experiments also show that pure Pd is also highly active for H2O2 decomposition.30, 31, 

169, 170 Therefore, a common goal in many of the modifications made to Pd catalysts and the 

                                                 
i A. Plauck, E. E. Stangland, J. A. Dumesic and M. Mavrikakis, “Active sites and mechanisms for H2O2 decomposition 

over Pd catalysts”, PNAS 2016, 113, E1973. 
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reaction medium (acids, halides, alloying)18, 26 is to not only improve primary selectivity toward 

H2O2, but to also minimize H2O2 decomposition.  

The H2O2 decomposition reactions (Reactions 3 and 4, reproduced below from Chapter 1) 

can significantly decrease overall yield as the reaction progresses, even on catalysts where the 

primary selectivity toward H2O2 is high:24, 171 

[Reaction 3] H2O2(l) → H2O(l) + ½O2(g)                      ΔG°298K = -116.7 kJ mol-1, 

[Reaction 4] H2O2(l) + H2(g) → 2H2O(l)                      ΔG°298K = -353.8 kJ mol-1. 

Some experiments suggest that the active sites for H2O2 synthesis and decomposition on Pd-based 

catalysts may be different.24, 30 Hutchings and coworkers35 demonstrated that the H2O2 

decomposition reactions could be almost completely suppressed by pre-treating the carbon support 

material with HNO3 prior to metal deposition; this pre-treatment affected the dispersion of Pd and 

Au on the carbon support, and resulted in a stable catalyst with > 95 % selectivity for H2O2 during 

the DSHP reaction. They also recently found that on oxide-supported Pd catalysts, an appropriate 

second metal oxide component coupled with a heat treatment cycle could also “shut off” the H2O2 

decomposition reactions.172 Clearly, a detailed understanding of the active site(s) and elementary 

reaction mechanisms for the undesirable decomposition reactions would benefit the identification 

of improved catalysts. Nonetheless, there is still much work to be performed to elucidate the 

optimal structure and composition of Pd-based catalysts for the DSHP; some recent important 

contributions on this front can be found in references # 47, 58, 71, 126, 171, 173. 

This chapter will focus on the mechanism and the nature of the dominant active site(s) 

responsible for H2O2 decomposition (Reaction 3, with no H2 present) under conditions relevant to 

a DSHP process. We highlight key factors which will aid in the identification of improved DSHP 

catalysts that exhibit minimal H2O2 decomposition activity. These findings are also relevant to 
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transition metal catalyzed oxidation reactions that utilize H2O2 – whether produced in situ or fed 

as reactant – but whose efficiency may be limited by catalytic H2O2 decomposition.20, 122, 174, 175 

4.2 Methods 

4.2.1 Density functional theory 

Periodic Pd(111) and Pd(100) slabs were chosen as representative models for the planar 

surfaces of the supported Pd nanoparticles used in the experiments. Pd(111) and Pd(100) have the 

lowest surface free energies among the clean Pd facets, and a truncated octahedron minimizes the 

total surface free energy for Pd particles > 3-5 nm based on a Wulff construction.176, 177 Therefore, 

in the absence of strong particle-support interactions, both of these Pd surfaces are expected to be 

in high abundance. 

All DFT calculations in this chapter were performed using the DACAPO total energy 

code,90, 136 employing the self-consistent PW91 generalized gradient approximation (GGA-

PW91)108, 109 to describe the exchange correlation energy and potential, and ultrasoft 

pseudopotentials138 to describe the ionic cores. Electron density was determined by iterative 

diagonalization of the Kohn-Sham Hamiltonian, Fermi population of the Kohn-Sham states (kBT 

= 0.1 eV), and Pulay mixing of the resulting electron density.137 The total energy was then 

extrapolated to kBT = 0 eV. The Kohn-Sham one-electron valence states were expanded using a 

plane wave basis with kinetic energy below 25 Ry.  

The (111) and (100) metal surfaces were modeled using a slab geometry with a periodically 

repeated (2 × 2) unit cell and four atomic layers; this corresponds to 1/4 monolayer (ML) coverage 

of a single adsorbate placed in the unit cell. The surface Brillouin zone was sampled using 18 

special Chadi-Cohen142 k-points for the (111) slabs, and a (6 × 6 × 1) Monkhorst-Pack143 k-point 

mesh for the (100) slabs. All slab layers were fixed for calculations on the (111) slabs (previous 
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calculations show minimal effect of surface relaxation on the calculated energetics for a similar 

system55), while the top two metal layers were allowed to relax in the (100) slabs. 14 Å of vacuum 

separated successive slabs in the z-direction, and adsorption was only permitted on one of the two 

available surfaces with the electrostatic potential adjusted accordingly.139, 140 The equilibrium 

PW91 bulk Pd lattice constant has been calculated previously55 to be 3.99 Å (experimental value 

is 3.89 Å141). Calculations involving O2 were performed spin-polarized. 

All reported DFT results in this chapter have been corrected for the zero-point energy 

(ZPE). The minimum energy paths for elementary steps were calculated using the climbing image 

nudged elastic band method (CI-NEB)112, 115 with at least 7 intermediate images, and the transition 

state was verified by identification of a single imaginary frequency along the reaction coordinate. 

4.2.2 Experiments 

A 0.09 wt% Pd/spSiO2 (spSiO2 denotes the spherical silica support) catalyst was prepared 

for reaction kinetics experiments. The spSiO2 was synthesized by a modified Stöber process178 

described in a previous publication,179 resulting in spherical silica particles (ca. 100-200 nm in 

diameter) with no internal pore structure and a Brunauer-Emmett-Teller (BET) surface area of 21 

m2 g-1.179 The Pd was loaded onto the spSiO2 by vacuum evaporative impregnation (in a rotary 

evaporator) using a solution of Pd (II) acetate dissolved in dichloromethane. The dried material 

was reduced in a quartz cell following a procedure described in reference # 180 to promote 

formation of large Pd particles (average particle size of 5.6 +/- 2.4 nm determined from scanning 

transmission electron microscopy (STEM) images of the Pd/spSiO2 catalyst) that better compare 

to the Pd(111) and Pd(100) DFT models. This heat treatment procedure involved a temperature 

ramp to 673 K (10 K min-1) and 3 h hold at 673 K in flowing H2 (30 mL min-1), followed by 

cooling to room temperature under flow of Ar (30 mL min-1) and passivation with 1% O2 in Ar. 
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The Pd surface site density was determined by irreversible CO uptake experiments at 300 K, using 

an apparatus and procedure described previously,181 and applying a surface stoichiometry of 2:3 

for CO:surface Pd atom.180  

  H2O2 decomposition experiments were performed in a 50 mL Parr Instrument Company 

Hastelloy C-276 autoclave containing an overhead magnetic stirrer, a fixed thermocouple, and a 

pressure gauge. A Teflon liner was used in all experiments to minimize contact of H2O2 with 

metallic components in the autoclave. Blank experiments were performed prior to each reaction to 

ensure negligible contributions to H2O2 decomposition from the stirrer/thermowell/liner; these 

wetted parts of the reactor were passivated using 25 vol % HNO3 in cases where significant H2O2 

decomposition was measured in the absence of catalyst. The bare spSiO2 support (no Pd loaded) 

was shown to be inert toward H2O2 decomposition over all conditions studied.  

In a typical reaction, the autoclave was loaded with catalyst, sealed, and purged with Ar. 

The autoclave was then pressurized to 450 psi with 4 % H2 in Ar (Airgas), and held at 323 K for 

1 h to reduce the passivated Pd nanoparticles. After cooling to room temperature, the autoclave 

was again purged with Ar, pressurized to 115 psi with Ar, and cooled to the desired reaction 

temperature using a refrigerated bath circulator (ARCTIC A25 Thermo Scientific). 12.5 grams of 

the H2O2 feed solution (0.08-0.60 M H2O2 in H2O) was prepared by dilution of a non-stabilized 30 

wt % H2O2 solution (< 10 ppb Cl-, Gigabit, KMG) in ultra-pure water (18 MΩ × cm), cooled to 

reaction temperature, and then charged into the autoclave using a high performance liquid 

chromatography (HPLC) pump (Chrom Tech Series 1). The resulting pressure in the autoclave 

prior to reaction was 150 psi. Stirring (1200 rpm) was then started. Conversion of H2O2 was 

determined by titration of the final solution with 0.05 M Ce(SO4)2 using ferroin as indicator.  
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Initial reaction rates were calculated by fitting a line through a plot of the moles H2O2 

consumed versus time for conversions under 15 % and normalizing to the total number of Pd 

surface atoms determined by the CO uptake experiments; all conversion versus time data points 

were replicated at least two times. The apparent activation energy barrier was determined over a 

temperature range of ca. 25 K, and the apparent reaction order with respect to H2O2 was determined 

by varying the feed concentration of H2O2 with all other reaction parameters constant. The 

apparent reaction order with respect to the O2 product was determined by varying PO2 in the gas 

phase using a 25 % O2 in Ar mixture, with all other conditions invariant. This mixture was 

introduced immediately after charging the autoclave with the H2O2 feed, prior to stirring. 

4.2.3 Microkinetic model  

A mean-field microkinetic model was developed to describe the experimentally measured 

reaction rates, reaction orders, and apparent activation barrier. The model parameters were defined 

using a procedure described in our previous work,80, 83, 85 utilizing the ZPE-corrected BEs and 

activation energy barriers determined through DFT as initial guesses; pre-exponential factors and 

entropies were derived from the DFT-calculated vibrational frequencies. The maximum adsorbate 

coverage permitted was 1 ML, and adsorption/desorption steps were assumed to be quasi-

equilibrated. In the case that the microkinetic model-predicted adsorbate coverage exceeded the 

minimum adsorbate coverage in the context of the unit cell used in the DFT calculations (1/4 ML), 

the DFT calculations were repeated with the appropriate spectator species co-adsorbed in the unit 

cell. Note that although the experimental measurements were performed in a three-phase system 

using conditions relevant to a DSHP process, no corrections were made to the DFT calculations to 

reflect potential interaction with the liquid phase. Further details are provided in the supplementary 

section at the end of this chapter. 
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4.3 Results  

The decomposition of H2O2 has been studied both in the vapor-phase182 and aqueous 

phase183 (thermal, non-catalyzed), and over a variety of materials including metal oxides184-186 and 

metal ions in solution.187, 188 Based on these studies, we have compiled an encompassing network 

of 17 elementary reactions involving four closed-shell species (H2O2, H2O, O2, H2) and four 

surface intermediates (O, H, OH, OOH), shown in Table 4.1. Elementary reactions are classified 

as follows: adsorption/desorption, O-O bond scission, dehydrogenation, and hydrogen-transfer. 

Note that the majority of DFT calculations presented in this chapter are based on Chapter 3 (for 

Pd(100)) and a previous publication from our group55 (for Pd(111)). We provide the energetics 

again in this chapter for convenience, and discuss them in more detail as they pertain to H2O2 

decomposition on Pd. We have also performed DFT calculations for additional reaction steps not 

considered in Chapter 3: the hydrogen-transfers. We determine below that the hydrogen-transfer 

steps are critical to describing the H2O2 decomposition mechanism; these steps have not been 

thoroughly explored on Pd in previous computational literature.  

4.3.1 Thermochemistry and binding configurations of reaction intermediates on clean Pd  

Table 4.1 summarizes the most stable adsorption sites and binding energies for all surface 

species on Pd(111) and Pd(100). Images of the individual adsorbates in their preferred binding 

geometry on Pd(100) can be viewed in Figure 4.1; refer to reference # 55 for the corresponding 

images on Pd(111). The Pd(100) facet is more open than the Pd(111) one and binds all 

intermediates more strongly. 

The BE of atomic hydrogen (H*) on Pd(100) is -2.74 eV, only 0.04 eV stronger than its 

BE on Pd(111). H* preferentially binds to the fcc site on Pd(111) and the hollow site on Pd(100). 

Furthermore, H* is expected to be mobile on Pd(100), as the BE of H* on a bridge site of Pd(100) 
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is only 0.14 eV less stable than that on the hollow site. Similarly, on Pd(111) the BE of H* 

constrained to a bridge site is 0.14 eV less stable than that on the fcc site. 

Table 4.1 Calculated binding energies (BE) of adsorbed species, their preferred adsorption sites, and O-O bond lengths 

(dO-O) on Pd(111) and Pd(100). Reference energy corresponds to the adsorbate in the gas phase far away from the 

metal surface.  

 

 

 

 

 

 

Atomic oxygen (O*) has the same site preferences as H* on both Pd(111) and Pd(100). 

The binding strength of O* on Pd(100) is -3.90 eV, which is 0.26 eV stronger than that on Pd(111). 

Moreover, O* has a strong preference for the hollow site on Pd(100), with the next best adsorption 

site (bridge) being less stable by 0.48 eV. On Pd(111) the next best adsorption site for O* is the 

hcp site, which is 0.15 eV less stable than O* binding to the fcc site. 

Hydroxyl (OH*) is often proposed to be the initial intermediate generated during H2O2 

decomposition, resulting from homolytic O-O bond cleavage in H2O2.
189 OH* binds most stably 

to the bridge site on both Pd(111) and Pd(100) with the O-H bond tilted away from the surface 

plane. The BE of OH* on Pd(100) is -2.43 eV, which is 0.40 eV stronger than the BE on Pd(111). 

OH* binding at the hollow site of Pd(100) is only 0.05 eV weaker than on the bridge site, which 

is similar to the difference in energy between OH* binding at the fcc site and bridge site on Pd(111) 

(0.08 eV).  

 Pd(111)a   Pd(100) 

Species Adsorption 

Site 
BE / eV dO-O / Åb  Adsorption 

Site 
BE / eV dO-O / Åb 

H* fcc -2.70 -  hollow -2.74 - 

O* fcc -3.64 -  hollow -3.90 - 

OH* bridge-tilted -2.03 -  bridge-tilted -2.43 - 

OOH* bent-top -0.94 1.46  bent-bridge -1.28 1.51 

H2O* top -0.22 -  top -0.30 - 

H2O2* top -0.32 1.48  top -0.36 1.49 

O2* top-bridge -0.50 1.35  hollow -1.27 1.41 
aData based on reference # 55. 
bCalculated gas-phase dO-O for O2, OOH, and H2O2 are 1.24, 1.35, and 1.48 Å, 

respectively. 
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Figure 4.1 (A-G) Side and top-down views of the preferred binding sites for all adsorbates on Pd(100). Blue spheres 

are hydrogen, red spheres are oxygen, and gray spheres are Pd atoms.  

Hydroperoxyl (OOH*) is considered an important intermediate in the DSHP and was 

identified spectroscopically during the gas-phase reaction of H2 and O2 on Au/TiO2 using inelastic 

neutron scattering.150 OOH* binds through its non-hydrogenated oxygen atom to a top site on 

Pd(111) with the hydroxyl group positioned over an adjacent bridge site and the O-H bond pointing 

away from the surface; while OOH* binds through its non-hydrogenated oxygen atom to a bridge 

site on Pd(100) with the hydroxyl group positioned over an adjacent hollow site and the O-H bond 

pointing away from the surface. The binding energy of OOH* on Pd(100) is -1.28 eV – stronger 

than its binding energy on Pd(111) by 0.34 eV. However, the site preference for OOH* on Pd(100) 

and Pd(111) is weak: on Pd(100), OOH* can also bind to top and hollow sites with less than 0.12 

eV difference in binding energy from its most stable adsorption site; on Pd(111), OOH* can also 

bind through its non-hydrogenated oxygen atom to bridge sites with less than 0.03 eV difference 

in binding energy from its most stable adsorption site.  

Molecular oxygen (O2*) has the largest disparity in binding strength between Pd(111) and 

Pd(100); the BE on Pd(100) is -1.27 eV, which is 0.77 eV stronger than that on Pd(111). O2* binds 

flatly on Pd(100) centered over a hollow site, while on Pd(111) O2* binds across a hcp site with 

one O atom at a bridge position and the other at a top position. Interestingly, Long et al190 used 

probe molecules and electron spin resonance spectroscopy to show that Pd(100) can more readily 
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activate O2 through excitation of ground state triplet O2 to reactive singlet O2. This result is in 

agreement with our calculations; O2* retains some of its magnetic moment on Pd(111)55 but a 

negligible magnetic moment on Pd(100). The strong affinity of Pd(100) for O2 and O*  are 

reflected in the tendency to reconstruct to a kinetically stable (√5x√5)R27° surface oxide phase 

under moderate chemical potentials of O2.
191 The next best adsorption site for O2 on Pd(100) is a 

top-top site with a binding energy of -0.85 eV. 

The binding energies of H2O* and H2O2* are weak (< 0.4 eV) on both Pd(111) and Pd(100). 

H2O* preferentially binds to top sites on both Pd(111) and Pd(100) with the O-H bonds parallel to 

the Pd surface. The binding energy of H2O* on Pd(100) is -0.30 eV. H2O2* also preferentially 

binds to top sites and adopts the trans configuration on both Pd facets; one oxygen atom is bound 

to a top site with its hydrogen atom pointing slightly away from the surface plane, and the other 

oxygen atom is positioned over an adjacent (fcc or hollow) site with its hydrogen atom pointing 

toward the surface.    

Other potential intermediates include aquoxyl (OOHH*, an isomer of H2O2* with both 

hydrogen atoms on the same oxygen atom) and trihydrogen peroxide (HOOHH*). Similar to our 

findings on Pd(111),55 neither of these species is stable on Pd(100) – i.e. adsorption of aquoxyl 

and trihydrogen peroxide structures on Pd(100) results in spontaneous decomposition  to (O* + 

H2O*) and (OH* + H2O*), respectively. 

Table 4.1 provides the calculated O-O bond lengths for the adsorbed dioxygen species (O2*, 

OOH*, and H2O2*) and the corresponding values calculated in the gas-phase. There is significant 

expansion of the O-O bond in both O2* and OOH* upon adsorption, while the O-O bond length in 

H2O2* remains within 2 % of its calculated gas-phase value. The larger O-O bond expansion on 
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Pd(100) compared with Pd(111) suggests a weaker O-O bond strength on the more open surface 

for all the dioxygen species.  

4.3.2 Activation energy barriers of elementary steps 

The calculated activation energy barriers (Ea) and reaction energies (ΔE) are reported with 

respect to reactant and product states at infinite separation, unless stated otherwise. Table 4.2 

summarizes the results for all elementary steps on Pd(111) and Pd(100). Transition state 

geometries for the elementary steps are shown in Figure 4.2.  

Table 4.2 Energetics of elementary steps considered for the decomposition of H2O2. Energetics are reported with 

respect to either reactants/products at infinite separation (steps 1-11) or co-adsorbed for H-transfer reactions (steps 

12-17) because these reactants/products are generally stabilized through hydrogen bonding. Elementary steps are 

classified as: adsorption/desorption (steps 1-4); O-O scission (steps 5-7); dehydrogenation (steps 8-11); and H-transfer 

(steps 12-17). Ea and ΔE represent the calculated activation energy and reaction energy in the forward direction. No 

activation barriers are calculated for adsorption/desorption steps. 

 

# Elementary step 
Pd(111)a  Pd(100) 

Ea / eV ΔE / eV  Ea / eV ΔE / eV 

(1) H2O2 + * ↔ H2O2* - -0.32  - -0.36 

(2) H2O* ↔ H2O + * - 0.22  - 0.30 

(3) O2* ↔ O2 + * - 0.50  - 1.27 

(4) H* + H* ↔ H2 + 2* - 1.11  - 1.19 

(5) H2O2* + * ↔ OH* + OH* 0.18 -1.53  0.05 -2.29 

(6) OOH* + * ↔ O* + OH* 0.08 -1.50  0.02 -1.83 

(7) O2* + * ↔ O* + O* 0.85 -1.23  0.30 -0.98 

(8) OH* + * ↔ O* + H* 1.02 0.07  1.03 0.17 

(9) H2O* + * ↔ OH* + H* 1.10 0.37  0.67 0.00 

(10) OOH* + * ↔ O2* + H* 0.59 -0.20  0.52 -0.67 

(11) H2O2* + * ↔ OOH* + H* 0.62 0.05  0.44 -0.29 

(12) H2O* + O* ↔ OH* + OH* 0.33 0.33  0.00 -0.51 

(13) H2O2* + O* ↔ OOH* + OH* 0.04b -0.44  0.14b -0.87 

(14) H2O2* + OH* ↔ OOH* + H2O* 0.00 -0.16  0.00 -0.17 

(15) OOH* + O* ↔ O2* + OH* 0.00 -0.27  0.02 -0.81 

(16) OOH* + OH* ↔ O2* + H2O* 0.00 -0.38  0.00 -0.13 

(17) H2O2* + O2* ↔ OOH* + OOH* 0.20 -0.02  0.00 0.00 
aData for steps 1-12 on Pd(111) are based on reference # 55. 
bActivation energy corresponds to breaking Pd-O bonds to lift O* from its preferred binding site 

(fcc or fourfold hollow). 
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4.3.2.1 O-O bond scission 

At least one type of O-O bond scission step can be involved in the decomposition 

mechanism of H2O2. OH* and/or O* fragments are the direct products of O-O bond scission. Both 

Pd(111) and Pd(100) can readily break the O-O bond in H2O2* and OOH*, but there is a significant 

difference in the ability of these facets to dissociate O2*.   

 

Figure 4.2 Side and top-down views of the transition state geometries for (a-c) O-O bond scission, (d-g) 

dehydrogenation, and (h-m) H-transfer elementary steps on Pd(100). Blue spheres are hydrogen, red spheres are 

oxygen, and gray spheres are Pd atoms. Elementary step numbers are in reference to Table 4.2. Bond lengths (dx-y) 

refer to the bond being broken in the forward reaction, as written. Note that in (i), the transition state for step (13) 

involves breaking Pd-O bonds to lift O* from its preferred binding site, followed by spontaneous H-transfer from 

H2O2* to O*.  

H2O2* + * → OH* + OH* 

H2O2* decomposes to two OH* on Pd(100) with a barrier of 0.05 eV and a reaction energy 

of -2.29 eV. The corresponding barrier and reaction energy on Pd(111) are 0.18 eV and -1.53 eV. 

This step occurs through a similar mechanism on both Pd(111) and Pd(100) whereby H2O2* rotates 
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from its most stable position on a top site to the transition state at which the O-O bond is elongated 

and both OH groups are bound to adjacent Pd atoms across a bridge site. However, at the transition 

state, the O-H bonds are on the same side of H2O2 molecule on Pd(100), while they are on different 

sides of the molecule on Pd(111). Following O-O bond scission, the two OH* relax to bridge sites 

in their final co-adsorbed state, stabilized through a hydrogen bond.   

OOH* + * → O* + OH* 

OOH* decomposition to O* and OH* on Pd(100) is nearly spontaneous with a barrier of 

0.02 eV and a reaction energy of -1.83 eV – similar to the energetics on Pd(111). The O-O bond 

scission occurs over a hollow site on Pd(100) and a hcp site on Pd(111).  

O2* + * → O* + O* 

The dissociation of O2* on Pd(100) occurs over a hollow site, whereby the O-O bond 

stretches from 1.41 Å in the initial state to 1.90 Å in the transition state. The reaction energy is -

0.98 eV and the barrier is 0.30 eV on Pd(100), which is 0.55 eV lower than the corresponding 

barrier on Pd(111).  

The reverse of O2* dissociation, O* recombination, represents a potential pathway for 

formation of the O2 product; this step has been proposed in a number of papers.31, 192, 193 Our 

calculations show that O* recombination has prohibitively high barriers – and is 

thermodynamically unfavorable – on both Pd(111) and Pd(100); the activation barrier exceeds 2 

eV on Pd(111) and 1 eV on Pd(100). These results are in agreement with temperature programmed 

desorption (TPD) experiments for O2 desorption from Pd(111)194 and Pd(100)195, in which the 

evolution of O2 from these Pd single crystals after pre-adsorbing O* at near-ambient temperatures 

is only observed at temperatures exceeding 600 K. Furthermore, in the context of the DSHP, 

Dissanayake and Lunsford61 used a mixture of [18O2 + 16O2] with H2 over a Pd/SiO2 catalyst and 
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observed that no H2
16O18O was formed, indicating that O*/OH* recombination reactions were not 

relevant to H2O2 formation. 

4.3.2.2 Dehydrogenation 

Because in this study we are only investigating the decomposition of H2O2 (Reaction 3) in 

the absence of H2 as a reactant, H* can only be derived from dehydrogenation of surface species 

through O-H bond scission. Barriers for O-H bond scission are generally lower on the more open 

Pd(100) facet compared with those on Pd(111).  

H2O2* + * → OOH* + H*  and  OOH* + * → O2* + H* 

The O-H bonds in H2O2* and OOH* are more difficult to break than the O-O bond, based 

on the activation barriers in Table 4.2. On Pd(100), the O-H bond in H2O2* that is pointing toward 

the surface is cleaved over a bridge site. The activation barrier is 0.44 eV, and the reaction energy 

is -0.29 eV.  

For OOH* on Pd(100), the O-H bond is also broken over a bridge site. This breaking 

requires rotation of the O-H bond toward the surface, starting from the most stable OOH* geometry. 

The corresponding activation barrier and reaction energy for O-H bond cleavage in OOH* are 0.52 

eV and -0.67 eV on Pd(100).  

H2O* + * → OH* + H*  and  OH* + * → O* + H* 

Dehydrogenations of H2O* and OH* require a larger activation energy compared with 

H2O2* and OOH* dehydrogenations. On Pd(100), the barrier to break the O-H bond in H2O* is 

0.67 eV, and the reaction is thermoneutral. OH* dehydrogenation is more difficult and has a barrier 

of 1.03 eV on Pd(100), and the reaction is slightly endothermic. The transition state for O-H 

cleavage in both H2O* and OH* occurs over a hollow site on Pd(100). 
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4.3.2.3 Hydrogen transfer 

Formation and cleavage of O-H bonds in which the Pd surface is directly involved have 

significant activation barriers (> 0.4 eV). Alternatively, the Pd surface can mediate H-transfer 

between oxygenated intermediates – without involving an explicit H* species. These elementary 

steps involve nearly spontaneous H-transfer in the exothermic direction on both Pd(111) and 

Pd(100) (Table 4.2). The activation energy barriers and reaction energies in this section are 

reported with respect to co-adsorbed reactant and product states, because these states are generally 

stabilized through hydrogen bonding (ca. 0.1-0.4 eV per hydrogen bond) with respect to the 

infinitely separated reactants and products.   

The hydrogen atom is always transferred between O atoms involved in hydrogen bonding 

in the most stable co-adsorbed configuration. Importantly, the H-transfer steps represent potential 

pathways for formation of both the H2O (H-transfers to O*/OH*) and O2 (H-transfers from 

H2O2*/OOH*, retaining the O-O bond) products of H2O2 decomposition. 

H-transfer to O 

H2O2*, OOH*, and H2O* can all directly transfer a H atom to O*; the activation energy 

barriers for these steps are 0.04, 0.00, and 0.33 eV on Pd(111), with reaction energies of -0.44, -

0.27, and 0.33 eV. The corresponding activation energy barriers on Pd(100) are 0.14, 0.02, and 

0.00 eV with significantly more exothermic reaction energies of -0.87, -0.81, and -0.51 eV.  

H-transfer to OH 

H2O2* and OOH* can also directly transfer an H atom to OH*. We calculate that these 

steps proceed with nearly zero activation energy barrier on Pd(111) and Pd(100). The reaction 

energy for H-transfer from H2O2* to OH* is weakly exothermic (-0.16 eV on Pd(111) and -0.17 
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eV on Pd(100)). The reaction energy for H-transfer from OOH* to OH* is more exothermic on 

Pd(111) (-0.38 eV) than that on Pd(100) (-0.13 eV).  

An additional H-transfer step that was explored is H-transfer from H2O2* to O2*. This 

reaction is nearly thermoneutral on Pd(111), with a reaction energy of -0.02 eV and an activation 

energy barrier of 0.20 eV. On Pd(100), the reaction is thermoneutral with negligible barrier.  

4.3.3 Catalytic cycles and potential energy surfaces 

Based on the elementary steps above, several mechanisms are available to complete the 

catalytic cycle on clean Pd facets, as summarized in Figure 4.3: O*-assisted, OH*-assisted, 

O*+O*-recombination, and direct dehydrogenation. A complete mechanism for direct 

dehydrogenation is not shown for simplicity, as both the DFT calculations and microkinetic 

modeling results suggest that direct dehydrogenation steps are characterized by much higher 

barriers and therefore not relevant under the reaction conditions explored in this study. The first 

step in all other pathways is H2O2 adsorption followed by homolytic O-O bond cleavage to form 

two OH* species. The second H2O2* species can also adsorb and directly decompose to two OH*; 

these OH* species can then disproportionate to form H2O* and O* – necessitating the 

recombination of two O* to form O2* (O*+O*-recombination mechanism). Alternatively, two 

channels exist that bypass the thermodynamically unfavorable and highly activated O* 

recombination step; both involve consecutive H-transfer steps from the second H2O2 molecule to 

the O*/OH* fragments with retention of the original O-O bond in H2O2 (O*-assisted and OH*-

assisted mechanisms). 

The potential energy surfaces for all pathways are displayed in Figure 4.4 for both Pd(111) 

and Pd(100). Based on the DFT calculations alone, the O*-assisted and OH*-assisted pathways 

not only provide the most energetically efficient route to form the products, but are also mutually 
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competitive on both Pd(111) and Pd(100). However, the deep potential wells associated with the 

strongly bound O*/OH* fragments indicate that there is a strong thermodynamic driving force to 

populate the surfaces with O*/OH* – especially Pd(100). Therefore, the active surface under 

reaction conditions may be partially covered by O*/OH*.  

 

Figure 4.3 Schematic representation of reaction pathways for H2O2 decomposition on clean surfaces. The numbers 

by the black arrows correspond to the elementary steps from Table 4.2. The overall reaction for each of the three 

mechanisms described in this figure is: 2 H2O2 → 2 H2O + O2.  

Note that on O*/OH*-modified surfaces, there is an increased probability of H-transfer 

from H2O2* prior to O-O bond scission; the required O-O bond scission step may then occur in 

OOH* rather than in H2O2*, slightly altering the succession of elementary steps proposed in Figure 

4.3.  

 

Figure 4.4 Potential energy surfaces (thermochemistry only) for reaction pathways from Figure 4.3 on clean Pd(111) 

and Pd(100) based on the DFT-derived energetics. Energies are referenced to two H2O2 molecules in the gas-phase. 

The “|” separating two adsorbates denotes infinite separation from each other. Insets compare O-H and O-O bond 

scission barriers in H2O2. “TS” denotes transition state. The x-axis is the reaction coordinate. 
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4.3.4 Kinetics experiments and microkinetic modeling 

The results from our kinetics experiments are shown in Tables 4.3 and 4.4. The 

experimentally determined activation energy barrier of 53.3 +/- 3.0 kJ mol-1 indicates that there is 

a significant variation in H2O2 decomposition rate with reaction temperature under conditions 

relevant to the DSHP. The nearly first order dependence on concentration of H2O2 is in agreement 

with other experimental studies of H2O2 decomposition on Pd under similar conditions of 

temperature and H2O2 concentration.30, 196 We also observed that the addition of O2 to the gas phase 

did not significantly affect the decomposition rate of H2O2 up to O2 partial pressures of at least 37 

psi, indicating negligible product inhibition over the conditions studied. This finding is in 

agreement with the result of Choudhary and Samanta,59 who observed only a minor difference in 

the reaction rate for H2O2 decomposition over Pd/Al2O3 (in the absence of H2) in a semi-batch 

reactor when flowing either O2 or N2 through the liquid phase. 

Table 4.3 Reaction rates obtained from the kinetics experiments on Pd/spSiO2. 

 

 

 

 

 

 

 

 

 

 

Runa Temperature / K yO
2
 xH

2
O

2
 Experimental Rate /  

mol molPds
-1 s-1 

1 307 0.00 0.60 71.8 

2 307 0.00 0.30 31.5 

3 307 0.00 0.15 17.1 

4 307 0.00 0.08 10.5 

5 297 0.00 0.15 7.9 

6 285 0.00 0.15 3.4 

7 307 0.25 0.15 16.7 

8 307 0.13 0.15 16.2 

9 307 0.06 0.15 16.9 
ay denotes mole fraction in the gas phase (balance Ar), and x denotes molarity (moles 

L
-1

) in the liquid phase at the start of reaction. Pds denotes surface Pd atoms 

determined by CO uptake. Total pressure was 150 psi, and the stir rate was 1200 rpm 

for all experiments. Reaction rates reported here correspond to the initial rates 

measured from conversion versus time data at < 15 % conversion, which was 

approximately linear in this regime. Each reported rate represents the average from at 

least two repeated sets of conversion versus time data. 
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Initial estimates for microkinetic model rate parameters are derived from the DFT-

calculated energetics. The reactor is simulated as a continuous stirred tank reactor. The turnover 

frequencies for H2O2 decomposition obtained from this model (i.e., the rate of H2O2 converted per 

surface site) are used to calculate reaction orders and apparent activation barrier for comparison 

with the experimental data. 

The rates, reaction orders, and apparent activation barriers predicted by the microkinetic 

model were initially in poor agreement with the experimental data when using purely DFT-derived 

parameters from Pd(111) or Pd(100). We subsequently employed sensitivity analysis to identify 

the sensitive DFT-derived BEs of surface species and transition state energies. We then fit model-

predicted reaction rates to experimental rates (such that the residual error is less than 20 %) by 

modifying sensitive parameters, constraining the adjustment of parameters such that (i) the 

deviation between DFT-derived BEs and activation barriers on a given Pd facet and the 

corresponding values from the microkinetic model should be within  the ca. 0.1-0.2 eV error bars 

generally attributed to DFT calculations,88, 159 and (ii) the adsorbate coverage used in the DFT 

calculations should be consistent with the coverage predicted by the microkinetic model (that is, 

the solution should be self-consistent with respect to coverage). 

Table 4.4 Experimental and microkinetic model-predicted reaction orders and apparent activation energy barriers 

(Eapp). Reported experimental error is the standard error from linear regression. 

 

 

 

 

 

 Experimenta O*-coverage solution OH*-coverage solution 

H2O2 0.92 ± 0.08 1.00 0.97 

O2 -0.01 ± 0.03 -0.01 0.00 

Eapp / kJ mol
-1

 53.3 ± 3.0 53.1 56.6 
asubsequent catalyst batches yielded reaction orders and an apparent barrier within ca. 15 % 

of the values reported here. 
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Next we present the results from two model solutions that satisfy the above criteria, but 

differ in both the coverage and identity of the most abundant surface intermediate, and are denoted 

as the O*-coverage solution and the OH*-coverage solution.  

4.3.4.1 “O*-coverage solution” 

Figure 4.5A shows a parity plot comparing the experimental H2O2 decomposition rates 

with the microkinetic model predictions for the O*-coverage solution (initial estimates of 

parameters are derived from DFT calculations on clean Pd(111), and the supplementary section at 

the end of this chapter provides details of the parameter adjustments employed to obtain this 

solution). There is good agreement between model-predicted and experimental reaction rates, and 

the microkinetic model is able to accurately reproduce the experimental activation barrier and 

reaction orders (Table 4.4).  

The microkinetic model predictions for the surface coverage for the most abundant 

intermediate, O*, range from 0.13 to 0.16 ML (Figure 4.5B), with the remaining sites being vacant. 

Marginal changes to the clean surface energetics are expected from adsorbate-adsorbate 

interactions at such low O* coverage,197 and furthermore this adjusted parameter set compares 

well with the DFT-derived parameters on clean Pd(111); the maximum deviation in binding energy 

or activation barrier is a 0.24 eV destabilization of the binding energy of O2* on Pd(111). Therefore, 

a partially O*-covered Pd(111) surface is a plausible representation of the active site for H2O2 

decomposition.  

On the other hand, DFT-derived parameters on Pd(100) deviate significantly (> 0.35 eV 

for OH*, OOH*, and O2*) from this O-coverage solution parameter set. Pd(100) binds 

intermediates too strongly, and the low predicted O* coverage is not expected to destabilize 

intermediates on Pd(100) sufficiently for consistency with the O*-coverage solution parameters. 



75 

 

 

Figure 4.5 (A,C) Parity plots of experimental and model-predicted reaction rates for H2O2 decomposition. Refer to 

Table 4.3 for reaction conditions at each of the points in (A,C). Pds denotes surface Pd atoms determined by CO 

uptake. Red points are varying temperature; blue points are varying O2 partial pressure; black points are varying feed 

concentration of H2O2. (B,D) Microkinetic model-predicted surface coverages of the most abundant surface 

intermediates (0.15 M H2O2 in H2O feed with 150 psi Ar in gas-phase). Plots on the left refer to the O*-coverage 

solution, and plots on the right refer to the OH*-coverage solution obtained from the microkinetic model. Insets in 

(B) and (D) provide graphical representations of the nature of the active sites concluded through this study (nearly 

clean Pd(111) and OH*-modified Pd(100)). Blue spheres are hydrogen, red spheres are oxygen, and gray spheres are 

Pd atoms. 

The O*-coverage solution predicts that the dominant reaction pathway is the O*-assisted 

pathway shown in Figure 4.3 (sequence of elementary steps from Table 4.2: 1, 5, -12, 2, 1, 13, 16, 

2, 3), with some reaction flux through the parallel OH*-assisted pathway (sequence of elementary 

steps from Table 4.2: 1, 5, 1, 14, 2, 16, 2, 3). The rate of O* recombination to form O2* is negligible, 

and dehydrogenation reactions are also inactive (atomic H is only transferred between surface 
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intermediates). The kinetic relevance of each elementary step was also analyzed using Campbell’s 

degree of rate control:198, 199 

 

where ki and Ki,eq are the rate constant and equilibrium constant for step i, and r is the overall 

reaction rate. O-O bond scission in H2O2 (step (5) of Table 4.2) carries the highest degree of rate 

control over the reaction conditions examined, shown in Table 4.5; the remaining rate control is 

distributed between the subsequent H-transfer reactions. 

Table 4.5 Degree of rate control (XRC) calculated for kinetically relevant reaction steps for reaction condition (3) of 

Table 4.3; XRC is given for both the O*-coverage solution and the OH*-coverage solution at this experimental 

condition. Elementary step numbers (#) are in reference to Table 4.2. XRC for the H-transfers is the sum over all steps 

listed.  

 

 

 

4.3.4.2 “OH*-coverage solution” 

Using the DFT calculations on clean Pd(100) to derive initial estimates of parameters, a 

second solution was identified that also gave agreement with the experimental data set (Figure 

4.5C and Table 4.4). In this case, the model-predicted surface coverage is ca. 0.5 ML of OH* 

(Figure 4.5D), and is therefore not self-consistent with the clean Pd(111) and Pd(100) surface 

models used in the DFT calculations. To ensure a solution self-consistent in coverage, we 

recalculated the binding energies of surface intermediates and the activation energy barriers for 

steps carrying significant reaction flux (as predicted by the OH*-coverage solution) in the presence 

of 0.5 ML of OH* spectators – i.e. two OH* were added to the unit cell and allowed to relax in the 

DFT calculations.  

# Elementary step 
XRC, 

O*-coverage solution 

XRC, 

OH*-coverage solution 

(5) H2O2* +  * ↔  OH* + OH* 0.59 0.00 

(6) OOH* +   *  ↔  O*    + OH* 0.02 0.55 

(13-16) (H-transfers) 0.40 0.43 
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Table 4.6 DFT-calculated binding energies (BE) of adsorbed species on Pd(100) in the presence of 0.5 ML of OH*; 

and comparison with the BEs in the OH*-coverage solution. 

 

 

 

 

 

 

The DFT-derived parameter set on the OH*-modified Pd(100) surface is found to be in 

close agreement with the adjusted parameter set from the OH*-coverage solution (BEs shown in 

Table 4.6, with further details in supplementary section at the end of this chapter). The DFT 

calculations show that 0.5 ML of OH* destabilizes most intermediates and transition states 

investigated on Pd(100) relative to the clean Pd(100) calculations. The binding energies of O*, 

OH*, O2*, and OOH* are weakened by > 0.5 eV, while the binding energies of H*, H2O*, and 

H2O2* are not significantly affected. In addition, the activation energy barriers for O-O bond 

breaking in OOH* and H2O2* increase by 0.39 and 0.56 eV, respectively. Activation energy 

barriers for H-transfer from H2O2* or OOH* to OH* or O* remain small (< 0.2 eV). The maximum 

deviation in binding energy or activation barrier between the OH*-coverage solution and DFT 

calculations on OH*-modified Pd(100) is a 0.18 eV decrease in the activation barrier for O-O 

breaking in OOH*. Therefore OH*-modified Pd(100) also appears to be a feasible representation 

of the active site for H2O2 decomposition  on Pd.  

The dominant reaction pathways predicted for the OH*-coverage solution are shown in 

Figure 4.6. At high OH* coverage, immediate H-transfer from H2O2* to OH* is predicted to be 

nearly quasi-equilibrated (step (14) of Table 4.2). The O-O bond breaks in OOH*, and this step 

carries the highest degree of rate control (Table 4.5). Hydrogen transfers from OOH* to OH* (step 

 Pd(100) + 0.5 ML OH*  OH*-coverage solution 

Species Adsorption 

Site 
BE, DFT / eV  BE / eV 

H* hollow -2.56  -2.56 

O* hollow -3.16  -2.99 

OH* top-tilted -1.68  -1.83 

OOH* hollow-upright -0.61  -0.51 

H2O* top -0.26  -0.32 

H2O2* top -0.36  -0.46 

O2* hollow -0.14  -0.14 
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(16) of Table 4.2) and from OOH* to O* (step (15) of Table 4.2) carry the remaining reaction flux 

to form O2* and H2O*; hydrogen transfer from H2O* to O* (step (12) of Table 4.2) is also nearly 

quasi-equilibrated. 

 

Figure 4.6 Dominant reaction pathways predicted by the microkinetic model for the OH*-coverage solution. The 

numbers by the black arrows correspond to the elementary steps numbers given in Table 4.2.  

 4.4 Discussion 

The microkinetic modeling results suggest that both the close-packed Pd(111) and more 

open Pd(100) facets can contribute to the total H2O2 decomposition activity. Furthermore, on both 

Pd facets all reaction flux is predicted to go through an O-O bond breaking step (in either H2O2* 

or OOH*), followed by successive H-transfer steps to O*/OH* adsorbates. The relevant surface 

coverage of O*/OH* is then a function of the ability of the Pd surfaces to generate the O*/OH* 

fragments through O-O bond breaking (which can vary strongly with surface coverage, as seen 

from calculations on the OH*-modified Pd(100)), and the availability of H-donating species 

(H2O2* and OOH*) to reduce O*/OH* to H2O* through the rapid H-transfer reactions. This 

mechanism is comparable to the redox mechanism discussed in references # 196 and 42. The direct 

dehydrogenation and O*+O*-recombination pathways (Figure 4.3) are predicted to be inactive 

over all experimental conditions examined. 

Although H-transfer steps carry some degree of rate control in the microkinetic model 

solutions, the DFT calculations show that the activation barriers for these steps are nearly 

insensitive to the surface structure of the Pd substrate. Interestingly, experimentally measured 

activation energy barriers for the gas phase H-transfer reactions of H2O2 or OOH• to OH• or O• 

radicals are also readily accessible (< 0.2 eV) around room temperature.200 The action of the metal 
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substrate is then to generate the O*/OH* species through O-O bond breaking, and localize the H-

transfer event to the surface. H2O2*, OOH*, and H2O* are mobile on both Pd(111) and Pd(100) 

based on the small differences in binding energies among the available binding sites and therefore 

can diffuse across the Pd surface to find – and react with – the O*/OH* fragments. Additionally, 

we note that O* strongly prefers the threefold and fourfold hollow sites on Pd(111) and Pd(100), 

respectively; and O* must be lifted slightly from its preferred binding site to accept a H atom. This 

behavior is reflected in the low activation energy barrier generally calculated for H-transfers to O*, 

compared with the virtually zero barrier calculated for H-transfers to OH* – which is more 

accessible at its most favorable binding site (bridge site) on Pd(111) and Pd(100). 

Breaking of the O-O bond in either H2O2* or OOH* carries the majority of rate control – 

suggesting that strategies to reduce H2O2 decomposition activity must focus on tuning surface 

reactivity toward the O-O bond. Retention of the O-O bond in dioxygen species is generally 

acknowledged to be a key factor in the selective synthesis of H2O2 by the DSHP both in 

theoretical52, 55, 56, 133 and experimental literature,24, 26, 61, 66 and our results here quantitatively 

highlight this as the central parameter governing the subsequent H2O2 decomposition activity on 

the Pd surface.  

In view of the aforementioned findings, reduced Pd nanoparticles would be expected to be 

an ineffective catalyst for the DSHP due to high activity of Pd for O-O bond breaking (0.18 eV 

and 0.05 eV barriers to break O-O bond in H2O2 on clean Pd(111) and Pd(100), respectively). 

Extensive surface poisoning may be necessary to inhibit H2O2 decomposition on Pd, which our 

results suggest can readily occur on surface facets of supported Pd nanoparticles that are generally 

in high abundance (the (111) and (100) facets). Indeed, the experimentally measured H2O2 

decomposition activity of supported Pd nanoparticles can be effectively quenched upon adding 
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halides (along with acids, whose role may partly be to facilitate halide adsorption) to the reaction 

medium, often at Pd:halide atomic ratios close to or exceeding 1:1.59, 66, 201-203 Unfortunately, there 

are limited fundamental studies that examine the halide coverage necessary to achieve this effect. 

Some of the most successful experimental catalysts to-date for the DSHP are based on 

alloys of Pd with Au, on which the subsequent decomposition reactions of H2O2 are partially or 

completely inhibited. DFT calculations indicate that dilution of Pd surfaces with Au significantly 

increases barriers for O-O bond scission.54 However, experiments demonstrate that Au itself is 

generally an ineffective catalyst for the DSHP and gives slow rates,33, 35 likely due to the significant 

activation energy barrier required to dissociate H2 on Au204 and weak adsorption of O2 (Table 3.2 

of Chapter 3). Promising search directions for improved DSHP catalysts may include bimetallic 

systems in which an active component (e.g. Pd) is effectively isolated in a relatively inert 

component (e.g. Au) resulting in reduced O-O bond breaking capacity but retention of H2 

dissociation205 capacity; similar catalysts have proven very effective for the electrocatalytic 

synthesis of H2O2.
206, 207 

Lastly, the presence of H2 in the reactor feed (not considered in the present work) has been 

shown to enhance the overall H2O2 decomposition activity over Pd-based catalysts.36, 59 Choudhary 

and Samanta31 observed that on unmodified Pd, H2 both increases the H2O2 decomposition rate 

and consumes H2O2 through complete hydrogenation to H2O (Reaction 4). Moreover, although 

adding chloride or bromide to an acidified reaction medium can quench H2O2 decomposition on 

Pd, H2O2 hydrogenation activity remains;59 this observation may indicate significant differences 

in the active site(s) and rate controlling step(s) responsible for H2O2 decomposition versus H2O2 

hydrogenation – although O-O bond breaking is required in both reactions. Tentative explanations 

addressing the role of H2 have been proposed, such as maintaining the Pd surface in the reduced 
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state192 for facile O-O bond breaking. Additionally, direct hydrogenation of H2O2 was shown to 

be a highly activated step using DFT calculations.208 The influence of subsurface hydrogen or even 

Pd-hydrides may also be relevant.53 In Chapter 8, we utilize DFT calculations to explore how 

saturation of Pd with hydrogen (surface, subsurface, and bulk) modifies its reactivity toward H2O2 

decomposition.  

4.5 Conclusions 

Both the close-packed (111) and more open (100) facets can represent the active site for 

SiO2-supported Pd nanoparticles. The DFT results show that O-O bond scission is facile on both 

Pd facets, such that O* and OH* intermediates are readily produced. Furthermore, H2O2* and 

OOH* can reduce O* and OH* to H2O through thermodynamically driven H-transfer reactions, 

liberating O2. The alternative step to produce O2 (recombination of O*) is both thermodynamically 

and kinetically unfavorable. In addition, steps involving dehydrogenation through direct O-H bond 

cleavage over Pd are less favored than the H-transfer steps.  

Microkinetic models based on two parameter sets are able to describe the experimental 

data for a SiO2-supported Pd catalyst: the first set corresponds to a Pd surface partially covered in 

< 0.2 ML of O*, and these adjusted parameters are consistent with the DFT-derived parameters on 

clean Pd(111); the second set corresponds to a Pd surface covered in ca. 0.5 ML of OH*, and these 

adjusted parameters are consistent with the DFT-derived parameters on a Pd(100) surface with 

OH* spectators. Therefore, the microkinetic model suggests that both Pd(111) and Pd(100) can 

contribute to H2O2 decomposition activity. Experimental identification of dominant surface 

species during H2O2 decomposition on Pd might be realized by in situ X-ray photoelectron 

spectroscopy measurements in a similar manner to work performed on Pt for the oxygen reduction 

reaction.164 
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Consistent with the insights from DFT calculations, the dominant reaction pathways 

involve O-O bond breaking in either H2O2* or OOH* followed by H-transfer reactions between 

various reaction intermediates. Breaking of the O-O bond is identified as the key parameter 

governing H2O2 decomposition activity, because this step carries the highest degree of rate control.
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Supplementary Figures, Tables, and Methods for Chapter 4 

Microkinetic model formulation 

In the microkinetic model simulation, the reactor is operated as a transient continuous 

stirred tank reactor (CSTR) and evolved to steady-state as described in reference # 209. The CSTR 

model provides a good approximation to the experimental setup (a constant volume batch reactor) 

at low reactant conversion (H2O2 conversion was kept below 15 % for all experimental rate 

measurements) and negligible product inhibition (apparent reaction order with respect to PO2 was 

ca. 0 over the range of conditions studied, Table 4.4).  

The proposed elementary steps (Table 4.2) correspond to a Langmuir-Hinshelwood 

process. The adsorption/desorption steps are assumed to be quasi-equilibrated. An aqueous H2O2 

solution is used in the experiments, and the following procedure is implemented to reflect 

adsorption from the aqueous H2O2 solutions at each feed condition: (i) an experimentally derived 

Henry’s law constant210 for dilute aqueous H2O2 solutions (obtained at similar 

temperature/concentration conditions to our experimental conditions) is used to calculate the 

equilibrium vapor pressure of H2O2; (ii) an ideal mixture is assumed to be formed between H2O2 

and H2O (Raoult’s law holds), using Antoine equation parameters for H2O taken from the National 

Institute of Standards and Technology (NIST),62 the equilibrium vapor pressure of H2O is 

calculated; and (iii) the DFT-derived gas-phase adsorption equilibrium constants for H2O2 and 

H2O are  used to determine their respective Pd surface concentrations. Note that because no 

corrections are made to the energetics of the surface-bound species to reflect potential interactions 

at the liquid-solid interface, this treatment only considers the aqueous phase as a reservoir for H2O2 

and H2O. 



84 

 

The initial estimates of parameters for the O*-coverage solution are derived from the DFT 

calculations on clean Pd(111). Activation barriers are constrained (≥ 0) for exothermic steps and 

(≥ reaction energy) for endothermic steps in the microkinetic model. Pre-exponential factors for 

elementary steps are calculated from transition state theory;85 a pre-exponential factor of kBT h-1 

is assumed for steps in which no transition state is identified in the DFT calculations. The Shomate 

parameters are calculated from the DFT-derived vibrational frequencies on Pd(111)83 to describe 

the temperature-dependence of entropies and enthalpies for surface species and transition states; 

these values are presented in Table S4.1. The final Shomate parameter values corresponding to the 

O*-coverage solution are obtained by adjusting only the Shomate parameter F (adjusting F 

corresponds directly to adjusting binding energies and transition state energies).  

Shomate equation according to NIST:62 

t = T[K]/1000 

Cp°[J mol-1 K-1] = A + Bt + Ct2 + Dt3 + E/t2 

H° – H°T0[kJ mol-1] = At + Bt2/2 + Ct3/3 + Dt4/4 – E/t + F – H 

S°[J mol-1 K-1] = Aln(t) + Bt + Ct2/2 + Dt3/3 – E/(2t2) + G 

Analogously, the initial estimates of parameters for the OH*-coverage solution are derived 

from the DFT calculations on clean Pd(100). The Shomate parameters are calculated from the 

DFT-derived vibrational frequencies on clean Pd(100)83 to describe the temperature-dependence 

of entropies and enthalpies; these values are presented in Table S4.2. The final Shomate parameter 

values corresponding to the OH*-coverage solution are obtained by adjusting only the Shomate 

parameter F (adjusting F corresponds directly to adjusting binding energies and transition state 

energies). 
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Microkinetic model limitations 

Solvent and pH effects 

The experimental measurements were performed in a three-phase system (gaseous product, 

liquid reactant and product, and solid catalyst) using conditions relevant to a DSHP process. Water 

has been shown to interact weakly with noble metal surfaces,211 but can potentially solvate 

adsorbates and transition states.212 The influence of solvation is expected to be most pronounced 

for weakly-bound adsorbates, whose chemisorption energies are comparable to the intermolecular 

interactions in water. Such effects are challenging to account for in DFT calculations for a number 

of reasons, including: the structure of water at metal interfaces remains a subject of intense 

study;213 there are inadequacies in the DFT-description of water;214 and it is computationally 

expensive to explicitly treat solvent models in DFT calculations. As a first approximation to the 

H2O2 decomposition chemistry, experimentally carried out in the aqueous phase over a supported 

Pd catalyst, we neglect solvent effects in the DFT calculations. The validity of this approximation 

will depend on the degree of solvation of surface species in the kinetically significant steps.   

The solution pH has also been shown to significantly affect the rate of Pd-catalyzed H2O2 

decomposition.26 One beneficial role of protons (for inhibiting H2O2 decomposition) has been 

proposed to be through decreasing adsorption of H2O2 onto the catalyst.169 In the absence of any 

direct role of protons in the reaction mechanism, the influence of pH could then potentially be 

incorporated in the adsorption equilibrium constant for H2O2. In addition, the counter-anion 

strongly influences the H2O2 decomposition rate; coordinating anions like Cl- and Br- were shown 

to be effective inhibitors of H2O2 decomposition in the presence of acids (which, in part, may act 

to facilitate anion adsorption on Pd), while oxyacids like sulfuric and acetic acid are less 
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effective.169 However, the effect of pH and other additives was not investigated in this work. All 

H2O2 feed solutions in our experiments were prepared using ultra-pure water.  

Comparison of binding energies and activation barriers from the O*-coverage solution and 

OH*-coverage solution with the DFT-derived values at 0 K 

The adjustments (“Δ”) to the DFT-calculated binding energies and activation barriers on 

Pd(111) needed to obtain the O*-coverage solution are shown in Table S4.3. The Δ value for the 

binding energy of a surface species is equivalent to the difference between the DFT-derived 

Shomate parameter F for that species and its F parameter corresponding to the O*-coverage 

solution (Table S4.1). The Δ for the activation barrier of an elementary step is equivalent to the 

difference between the DFT-derived Shomate parameter F for that transition state and its F 

parameter corresponding to the O*-coverage solution, subtracting the change in the F parameter 

for the initial state of the elementary step (Table S4.1); for example, for step (5) there is a 0.06 eV 

increase in the transition state F parameter for the O*-coverage solution with respect to the F 

parameter on clean Pd(111), and a 0.05 eV decrease in the F parameter for the initial state H2O2* 

– resulting in an overall adjustment in the activation barrier for step (5) of [+0.06 – (-0.05) = +0.11] 

eV.  

The maximum adjustment Δ of binding energies and activation barriers in Table S4.3 is a 

0.24 eV destabilization of the binding energy of O2* on Pd(111).  

The adjustments (“Δ”) to the clean Pd(100) DFT-calculated binding energies and activation 

barriers (for elementary steps that carry the majority of reaction flux, as predicted by the OH*-

coverage solution) needed to obtain the OH*-coverage solution are shown in Table S4.4. The Δ 

for the binding energy of a surface species is equivalent to the difference between the DFT-derived 
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Shomate parameter F for that species and its F parameter corresponding to the OH*-coverage 

solution (Table S4.2). The Δ for the activation barrier of an elementary step is equivalent to the 

difference between the DFT-derived Shomate parameter F for that transition state and its F 

parameter corresponding to the OH*-coverage solution, subtracting the change in the F parameter 

for the initial state of the elementary step (Table S4.2); for example, for step (6) there is a 0.974 

eV increase in the transition state F parameter for the OH*-coverage solution with respect to the 

F parameter on clean Pd(100), and a 0.767 eV increase in the F parameter for the initial state 

OOH* – resulting in an overall adjustment in the activation barrier for step (6) of [+0.974 – 

(+0.767) = +0.21] eV from its value on clean Pd(100). 

Adjustments Δ of binding energies on clean Pd(100) and those corresponding to the OH*-

coverage solution are large (> 0.5 eV for the binding energies of O*, OH*, O2*, and OOH*). 

However, the OH*-coverage solution predicts a surface covered in 0.44-0.51 ML of hydroxyl over 

the range of experimental conditions studied, with the remainder of the surface essentially vacant 

(the next highest adsorbate coverage is < 0.01 ML). Therefore we recalculated these binding 

energies and activation barriers using DFT by including two OH* in the (2 × 2) unit cell for 

Pd(100) and allowing these OH* spectators to relax during calculations. The resulting binding 

energies and activation barriers are in agreement with the values from the OH*-coverage solution, 

as shown in Table S4.4 (maximum deviation is a 0.18 eV decrease in the activation barrier for O-

O scission in OOH*).  

Analysis of the model-predicted apparent activation barrier 

The contributions to the apparent activation barrier for the O*-coverage solution, which 

predicts a mostly vacant surface, can be extracted from the enthalpy surface in Figure S4.1. The 

van‘t Hoff equation was utilized to estimate the enthalpy of H2O2 dissolution (-65.9 kJ/mol) from 
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the experimental Henry’s law constant.210 The apparent activation barrier calculated in the 

microkinetic model can therefore be approximated by the sum of (i) the energy required to remove 

H2O2 from its aqueous solvation shell and bind it to the Pd surface; and (ii) the activation energy 

barrier for O-O bond scission in H2O2. Accordingly, the microkinetic model predicts that the 

activation barrier for O-O bond scission carries the highest degree of rate control compared with 

subsequent steps. 

 

 

Figure S4.1 Enthalpy surface for adsorption and O-O bond scission in H2O2 corresponding to the O*-coverage 

solution parameters. The reference state is aqueous H2O2. The “|” separating two adsorbates denotes infinite separation 

from each other, “(g)” denotes a gas-phase species, “*” denotes a surface-adsorbed species, and “TS” denotes a 

transition state.  
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Table S4.1 Shomate parameters (A to G) for T = 100-400 K on clean Pd(111), where the Shomate parameter H has 

been set to the reference enthalpy H°T0. Co-adsorbed reactants/products that can be stabilized through hydrogen 

bonding are treated as separate species in the microkinetic model that form from the infinitely separated reactants with 

no activation barrier and react through the H-transfer steps (e.g., the two steps for formation and reaction of co-

adsorbed hydrogen peroxide and atomic oxygen: H2O2* + O* → [H2O2* + O*], followed by H-transfer reaction 

[H2O2* + O*] → [OOH* + OH*]. The “[  ]” in this table denotes the co-adsorbed species, which occupy two surface 

sites). Any contributions to rate control from the co-adsorbate formation steps has been included in the sum over H-

transfer steps in Table 4.5. Both co-adsorbed species [OOH* + O*] and [O2* + OH*] are found to have a destabilizing 

interaction with respect to infinite separation based on DFT calculations on both clean Pd(111) and Pd(100), and are 

therefore not included as co-adsorbed species in the microkinetic model. Only the Shomate parameter F is adjustable 

in the microkinetic model because this corresponds directly to adjusting binding energies and transition state energies. 

The final adjusted value of F corresponding to the O*-coverage solution is provided in the last column. The ca. 0.13-

0.16 ML of atomic oxygen coverage predicted in the O*-coverage solution refers to the individual O* surface species.  
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Table S4.2 Shomate parameters (A to G) for T = 100-400 K on clean Pd(100), where the Shomate parameter H has 

been set to the reference enthalpy H°T0. Co-adsorbed reactants/products that can be stabilized through hydrogen 

bonding are treated as separate species in the microkinetic model that form from the infinitely separated reactants with 

no activation barrier and react through the H-transfer steps (e.g., the two steps for formation and reaction of co-

adsorbed hydrogen peroxide and atomic oxygen: H2O2* + O* → [H2O2* + O*], followed by H-transfer reaction 

[H2O2* + O*] → [OOH* + OH*]. The “[  ]” in this table denotes the co-adsorbed species, which occupy two surface 

sites). Any contributions to rate control from the co-adsorbate formation steps has been included in the sum over H-

transfer steps in Table 4.5. Both co-adsorbed species [OOH* + O*] and [O2* + OH*] are found to have a destabilizing 

interaction with respect to infinite separation based on DFT calculations on both clean Pd(111) and Pd(100), and are 

therefore not included as co-adsorbed species in the microkinetic model. Only the Shomate parameter F is adjustable 

in the microkinetic model because this corresponds directly to adjusting binding energies and transition state energies.  

The final adjusted value of F corresponding to the OH*-coverage solution is provided in the last column. The ca. 0.5 

ML of hydroxyl coverage predicted in the OH*-coverage solution refers to the co-adsorbed surface species [OH* + 

OH*], which occupies two surface sites (i.e., 0.5 ML of total hydroxyl coverage is 0.25 ML of [OH* + OH*]).  
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Table S4.3 Adjustments (“Δ”) to the DFT-calculated binding energies (BE) and activation barriers (Ea) on clean 

Pd(111) needed to obtain the O*-coverage solution. Elementary step numbers (#) are in reference to Table 4.2. 

Activation barriers for steps (5-11) are with respect to infinitely separated reactants, while activation barriers for H-

transfer steps (12-17) are in reference to the co-adsorbed reactants.  

 Pd(111),  

DFT 

O*-coverage 

solution 
Δ 

Parameter (eV) (eV)  (eV) 

BE, H* -2.70 -2.70 0.00 

BE, O* -3.64 -3.66 -0.02 

BE, OH* -2.03 -2.03 0.00 

BE, OOH* -0.94 -0.84 +0.10 

BE, H2O* -0.22 -0.22 0.00 

BE, H2O2* -0.32 -0.37 -0.05 

BE, O2* -0.50 -0.26 +0.24 

Ea, (5)  H2O2* + * ↔ OH* + OH* 0.18 0.29 +0.11 

Ea, (6)  OOH* + * ↔ O* + OH* 0.08 0.23 +0.15 

Ea, (7)  O2* + * ↔ O* + O* 0.85 0.85 0.00 

Ea, (8)  OH* + * ↔ O* + H* 1.02 1.02 0.00 

Ea, (9)  H2O* + * ↔ OH* + H* 1.10 1.10 0.00 

Ea, (10)  OOH* + * ↔ O2* + H* 0.59 0.59 0.00 

Ea, (11)  H2O2* + * ↔ OOH* + H* 0.62 0.62 0.00 

Ea, (12)  H2O* + O* ↔ OH* + OH* 0.33 0.33 0.00 

Ea, (13)  H2O2* + O* ↔ OOH* + OH* 0.04 0.20 +0.16 

Ea, (14)  H2O2* + OH* ↔ OOH* + H2O* 0.00 0.00 0.00 

Ea, (15)  OOH* + O* ↔ O2* + OH* 0.00 0.17 +0.17a 

Ea, (16)  OOH* + OH* ↔ O2* + H2O* 0.00 0.00 0.00 

Ea, (17)  H2O2* + O2* ↔ OOH* + OOH* 0.20 0.20 0.00 
aThe adjustment Δ reported here only includes the change in transition state energy for this step between the clean 

Pd(111) value and that for the OH*-coverage solution, as the initial state of OOH* + O* was not treated as a separate 

co-adsorbed state in the microkinetic model (described in caption of Table S4.1). 
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Table S4.4 Adjustments (“Δ”) to the DFT-calculated binding energies (BE) and activation barriers (Ea) on clean 

Pd(100) needed to obtain the OH*-coverage solution. Only the steps which carry the majority of the reaction flux are 

shown, as predicted by the OH*-coverage solution. The last column shows the DFT values for the binding energies 

and activation barriers re-calculated on Pd(100) modified with 0.5 ML of OH* spectators. Elementary step numbers 

(#) are in reference to Table 4.2. Activation barriers for H-transfer steps are in reference to the co-adsorbed reactants.  

 clean Pd(100),  

DFT 

OH*-coverage 

solution 
Δ 

OH-modified Pd(100),  

DFT 

Parameter  (eV)  (eV) (eV)  (eV) 

BE, H* -2.74 -2.56 +0.18 -2.56 

BE, O* -3.90 -2.99 +0.91 -3.16 

BE, OH* -2.43 -1.83 +0.60 -1.68 

BE, OOH* -1.28 -0.51 +0.77 -0.61 

BE, H2O* -0.30 -0.32 -0.02 -0.26 

BE, H2O2* -0.36 -0.46 -0.10 -0.36 

BE, O2* -1.27 -0.14 +1.13 -0.14 

Ea, (6)  OOH* + * ↔ O* + OH* 0.02 0.23 +0.21 0.41 

Ea, (12)  H2O* + O* ↔ OH* + OH* 0.00 0.36 +0.36 0.41 

Ea, (14)  H2O2* + OH* ↔ OOH* + H2O* 0.00 0.08 +0.08 0.00 

Ea, (15)  OOH* + O* ↔ O2* + OH* 0.02 0.02 0.00a 0.00b 

Ea, (16)  OOH* + OH* ↔ O2* + H2O* 0.00 0.00 0.00 0.00 
aThe adjustment Δ reported here only includes the change in transition state energy for this step between the clean 

Pd(111) value and that for the OH*-coverage solution, as the initial state of OOH* + O* was not treated as a separate 

co-adsorbed state in the microkinetic model (described in caption of Table S4.2). 
bSpontaneous in forward direction; transition state could not be isolated within the accuracy of our DFT parameters. 
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Chapter 5: Understanding the Role of Co-Adsorbed Halides 

on Pd(111) 

5.1 Introduction 

The previous two chapters provide mechanistic evidence for why monometallic Pd catalysts 

are not substantially selective for H2O2 and are highly active for its decomposition in the absence 

of promoters. In particular, our DFT calculations suggest that direct H2O2 formation is difficult on 

unmodified Pd because the O2* and OOH* intermediates can readily dissociate, with the O-O bond 

in these intermediates decreasing in stability as the coordinative saturation of the metal surface 

atoms decreases (e.g., moving from Pd(111) to Pd(100)). H2O2 itself can also readily decompose 

on Pd because of its low O-O bond dissociation barrier and the subsequent facile hydrogen-transfer 

steps that carry the reaction flux. Our microkinetic modeling results from Chapter 4 suggest that 

the primary means to prevent H2O2 decomposition on Pd are to (i) raise the kinetic barrier for 

breaking its O-O bond and/or (ii) destabilize the adsorbed state of H2O2 (see Figure S4.1).    
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A key experimental observation continues to drive research on Pd-based materials: the 

undesirable side reactions can be reduced or even eliminated,35, 172 while maintaining active 

production of H2O2, by adding acids and halides to the reaction medium and/or modifying Pd with 

appropriate secondary metals. There is a growing body of theoretical literature that examines how 

secondary metals such as Au modify Pd’s reactivity toward the DSHP,53, 54, 134, 206, 208, 215-218 while 

significantly less theoretical literature exists concerning other promoters.57  In this chapter, we 

utilize DFT calculations to investigate the effect of adsorbed halides on the DSHP surface 

chemistry.  

Halides are an undesirable additive for the DSHP from a processing standpoint (e.g., their 

presence can promote metal corrosion/leaching and may necessitate additional H2O2 purification 

steps depending on the downstream application), but it is valuable to understand their interaction 

with Pd so that we can refine approaches to catalyst synthesis and DSHP operational conditions. 

The early work of Pospelova highlights the importance of strongly adsorbing anions such as 

halides – in addition to protons – in the reaction medium for monometallic Pd catalysts; no H2O2 

is produced in their absence.30 Halides are most effective toward inhibiting H2O2 decomposition 

at low pH, and it has been proposed that protons facilitate halide adsorption onto the catalyst.48, 68, 

170 Post-mortem characterization substantiates halide adsorption to supported Pd catalysts,170 and 

adsorption studies48, 219 demonstrate an increased halide uptake by Pd catalysts with decreasing 

solution pH. Cations other than protons have little to no effect on the DSHP reactions.59, 66 

Halides can modulate the reactivity of Pd toward all reaction pathways. A number of 

experimental studies examine the effect of halide concentration in the liquid phase on direct H2O2 

synthesis and decomposition over supported Pd catalysts.29, 31, 47-49, 66, 68, 220 In general, H2O2 

decomposition rates (and H2 conversion rates for the synthesis reaction) decrease monotonically 
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with increasing concentration of halide (Cl-, Br-, or I-).29, 31, 49, 68 The presence of halides can also 

inhibit direct H2O formation with respect to direct H2O2 formation, and there generally exists an 

optimal halide concentration that results in the highest yield and selectivity to H2O2 in the direct 

synthesis reaction.31, 66, 68  Br- and Cl- are the most effective halides for improving selectivity to 

H2O2, while I- tends to completely poison the catalyst toward both H2O2 synthesis and 

decomposition, and F- has the weakest effect on reactivity. 

The model we use to better understand these behaviors is halides co-adsorbed with DSHP 

intermediates on the close-packed Pd(111) surface. One prevailing hypothesis is that halides 

modify the interactions of Pd atoms with adsorbed species – particularly to stabilize the adsorbed-

dioxygen molecules (O2*, OOH*, and H2O2*)29, 66, 68, 170 with respect to their O-O bond 

dissociation reactions to O* and OH* fragments, which are strongly exothermic on unmodified Pd 

as shown in the previous chapters and lead to H2O formation. We evaluate this hypothesis along 

with other potential effects induced by the co-adsorption of halides. The insights from this study 

are also relevant to the electrocatalytic oxygen reduction reaction, wherein Pt-based materials are 

often used as catalysts and the presence of halides or other anions are inherent in these systems.221  

An additional, but not necessarily exclusive, hypothesis on the roles of halides is the 

selective blocking of active sites that are responsible for H2O formation and H2O2 

decomposition.57, 59, 66, 68, 222 In particular, Deguchi, Yamano, and Iwamoto47, 48, 57 provide evidence 

that multiple types of Pd sites may be active during reaction – sites including corners and edges 

that have a high degree of coordinative undersaturation and are responsible for forming H2O and 

decomposing H2O2, and more coordinatively saturated sites that favor direct H2O2 formation, 

consistent with prior reports in the literature.223, 224 The stronger adsorption strength of a H+ and 

Br- pair calculated at the more coordinatively undersaturated Pd sites suggests that these sites can 
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be preferentially blocked57; we will consider halide adsorption on more coordinatively 

undersaturated features of Pd nanoparticles in Chapter 6. Another hypothesis is that halides induce 

phase modifications72, 225 and/or nanoparticle sintering and reconstruction73 that expose desirable 

Pd ensembles. We do not explicitly address this latter hypothesis in our DFT calculations. 

 5.2 Computational Methods 

All DFT calculations in this chapter were performed using the Vienna Ab Initio Simulation 

Package (VASP)137, 226 in the generalized gradient approximation (GGA-PW91).109 The projector 

augmented wave (PAW)227, 228 method was used to describe the electron-ion interactions, and the 

electron wave functions were expanded using plane waves with an energy cutoff of 400 eV. The 

convergence criterion for geometric relaxations was 0.02 eV Å-1. The Pd(111) substrate was 

represented by a periodically repeated (3 × 3) unit cell with four atomic layers. This slab was 

separated in the z-direction from its successive image by a vacuum layer of at least 12 Å. The top 

slab layer was allowed to relax, and the bottom three slab layers were fixed at their bulk lattice 

positions. The calculated lattice constant for bulk Pd, 3.96 Å, is in good agreement with the 

experimentally measured value of 3.89 Å.141 Calculations involving molecular oxygen were 

performed spin-polarized. The first Brillouin zone was sampled with a (4 × 4 × 1) Monkhorst-Pack 

k-point mesh.143 For cases where a (2 × 2) unit cell was used, a (6 × 6 × 1) Monkhorst-Pack k-

point mesh was used with all other parameters held the same as for the (3 × 3) unit cell. 

Adsorption was modeled by placing adsorbates on one side of the slab, with the 

electrostatic potential adjusted accordingly.139, 140 The DSHP is generally performed in a liquid 

solvent18, but none of the energetics presented here were corrected to reflect interactions of 

adsorbed species with the solvent phase. This simplified model was used to elucidate trends in the 

binding of intermediates and transition states as a function of halogen identity and coverage. We 
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note that we will refer to “halogen” species in the context of our DFT model, but refer to “halide” 

species when discussing experiments in which the halogens were introduced to the reaction 

medium as the corresponding halide salt or hydrogen halide. 

Binding energies of intermediates were referenced to the corresponding gas-phase species 

and either the clean Pd(111) slab: 

BE = Eadsorbate+slab – Egas-phase adsorbate – Eslab 

or halogen-covered Pd(111) slab: 

BE = Eadsorbate+halogens+slab – Egas-phase adsorbate – Ehalogens+slab 

where Eadsorbate+slab is the total energy of the clean slab with adsorbate, Egas-phase adsorbate is the total 

energy of the adsorbate in the gas-phase, Eslab is the total energy of the clean slab, 

Eadsorbate+halogens+slab is the total energy of the slab with halogen(s) and adsorbate co-adsorbed, and 

Ehalogens+slab is the total energy of the slab with halogens adsorbed in their most stable configuration. 

Binding energies were verified to be within 0.1 eV (referenced to the BEs calculated using the 

parameters stated above) upon increasing the k-point set to (6 × 6 × 1), increasing the energy cutoff 

to 500 eV, or relaxing the second metal layer for the (3 × 3) unit cell. Unless otherwise stated, only 

the minimum energy structures found through rigorous permutation of co-adsorbates among the 

available binding sites on the Pd(111) slab are reported. We observed no reconstruction of the top 

layer of the Pd(111) slab in any of our calculations.  

The minimum energy paths for elementary steps were calculated using the climbing image 

nudged elastic band method (CI-NEB112, 115) with seven interpolated images. Transition states for 

non-spontaneous steps were verified by identification of a single imaginary frequency along the 

reaction coordinate.  
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5.3 Results 

The results are organized as follows: First, we present binding properties of the halogens 

on Pd(111) including binding energies, diffusion barriers, and adsorption phases. Next, we 

introduce intermediates and the reaction network for H2O2 synthesis and decomposition 

mechanisms, and we investigate the stability of intermediates and transition states for key 

elementary steps in the presence of co-adsorbed halogens. Finally, we consider direct participation 

of halogens in elementary steps using a single co-adsorbed halogen atom in the unit cell.  

5.3.1 Halogen binding on Pd(111) 

Halogen interactions with transition metal surfaces are the subject of a number of 

computational studies in the literature, and the reader is referred to those works for more detailed 

discussions.229-234 A comprehensive review of both experiments and theoretical models for anion 

adlayers on transition metal surfaces can also be found in reference # 235. Here we present only the 

properties of halogens on Pd(111) that are relevant to our discussion.   

5.3.1.1 Preferred binding sites, binding energies, and subsurface sorption 

All halogens prefer binding to the threefold fcc site at 1/9 monolayer (ML) coverage on 

Pd(111). The binding energies (Table 5.1) are in close agreement with those calculated in other 

works.229, 231 F* binds most strongly to Pd(111) with a BE of -3.44 eV, while Br* and I* bind most 

weakly with BEs of -3.04 eV and -3.05 eV, respectively.  

The next most stable binding site for all halogens is the threefold hcp site. The activation 

barrier for halogen diffusion from the fcc to hcp site over a bridge site is less than 0.2 eV – 

indicating high mobility of these species on Pd(111) under conditions relevant to the DSHP19 

(Table 5.1, with diffusion pathway depicted in Figure 5.1). The top site is the least stable high-
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symmetry binding site. F* is less stable on the top site by 0.24 eV compared with its binding energy 

on the fcc site, while for Cl*, Br*, and I* the energy difference between the top and fcc sites is 

greater than 0.5 eV. We note that the x- and y-coordinates for Cl*, Br*, and I* are fixed directly 

above a top site for these calculations, while only the z-coordinate is allowed to relax, because 

otherwise the top binding site is unstable and results in spontaneous relaxation of Cl*, Br*, and I* 

to a neighboring threefold site. 

Table 5.1 Surface adsorption energies (BE), geometric parameters (ΔZPd, ZX-Pd, and dPd-Pd), surface diffusion 

activation energies (Ea), and subsurface sorption energies (ΔE) of halogens on Pd(111); coverage is 1/9 ML. 

Species 
Binding 

Site 

BE /  

eV 

ΔZPd /  

Å 

ZX-Pd /  

Å 

dPd-Pd /  

Å 

Ea / eV 

diffusion 

fcc to hcp 

ΔE / eV 

diffusion 

fcc to hcp 

ΔE / eV  

subsurfacea 

fcc to Oh 

under fcc 

F* fcc -3.44 -0.01 1.50 2.93 0.15b 0.15 unstablec 

Cl* fcc -3.17 0.02 1.76 2.93 0.17 0.12 3.54 

Br* fcc -3.04 0.01 1.91 2.92 0.16 0.09 3.63 

I* fcc -3.05 0.02 2.04 2.93 0.16 0.07 3.21 
aOh denotes an octahedrally coordinated subsurface site in the first subsurface layer 
bno transition state identified; activation barrier is equal to reaction energy 
cF spontaneously relaxes to the surface fcc site 

See Figure 5.1 for definitions of the geometric parameters. 

 

We also investigate halogen penetration into the first subsurface layer, but find absorption 

to subsurface sites to be highly endothermic with respect to adsorption on the surface fcc site 

(greater than 3 eV energy difference for Cl*, Br*, and I*). Allowing the second and third Pd slab 

layers to relax during these subsurface calculations yields similar energetics. No stable subsurface 

absorption state is identified for F*, which spontaneously relaxes to the Pd surface irrespective of 

its subsurface placement prior to geometry optimization. Halogen adsorption is therefore restricted 

to the surface layer in all subsequent calculations. Nonetheless it is important to mention that 

corrosion and leaching of supported Pd nanoparticles has been observed in the presence of acid 

and halide during direct H2O2 synthesis experiments.73, 203, 225, 236 Recent in situ X-ray absorption 
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fine structure (XAFS) experiments performed by Centomo et al225 also provide evidence that Br- 

can promote the leaching of PdO and apparent reduction of Pd – which may contribute to the 

formation of Pd surface structures that are desirable for selective H2O2 synthesis. We do not 

attempt to explore mechanisms for halide-induced corrosion237 or reconstruction of the Pd surface 

in this chapter.  

 

Figure 5.1 (A) Side and top-down views of Br* at its preferred binding site (fcc) on Pd(111). (B) Side and top-down 

views of Br* absorbed in the first subsurface layer of Pd(111) at the octahedrally coordinated site; the top layer of Pd 

atoms is colored in blue. (C) Top-down views of the fcc to hcp diffusion path. The transition state occurs over a bridge 

site for Cl*, Br*, and I*; no transition state is identified for F* diffusion along this pathway. Geometric parameters: 

ZX-Pd is the vertical distance between the adsorbed halogen and the plane containing the three Pd atoms directly bound 

to it; ΔZPd is the vertical displacement of the plane of Pd atoms in contact with the halogen adsorbate and the plane of 

Pd atoms on the top layer of the clean relaxed surface; and dPd-Pd is the average of the bond lengths between the three 

Pd atoms directly bound to the halogen adsorbate (the corresponding value on the relaxed clean surface is 2.80 Å). 

Atom colors: halogen (dark red), Pd (gray or dark blue).  

5.3.1.2 Adlayer structures and saturation coverages 

Both the identity of the halogen and its surface coverage of Pd are important parameters 

that can affect reactivity. We evaluate the relevance of higher coverage adlayers by first calculating 

the minimum energy structures for halogen adsorption on Pd(111) in the (2 × 2) and (3 × 3) unit 
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cells up to 1/2 ML coverage. The results are presented in Figure 5.2. F*, Cl*, Br*, and I* adopt 

the same adlayer structures at 1/9, 2/9, 1/4, and 1/3 ML. The halogens populate only the threefold 

fcc sites for these coverages, and the average binding energy per halogen does not vary 

significantly. Cl*, Br*, and I* adlayers rapidly decrease in stability above 1/3 ML, and these 

halogens begin to occupy the less stable (bridge and top) sites. The average binding energy per F* 

atom only decreases by ca. 0.2 eV even up to 1/2 ML coverage – and F* adopts a different (linear) 

structure than the other halogens at 1/2 ML.  

Employing an approach similar to that of Gossenberger et al,231 we then construct ab initio 

phase diagrams144 to analyze trends in adlayer stability (considering the structures in Figure 5.2) 

for an aqueous DSHP process that uses the hydrogen halides as promoters. We refer to gas-phase 

reservoirs of the respective hydrogen halide species to define the chemical potential driving force 

for halide adsorption onto Pd(111), which we subsequently relate to the aqueous-phase hydrogen 

halide reservoirs that would be in equilibrium with the gas-phase (equivalence of chemical 

potentials) through experimental equilibrium expressions. Details of phase diagram development 

can be found in the supplementary section at the end of this chapter. 
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Figure 5.2 Average binding energy per halogen adatom as a function of coverage on Pd(111), with corresponding 

top-down views of the most stable relaxed structures at each coverage. Dashed lines are to guide the eye. Atom colors: 

I (purple), Br (dark red), Cl (green), F (black), and Pd (gray).  

The phase diagrams (Figure 5.3) predict 1/3 ML of Cl*, Br*, or I* to be the saturation 

coverage at aqueous hydrogen halide concentrations as high as 1 molal – generally much higher 

than concentrations used in the experimental literature to promote direct H2O2 synthesis on Pd. 

Cl*, Br*, and I* adopt the commensurate (√3 × √3)R30° structure depicted in Figure 5.2 at 1/3 
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ML coverage. This structure has been experimentally identified for Cl*, Br*, and I* on Pd(111) 

single crystals after exposure to gas-phase halogens238-241 and to aqueous halide solutions in 

electrochemical environments.242-245 Furthermore, Carrasquillo et al242 found that the interaction 

strength between aqueous halide and a Pd(111) single-crystal electrode is in the order Cl- < Br- < 

I-; this result is in qualitative agreement with our phase diagrams, wherein the transition from clean 

to halogen-covered Pd(111) is predicted to occur most rapidly for increasing concentrations of HI, 

followed by HBr and then HCl.  

We anticipate F* to have negligible coverage on Pd(111) even at relatively high 

concentrations of HF (Figure 5.3). The H-F bond is the strongest of the hydrogen halides, and we 

calculate the dissociative adsorption of HF onto Pd(111) to be nearly thermoneutral (-0.12 eV 

reaction energy), while the dissociative adsorptions of HCl, HBr, and HI are highly exothermic 

(by greater than 1.4 eV, Table S5.1 and Figure S5.1); solvation of HF in an aqueous environment 

is favored to its dissociative adsorption on Pd(111). Moreover, electrochemical analyses of 

transition metal electrodes in aqueous solutions of fluoride indicate that fluoride is a 

nonspecifically adsorbing species – unlike chloride, bromide, and iodide, which are all specifically 

adsorbing anions that can form ordered adlayer structures such as that described above.235  

Based on these results, we choose to quantify the effect of co-adsorbed Cl*, Br*, and I* on 

the energetics of H2O2 synthesis and decomposition mechanisms up to a halogen surface coverage 

1/3 ML in the (3 × 3) Pd(111) unit cell. We examine only the case of 1/9 ML coverage for F* to 

probe its low-coverage effects.  
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Figure 5.3 Phase diagram for F*, Cl*, Br*, and I* on Pd(111) as a function of the partial pressure of the corresponding 

hydrogen halide at 298 K. The phase with the most negative grand potential at a given partial pressure of hydrogen 

halide is the most thermodynamically stable phase of those considered. The horizontal dotted black line at a grand 

potential of zero indicates the clean slab. The vertical dotted black lines are used to indicate a new stable phase moving 

left to right on the diagram. The shaded red region shows the molal concentration of aqueous hydrogen halide (0.001 

– 1 molal spanned by the shaded red region) that would be in equilibrium with the corresponding hydrogen halide 

partial pressure – calculated using experimental equilibrium expressions.246 
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5.3.2 Energetics for H2O2 synthesis and decomposition mechanisms on Pd(111) 

We recompile the networks of elementary steps proposed in the previous two chapters to 

describe the H2O2 synthesis and decomposition mechanisms (Scheme 5.1), which comprise 

hydrogenation, O-O and H-H bond dissociation, hydrogen transfer, and adsorption/desorption 

steps.  

In the context of Scheme 5.1 and in accord with previous DSHP literature, direct H2O2 

formation proceeds through sequential hydrogenation of O2* to OOH* (step 5) and then to H2O2* 

(step 6), maintaining the O-O bond. O-O dissociation steps (steps 9-11) form O*/OH* fragments 

that can be hydrogenated directly to H2O* (steps 7 and 8). Hydrogen transfer steps from OH*, 

OOH*, or H2O2* to O* or OH* (steps 12-16) can also form H2O*. Moreover, these hydrogen 

transfer steps may be integral to the H2O2 decomposition mechanism on Pd in the absence of co-

fed H2 (Chapter 4). The elementary mechanism by which H2 hydrogenates H2O2 to H2O remains 

uncertain, although DFT computations suggest the absence of direct hydrogenation of H2O2* by 

H* due to a large kinetic barrier.208  

 

Scheme 5.1. The proposed elementary reaction steps encompassing H2O2 synthesis, H2O synthesis, and H2O2 

decomposition. The steps in green are the pathway for sequential hydrogenation of O2 to H2O2; the steps in red are the 

O-O bond dissociation steps that represent bifurcation points along the H2O2 synthesis pathway and generate the 

O*/OH* precursors to H2O synthesis. H2 dissociation can occur directly from the gas-phase (step 2) or through a 

molecular H2* precursor (steps 2a-b). 
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5.3.2.1 Stability of surface intermediates  

Table 5.2 provides the binding energies of intermediates on clean Pd(111) along with 

preferred adsorption sites. All intermediates bind more weakly to clean Pd(111) than do the 

halogens (Table 5.1) with the exception of atomic oxygen.  

Most intermediates exhibit repulsive interactions with 1/9 ML of co-adsorbed Cl*, Br,* or 

I* and tend to maximize their lateral separation from the halogen. Destabilizations in binding 

energies due to the co-adsorbed halogen are on the order of 0.1 eV with respect to binding on the 

clean Pd(111) slab, do not depend strongly on the halogen identity, and are mainly due to lateral 

strain in the Pd surface induced by the co-adsorbates (Figure S5.2 and Tables S5.2 to S5.3). All 

intermediates, including the co-adsorbed halogen, remain in their most stable clean-surface 

adsorption sites; the only exception is the co-adsorption of Cl* and OOH*, in which OOH* adopts 

a top-top binding configuration to form a hydrogen bond with Cl*. H2O2* and H2O* also form 

hydrogen bonds with Cl*, Br*, and I* – but any stabilization due to hydrogen bonding with these 

halogens is weak (< 0.1 eV stabilization with respect to binding on the clean Pd(111) slab). These 

calculations show that low coverages of Cl*, Br*, and I* may not significantly affect the reactivity 

of Pd(111), with the halogens mainly acting as site blockers to reduce the total number of available 

Pd sites. In addition, the weak interaction of H2O* with Cl*, Br*, and I* suggests these halogens 

may be only weakly solvated when bound to the Pd surface.247 

1/9 ML of co-adsorbed F* similarly destabilizes O*, H*, O2*, and H2*. However, F* forms 

particularly strong hydrogen bonds with OH-containing intermediates. Figure 5.4 provides the 

interaction energies and geometric parameters for the hydrogen-bonded configurations of H2O2*, 

OOH*, H2O*, and OH* with F*. In all cases F* moves to a Pd top site (its least stable binding site 

on clean Pd(111)) to maximize the hydrogen-bonding interaction and minimize any screening 
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effects from surrounding Pd atoms that may result from adsorption in the deeper threefold sites. 

The O-H bond participating in the hydrogen bond with F* increases in length in the order OH* < 

H2O* < H2O2* < OOH*, which is the same order as the increasing strength of hydrogen bonding 

stabilization. In fact, there is nearly complete transfer of hydrogen to F* from H2O2* and OOH* 

(both of which have much weaker O-H bonds in the gas-phase when compared with those in OH 

and H2O). F* and OOH* or H2O2* spontaneously form these same co-adsorption states even when 

they are placed in next nearest-neighbor binding sites in the initial configuration before geometry 

optimization. The strong hydrogen bonding between F* and H2O* is in agreement with the 

observation that aqueous fluoride ions generally exhibit nonspecific adsorption on transition metal 

surfaces, maintaining significant solvation shells.235  

Table 5.2 Binding energies (eV) and adsorption sites for reaction intermediates on clean and halogen-covered Pd(111). 

The reference energy is the gas-phase intermediate infinitely separated from the clean or halogen-covered slab. Bolded 

values indicate that the adsorbate and/or halogen adlayer are displaced from their preferred clean-surface adsorption 

configurations. N/A indicates that adsorption is endothermic. Values in parenthesis for H2O2 and H2O indicate 

physisorption states in which the adsorbate sits above the halogen atoms (and does not form a bond with Pd), stabilized 

by a hydrogen bond with an adsorbed halogen. These physisorption states above the halogen adlayer are denoted by 

a “(p)” in the text, and the adsorbed states directly bound to Pd atom(s) are denoted by the conventional “*”. 

species 

1/9 ML halogen/Pd(111) 2/9 ML halogen/Pd(111) 1/3 ML halogen/Pd111 clean 

Cl Br I Cl Br I Cl Br I Pd(111) 

O -4.49 -4.48 -4.47 -4.35 -4.35 -4.34 -3.71 -3.62 -3.40 -4.58 

fcc fcc fcc fcc fcc fcc fcc fcc fcc fcc 

H -2.87 -2.88 -2.89 -2.83 -2.84 -2.85 -2.61 -2.59 -2.53 -2.93  
fcc fcc fcc fcc fcc fcc fcc fcc fcc fcc 

OH -2.54 -2.53 -2.50 -2.45 -2.44 -2.41 -1.99 -1.87 -1.62 -2.63  
fcc fcc fcc br br br br br top fcc 

O2 -0.93 -0.93 -0.92 -0.84 -0.84 -0.82 -0.24 -0.12 N/A -0.99  
top-br top-br top-br top-br top-br top-br top-top top-top 

 
top-br 

H2 -0.23 -0.21 -0.19 -0.17 -0.15 -0.09 N/A N/A N/A -0.29  
top top top top top top    top 

H2O2 -0.36 -0.33 -0.32 -0.33 -0.30 -0.31 -0.12 N/A N/A -0.33 

 top top top top top top top (-0.10) (-0.12) top 

OOH -1.30 -1.29 -1.27 -1.24 -1.23 -1.21 -0.84 -0.73 -0.47 -1.38  
top-top top-br top-br top-top top-top top-top top-top top top top-br 

H2O -0.32 -0.28 -0.25 -0.34 -0.29 -0.23 -0.14 N/A N/A -0.28 

 top top top top top top top (-0.08) (-0.09) top 



108 

 

Increasing the coverage of co-adsorbed Cl*, Br*, or I* to 2/9 ML further destabilizes all 

intermediates except for H2O* on 2/9 Cl*-covered Pd(111), and H2O2* and H2O* on 2/9 Cl*- and 

Br*-covered Pd(111), which are weakly stabilized via hydrogen bonding (Table 5.2). The 

magnitude of destabilization is again nearly independent of halogen identity, similar to the case 

for 1/9 ML of Cl*, Br*, or I*, with the maximum reduction in binding strength being 0.24 eV for 

O* on 2/9 ML I*-covered Pd(111). Most intermediates retain their preferred binding site/geometry 

as that on the clean Pd(111) slab, and no Pd atoms are shared between the intermediates and co-

adsorbed halogens in their most stable configurations. The 2/9 ML Cl*, Br*, and I* adlayer 

structure remains intact after adsorption of any intermediate, with all halogens binding at fcc sites.   

 

Figure 5.4 Top-down and side views of the hydrogen-bonded states corresponding to 1/9 ML F* co-adsorbed with 

OH*, H2O*, OOH*, and H2O2* on Pd(111). dX-H is the distance between the hydrogen atom shared in the hydrogen 

bond and the participating F or O atom. The values of dO-H in parenthesis are the corresponding O-H bond lengths on 

the clean slab. ΔE is the difference in total energy between the configurations of both species co-adsorbed and 

infinitely separated on Pd(111) (a negative value indicates that the co-adsorbed configuration is stabilized with respect 

to infinite separation). Atom colors: F (black), H (white), O (light red), and Pd (gray).  
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1/3 ML of halogen on Pd(111) represents a critical coverage at which the disparity between 

Cl*, Br*, and I*’s ability to destabilize intermediates – and the magnitude of the destabilizations 

– increases drastically (Table 5.2). All Pd atoms are coordinated to one halogen atom in the 

minimum energy (√3 × √3)R30° structure that Cl*, Br*, and I* adopt on Pd(111) (Figure 5.2). Co-

adsorption of intermediates then requires either disruption of the halogen adlayer to accommodate 

binding and/or sharing Pd atoms with the halogens. The general trend in destabilization is Cl* < 

Br* < I*, and the maximum reduction in binding strength with respect to clean-slab binding is 1.18 

eV for O* on 1/3 ML I*-covered Pd(111).  

Of the open-shell intermediates, only OH* and OOH* adopt different binding geometries 

on 1/3 ML halogen-covered Pd(111) compared with those on the clean slab. O* remains at its 

preferred fcc site in the presence of 1/3 ML of Cl*, Br*, or I*, but O* displaces all co-adsorbed 

halogens out of their fcc sites toward bridge sites. H* also remains at its preferred fcc site, and the 

(√3 × √3)R30° halogen adlayer structure remains intact with all halogens bound to fcc sites. The 

binding energy of H* also varies the least among the open-shell intermediates on 1/3 ML halogen-

covered Pd(111), ranging from -2.53 eV for I*-covered Pd(111) to -2.61 eV for Cl*-covered 

Pd(111) (the corresponding clean-surface binding energy for H* is -2.93 eV); the energy difference 

between OH*, OOH*, or O* binding to I*-covered Pd(111) versus Cl*-covered Pd(111) is greater 

than 0.3 eV. 

The closed-shell reactants and products (H2O, H2O2, and H2), aside from molecular oxygen, 

interact weakly with clean Pd(111) and prefer binding at top sites. All top sites in the (√3 × √3)R30° 

halogen adlayer are adjacent to a halogen-occupied fcc site, and the energy penalty to share the Pd 

atom or displace the halogen to accommodate top-site adsorption in some cases cannot be fully 

compensated by the binding energy of the closed-shell species to Pd. The result is endothermic 
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binding with respect to the gas-phase species – or weakly exothermic physisorption above the 

halogen adlayer (denoted by a “(p)” appended to the species) with no direct bond to any Pd atoms.  

Perturbing the (√3 × √3)R30° adlayer to accommodate H2* binding at a top site is 

endothermic on halogen-covered Pd(111) by up to ca. 0.5 eV for the case of I*. O2* binds 

exothermically in the presence of the Cl* and Br* adlayers, but its binding energy is destabilized 

from the clean-surface value by over 0.7 eV. The 1/3 ML I* adlayer destabilizes binding such that 

O2* prefers desorption by 0.11 eV. Moreover, on clean Pd(111) O2* retains only a small fraction 

(ca. 6 %) of its gas-phase magnetic moment, while on all the 1/3 ML halogen-covered surface 

models O2* retains over 60 % of its gas-phase magnetic moment – suggesting that the presence of 

the co-adsorbed halogens might reduce the ability of Pd to activate the O-O bond in O2*.   

H2O2* and H2O* adsorptions to a Pd top site are favorable on 1/3 ML Cl*-covered Pd(111) 

by ca. 0.1 eV with respect to the gas-phase species. This is not the case for 1/3 ML Br*- and I*-

covered Pd(111); H2O2 and H2O prefer to physisorb (denoted by a “p”) above these (√3 × √3)R30° 

adlayers, forming weak hydrogen bonds with a single adsorbed halogen that stabilize H2O2
(p) and 

H2O
(p) by ca. 0.1 eV with respect to their infinite separation from the halogen-covered slab (Figure 

S5.3). Rearranging the (√3 × √3)R30° adlayer to permit H2O2* or H2O* binding to a Pd top site is 

nearly thermoneutral on the Br*-covered slab but endothermic by ca. 0.3 eV on the I*-covered 

slab.  

The calculations described in this section demonstrate that co-adsorbed halogens can have 

a significant impact on the stability of reaction intermediates, particularly when the halogen 

coverage increases to 1/3 ML. These interactions are mainly repulsive for Cl*, Br*, and I* and 

will result in modifications to reaction thermochemistry and the stability of transition states, as 

discussed in the following sections.  
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5.3.2.2 Surface reaction energies 

The surface reactions that we use to describe the H2O2 synthesis and decomposition 

mechanisms (as written in Scheme 5.1) can be classified as: bond-forming (hydrogenation), bond-

breaking (H-H and O-O bond dissociations), and bond-transfer (hydrogen transfer). The 

thermochemistry of these reactions on halogen-covered Pd(111) depends on the reaction class, 

identity of co-adsorbed halogen, and degree of halogen coverage. All reaction energies are reported 

with respect to infinitely separated reactants and products on the clean or halogen-covered Pd(111) 

surfaces. 

Hydrogenations of O* and OH* (O2* and OOH*) are bond-forming reactions that lead to 

H2O* (H2O2*) production. Figure 5.5 demonstrates that the exothermicity of these reactions 

generally increases with increasing halogen coverage on Pd(111). There is no uniform trend in the 

reaction energies as a function of halogen identity; the differences in reaction energy for a specific 

hydrogenation reaction and halogen coverage are small (< 0.1 eV) among Cl*-, Br*-, and I*-

covered Pd(111).  
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Figure 5.5 Reaction energies for hydrogenations on clean and halogen-covered Pd(111). Energies are reported with 

respect to infinitely separated reactants and products on the clean or halogen-covered slabs. Data for this figure is 

tabulated in Table S5.4.  

 O-O dissociations in O2*, OOH*, and H2O2* are bond-breaking reactions that divert 

reaction flux away from direct H2O2 synthesis. O-O dissociation is also involved in H2O2 

decomposition to H2O. Reaction exothermicity decreases monotonically with increasing halogen 

coverage (Figure 5.6). All O-O dissociation reactions remain considerably exothermic, and thus 

recombination of the O* and OH* fragments as a pathway to form H2O2* is unlikely even on 1/3 

ML halogen-covered Pd(111). This is in agreement with isotopic DSHP experiments using a 

mixture of 16O2 and 18O2 over a Pd/SiO2 catalyst in 1 M HCl, in which all H2O2 formed from non-

dissociated O2 (no formation of H2
16O18O).61  

H2* dissociation is another bond-breaking reaction that is essential for high catalytic turnover. 

The reaction energy for H2* dissociation does not vary significantly in the presence of halogens 

and remains exothermic over all halogen coverages considered (Figure 5.6).  
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Figure 5.6 Reaction energies for O-O and H-H bond dissociations on clean and halogen-covered Pd(111).  Energies 

are reported with respect to infinitely separated reactants and products on the clean or halogen-covered slabs. Data for 

this figure is tabulated in Table S5.4. 

The final class of surface reaction, bond-transfer (Figure 5.7), does not explicitly involve Pd 

atoms in the bond breaking/forming event. Rather, the Pd surface acts as a two-dimensional 

template for the hydrogen-transfer between reactants. Our previous DFT calculations demonstrate 

that the transfer of a hydrogen atom between O/OH-containing intermediates proceeds nearly 

spontaneously in the exothermic direction on both the clean Pd(111) and Pd(100) surfaces, and 

microkinetic modeling results also suggested that these hydrogen-transfer reactions are key flux-

carrying steps for the decomposition of H2O2 to O2 and H2O on Pd (Chapter 4). Figure 5.7 shows 

that the reaction energies for all hydrogen transfer steps are less sensitive to the presence of co-

adsorbed halogens compared with reaction energies for the bond-forming and bond-breaking steps. 

All deviations from the clean-surface values are within 0.3 eV, and most hydrogen transfer 

reactions that are exothermic (endothermic) on clean Pd(111) remain exothermic (endothermic) 

on halogen-covered Pd(111). Bond-forming and bond-breaking reactions discussed above 



114 

 

generally exhibit much larger deviations from the clean surface reaction energies in the presence 

of halogens (as large as 1.4 eV). 

 

Figure 5.7 Reaction energies for hydrogen transfers on clean and halogen-covered Pd(111). Energies are reported 

with respect to infinitely separated reactants and products on the clean or halogen-covered slabs. Data for this figure 

is tabulated in Table S5.4.  

5.3.2.3 Activation energy barriers for O-O and H-H bond dissociation 

So far we have only discussed the thermochemistry of H2O2 synthesis and decomposition 

mechanisms in the presence of halogens. Rather than quantify all activation energy barriers, we 

focus on a subset crucial to the selective synthesis – and preservation – of H2O2: the O-O bond 

dissociations. Wilson and Flaherty recently concluded that these steps are kinetically relevant to 

direct H2O formation over supported Pd catalysts through an experimentally-consistent kinetic 

model,58 and we also find these steps to be kinetically relevant to H2O2 decomposition in Chapter 

4. The halogens reduce the thermodynamic favorability of O-O dissociations (Figure 5.6), yet all 

these steps remain significantly exothermic even at 1/3 ML of halogen coverage. We can then 
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consider that another potential role of co-adsorbed halogens is to kinetically hinder these steps (by 

destabilizing transition states) on Pd(111), as has been suggested in the experimental literature.26 

Although it is desirable for the halogens to render the Pd surface inactive toward O-O bond 

dissociation reactions, the Pd surface must not be so passive as to be unable to dissociate H2 such 

that catalyst activity suffers. Therefore, we also calculate the activation energy barriers for H2 

dissociation on halogen-covered Pd(111).  

The activation energy barriers for O-O and H-H dissociation reactions are presented in 

Table 5.3, with the corresponding transition state geometries in Figure S5.4, for clean Pd(111) and 

Pd(111) covered with 1/3 ML of Cl*, Br*, and I*. The transition state for O2* dissociation on the 

clean surface occurs over an hcp site with the O atoms positioned on neighboring bridge sites. We 

identify an analogous transition state structure on halogen-covered Pd(111), and the halogen 

adlayer configurations are also similar at this transition state. The activation energy barrier 

increases from 0.56 eV on clean Pd(111) to 0.89, 0.90, and 0.97 eV on 1/3 ML Cl*-, Br*-, and I*-

covered Pd(111), respectively.  

Table 5.3 Activation energy barriers (eV) for O-O and H-H bond dissociation steps on clean and 1/3 ML halogen-

covered Pd(111). Step numbers are in reference to Scheme 5.1. 

# Reaction clean Pd(111) 
1/3 ML halogen-covered Pd(111) 

Cl Br I 

2b. H2* + * ↔ H* + H* 0.04a 0.04a 0.03a 0.01a 

9. O2* + * ↔ O* + O* 0.56 0.89 0.90 0.97 

10. OOH* + * ↔ O* + OH* 0.00a 0.44 0.44 0.30 

11. H2O2* + * ↔ OH* + OH* 0.24 0.20a 0.17a 0.25a 
atransition state structure could not be verified within the precision of our calculations (i.e. no 

single imaginary frequency is identified along the reaction coordinate). The reported barrier is 

calculated using the highest energy image in the converged CI-NEB calculation. 

 

OOH* is very unstable on clean Pd(111), and its decomposition to O* and OH* proceeds 

spontaneously over an fcc site. We calculate significant – but still accessible under typical DSHP 

conditions19 – activation barriers of 0.44, 0.44, and 0.30 eV for this step on the 1/3 ML Cl*-, Br*-, 
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and I*-covered Pd(111) surfaces, respectively. The transition state structure on Cl*-covered 

Pd(111) resembles that on the clean Pd(111) surface, while the O-O dissociation takes place over 

a bridge site on Br*- and I*-covered Pd(111). For the latter pathways, the final state structure of 

the NEB calculation contains O* bound to both a Pd top site and a Br* or I* atom, and OH* is 

bound to a Pd top site (Figure S5.5). This pathway is also available on Cl*-covered Pd(111), but 

its transition state energy is higher than that for the pathway involving OOH* decomposition over 

the fcc site.  

Interestingly, at the level of our calculations Pd(111) retains its ability to decompose H2O2* 

into two OH* even on the halogen covered surfaces; all activation energy barriers are ca. 0.2 eV 

despite a large reduction in the reaction exothermicity induced by 1/3 ML of halogens (Figure 5.6). 

The transition state geometries are nearly identical on the halogen-covered surfaces, with the O-O 

dissociation occurring over a bridge site and the two OH groups over neighboring top sites. 

The dissociation of H2 supplies hydrogen for steps 5-8 of Scheme 5.1. H2 dissociation can 

occur through multiple pathways on Pd(111): dissociative H2 adsorption (step 2 of Scheme 5.1) or 

a molecular H2* precursor (steps 2a-b of Scheme 5.1).146 Both of these pathways are nearly 

spontaneous on the clean surface. We are not able to identify dissociative adsorption pathways on 

1/3 ML halogen-covered Pd(111); all pathways proceed through the molecular H2* precursor, 

which requires a Pd top site for adsorption. However, the dissociation of H2* from this precursor 

state is nearly spontaneous on the halogen-covered surface as on clean Pd(111).  

The calculations in this section demonstrate that the intrinsic activation energy barriers for 

H2* and H2O2* dissociations on Pd(111) are virtually unaffected by the presence of 1/3 ML of Cl*, 

Br*, or I*, while these adsorbed halogens can kinetically inhibit O2* and OOH* dissociations.  
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5.3.2.4 Direct participation of halogens  

Adsorbed halogens not only modify the energetics of surface reactions through adsorbate-

adsorbate interactions as reported above, but they can also potentially participate in elementary 

steps. Similar to the hydrogen transfer steps between O/OH-containing intermediates shown in 

Scheme 5.1, adsorbed halogens may act as hydrogen acceptors and donors. We analyze these 

elementary steps at 1/9 ML halogen coverage. Figure 5.8 shows the reaction energies for the 

transfer of a hydrogen atom to a halogen – plotted against the experimentally measured gas-phase 

proton affinities of the corresponding halides.248 We first observe that hydrogen transfer from any 

OH-containing intermediate (or H*) to Cl*, Br*, or I* is highly endothermic (> 1 eV), and so 

hydrogen transfer to form HCl*, HBr*, or HI* is unlikely at low halogen coverage (these hydrogen 

halides remain dissociated on Pd(111)). Conversely, the reaction energies for hydrogen transfer to 

F* range from -0.25 eV when the hydrogen comes from OOH* to 0.14 eV when the hydrogen 

comes from H2O*, suggesting that F* can facilitate hydrogen transfer between intermediates. 

There is an approximately linear correlation between these reaction energies and the experimental 

gas-phase proton affinities of the corresponding halide species, and the magnitude of the slope is 

slightly less than unity (ca. 0.8). That is, the halides’ relative propensities for hydrogen in the gas 

phase are only slightly dampened by their adsorption on Pd(111). 

O* and OH* fragments can also potentially oxidize adsorbed halogens to XO* or XOH*, 

where X = F, Br, Cl, or I. The surface reactions to form these species are highly endothermic at 

1/9 ML halogen surface coverage. Formation of IOH* from I* and OH* is least endothermic with 

a reaction energy of 1.17 eV. All other oxidations of the halogens by O* or OH* are endothermic 

by more than 1.5 eV. The oxidation of adsorbed halogens is likely irrelevant at low halogen 
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coverage; however, we note that we find evidence for these species during the NEB calculations 

at 1/3 ML halogen coverage as described in the previous section. 

 

Figure 5.8 Surface reaction energies for hydrogen transfer from DSHP reaction intermediates to adsorbed halogens 

on clean Pd(111) at 1/9 ML halogen coverage (e.g., ΔE = 2.06 eV for the reaction H2O* + I* ↔ OH* + HI*), plotted 

as a function of the experimental proton affinity of the corresponding gas-phase halide.248 The slope for all trend lines 

(dotted lines) is -0.79.  

5.4 Discussion  

5.4.1 Anticipated effects on activity and selectivity 

Consolidation of the results yields three major features of halogen-covered Pd(111) – in 

addition to the concomitant decrease in the number of available Pd sites due to adsorbed halogens 

– that are expected to translate into experimentally observable changes to catalytic activity and 

selectivity in the DSHP. 

5.4.1.1 Hindered uptake of reactants and re-adsorption of products 

Sufficient coverage of Cl*, Br*, or I* (1/3 ML with respect to the (3 × 3) Pd(111) unit cell 

used in this chapter) inhibits the adsorption and dissociation of reactants. Figure 5.9 shows the 
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potential energy surfaces (PESs) for H2, O2, and H2O2 adsorption and dissociation on clean and 

1/3 ML halogen-covered Pd(111). The transition state for O2* dissociation on clean Pd(111) is 

lower in energy than the desorbed state of O2(g), but on 1/3 ML halogen-covered Pd(111) the 

transition state exceeds the desorbed O2(g) state by over 0.6 eV (due to contributions from both 

the halogen-induced destabilization of O2* and increase in O-O activation energy barrier). This 

indicates that direct H2O formation on halogen-covered Pd(111) is unlikely to proceed through O-

O bond dissociation in O2*. 

The potential energy surface for H2 adsorption and dissociation also exhibits an increase in 

the transition state energy for H-H dissociation relative to H2(g), despite no major change to the 

intrinsic activation barrier for dissociation of the molecular precursor H2* in the presence of 

halogens (Figure 5.9B). Our calculated increase in the transition state energy for H2 dissociation 

on halogen-covered Pd(111) could indicate this step becoming kinetically limiting when halides 

sufficiently cover the catalyst surface.  

 

Figure 5.9 Potential energy surfaces for adsorption and dissociation of (A) O2, (B) H2, and (C) H2O2 on clean and 1/3 

ML halogen-covered Pd(111). The reference state is the gas-phase molecule infinitely separated from the surface. The 

dotted black line in (B) represents the dissociative adsorption of H2(g) on clean Pd(111), which is nearly spontaneous; 

all H2(g) dissociation pathways on 1/3 ML halogen-covered Pd(111) are found to proceed through the H2* molecular 

precursor. “(g)” denotes a gas-phase species; “|” denotes infinite separation of the species on the surface; “TS” denotes 

a transition state; and “(aq)” denotes an aqueous-phase species [the energy for H2O2(aq) with respect to the DFT-gas 

phase energy for H2O2(g) is approximated using an experimental Henry’s Law coefficient210]. The x-axis is the 

reaction coordinate. 
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The destabilization of H2O2* on halogen-covered Pd(111) has consequences for both the 

selective direct synthesis and subsequent decomposition of H2O2. The dissolution enthalpy of H2O2 

in H2O is derived from an experimental Henry’s Law constant210 and is included in the potential 

energy surface (Figure 5.9C) to approximate the energy of H2O2(aq), because this state represents 

the thermodynamic reservoir for H2O2 in aqueous DSHP systems. Desorption of H2O2* with 

respect to its dissociation to two OH* on halogen-covered Pd(111) increases in favorability in the 

order Cl* < Br* < I*. In fact, on 1/3 ML I*-covered Pd(111) the dissociated state of two OH* is 

higher in energy than the desorbed state of H2O2(aq). Direct H2O formation through H2O2* as an 

intermediate is consequently less favorable on halogen-covered Pd(111) compared with the clean 

surface. Qualitatively similar results have been calculated using a Pt cluster model with co-

adsorbed Cl* in the context of the electrochemical oxygen reduction reaction.249  

In connection to the H2O2 re-adsorption and decomposition reactions, if we assume a 

similar mechanism to the one we proposed in Chapter 4, then the O-O dissociation step in H2O2* 

is the most kinetically significant step for H2O2 decomposition in the absence of co-fed H2. Our 

microkinetic model further suggested that the apparent activation barrier can be well-approximated 

by the relative energy of the transition state for O-O bond dissociation in H2O2* with respect to 

the state of H2O2(aq) (Figure S4.1). Therefore, we anticipate that the apparent activation energy 

barrier for H2O2(aq) decomposition measured on a halogen-covered Pd catalyst will increase in 

the order Cl* < Br* < I* at a fixed halogen coverage (despite no significant change to the intrinsic 

O-O bond dissociation barrier in H2O2*), with the major contribution being from restricted H2O2 

re-adsorption. A similar function has been proposed for adsorbed anions on Pt249 and Au250 

catalysts for the electrocatalytic oxidation and reduction of H2O2. The remaining mechanism to 

close the catalytic cycle once H2O2 dissociates to OH* will likely be similar to the one that we 
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described in Chapter 4 because it involves only the thermodynamically driven hydrogen transfer 

steps – and the corresponding reaction energies are relatively insensitive to the presence of co-

adsorbed halogens (Figure 5.7).  

5.4.1.2 Increased favorability of hydrogenation with respect to O-O bond dissociation 

A second consequence of Cl*, Br*, or I* coverage on Pd(111) is increased favorability of 

hydrogenation reactions with respect to O-O bond dissociation, suggesting improved selectivity 

toward direct H2O2 formation on halogen-modified Pd(111). This manifests itself both in the 

increasingly competitive thermochemistry for hydrogenations of O2* and OOH* versus their 

decompositions to O* and OH* (Figure 5.10) and larger activation barriers for O-O bond 

dissociations (Table 5.3). Direct H2O formation through O-O bond dissociation is expected to 

dominate at low halogen coverage (< 1/3 ML with respect to our surface model), particularly 

through the decomposition of the OOH* intermediate.  

Importantly, in this chapter we did not calculate the effect of halogens on activation energy 

barriers for the hydrogenation reactions that compete with the O-O bond dissociations. This 

information is critical to the prediction of selectivity toward H2O2 versus H2O. However, as we 

discussed in the Chapter 1, there is a growing body of literature proposing direct solvent 

participation in these hydrogenation steps when the DSHP is performed in the liquid phase; a 

comprehensive theoretical assessment of the mechanistic details for O2* and OOH* 

hydrogenations will provide a strong supplement to the DSHP literature. Our calculations in this 

thesis have considered only the direct reaction between H* and oxygenated intermediates at the 

gas-solid interface (Chapter 3). 
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Figure 5.10 Potential energy surface for direct H2O2 formation on clean and 1/9, 2/9, and 1/3 ML Br*-covered Pd(111) 

(thermochemistry only, analogous plots for Cl*- and I*-covered Pd(111) are in Figures S5.6 and S5.7). The reference 

state is gas-phase H2 and O2 infinitely separated from the surface. The faded pathways represent the O-O bond 

dissociation steps that form O* and OH* and lead to direct H2O synthesis. The x-axis is the reaction coordinate. 

5.4.1.3 Attractive adsorbate-adsorbate interactions (hydrogen-bonding) 

Hydrogen bonding interactions between OH-containing intermediates and the adsorbed 

halogens are weak for Br*, Cl*, and I* (< 0.1 eV stabilization), but significant for F* (ca. 0.1-0.5 

eV stabilization). F* is not likely to populate Pd to a significant degree, but even small amounts of 

F* may affect reactivity due to these strong hydrogen bonds. For example, F* can facilitate the 

coupling of OH-containing intermediates for the hydrogen transfer reactions (steps 12-17 of 

Scheme 5.1). F* can also assist in H2O2 adsorption, readily abstracting hydrogen from H2O2* (and 

even OOH*) and donating hydrogen to OH* to form H2O* (Figure 5.8). These functions may help 

to explain why the rate of H2O2* decomposition on supported Pd catalysts can increase when 

fluoride is added to the reaction medium.59, 68 

5.4.2 Reactivity trends and scaling on halogen-modified Pd(111) 

Experiments demonstrate that there is an optimal halide concentration in the DSHP 

reaction medium that maximizes H2O2 yield, which differs based on the halide employed170, 203 
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(generally, [I-] <  [Br-] < [Cl-] at their respective optima). Increasing the halide concentration 

beyond the optimum continuously decreases catalytic activity (decreased rate of H2 conversion) 

and can also reduce selectivity toward H2O2. Assuming a single type of active site, these trends 

suggest a volcano-type relationship87, 251 between the surface concentration of adsorbed halide and 

the relative rates of the various reaction pathways. We present a simple analysis of the 

thermochemistry for the standard direct H2O2 formation pathway (sequence of steps from Scheme 

5.1: 1, 2, 5, 6, and reverse of reaction 3) to provide further insight into these experimental 

observations in the context of our DFT calculations on halogen-modified Pd(111).  

First we recall the Sabatier principle, which posits that an optimal catalyst binds species 

with moderate strength such that reactant bonds are readily activated and products are easily 

released; a straight line from reactants to products would represent this hypothetical behavior on 

the thermochemical PES for direct H2O2 formation (Figure 5.11A). Positive deviations from this 

straight line (1/3 ML halogen-covered Pd(111)) indicate that binding is too weak, while negative 

deviations (clean, 1/9, and 2/9 ML halogen-covered Pd(111)) indicate that binding is too strong. 

Figure 5.11A then shows that a halogen coverage between 2/9 and 1/3 ML modulates binding on 

Pd(111) to provide the closest approach to this hypothetical optimal PES. Increasing halogen 

coverage above 1/3 ML may continuously decrease the rate of H2O2 decomposition by restricting 

H2O2 re-adsorption (Figure 5.9C), but at the expense of diminishing H2 and O2 uptake.  

The halogens (at a fixed coverage) generally destabilize intermediates to a greater extent 

in the order Cl* < Br* < I* (Table 5.2). Therefore we anticipate that a lower coverage of I* 

compared with that of Br* or Cl* is necessary to upshift the clean Pd(111) PES toward the 

hypothetical optimal PES. In this context we can rationalize why iodide, which also has the 

strongest propensity among the halogens to populate Pd(111) (Figure 5.3), can quickly render Pd 
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inactive toward all DSHP pathways when its solution-phase concentration is increased compared 

with bromide and chloride.170 

A more quantitative analysis requires the explicit calculation of all kinetic parameters to 

best compare the competing reaction pathways. However, the predictive power of such an analysis 

is limited by the simplified DFT model employed in this work. Improved models should focus 

primarily on corrections for solvation of surface species and transition states212 and van der Waals 

interactions (which may be particularly significant at high surface coverages and affect energetics 

for Cl*, Br*, and I* to different degrees).252 Experimental insight into the steady-state surface 

coverage of halides on Pd catalysts as a function of reaction conditions is ultimately desirable for 

comparison. 

Finally we show that linear scaling relations253 can well-approximate the binding energies 

of open-shell intermediates (Figure 5.11B) as a function of the binding energy of O*, which has 

been suggested as a reactivity descriptor for the DSHP in the computational literature.55, 56, 133 

These scaling relations are developed from the binding energy data in Table 5.2 on clean and Cl*-

, Br*-, and I*-covered Pd(111). We note that the halogen coverages considered are relatively dilute 

with respect to full monolayer coverage, and so the validity of this scaling at higher halogen 

coverages may be limited. Nonetheless, the existence of linear scaling up to 1/3 ML halogen 

coverage suggests a constraint on the ability of Cl*, Br*, and I* to modulate thermochemistry on 

Pd(111). Further development of these scaling relations for transition state energies254 (Figure 

S5.8) could potentially be utilized to better analyze competing pathways and approximate the 

maximum theoretical selectivity toward H2O2 when the energetics are strictly constrained to these 

scaling relations. 
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Figure 5.11 (A) Potential energy surfaces (PESs) for the thermochemistry of direct H2O2 formation. The DFT-

calculated potential energy surfaces for clean and halogen-covered Pd(111) are labeled in the figure [solid lines: 1/3 

ML I* (purple), Br* (red), and Cl* (green), and clean Pd(111) (black); dashed lines: 2/9 ML halogen; dotted lines: 1/9 

ML halogen]. The hypothetical optimal potential energy surface suggested by the Sabatier principle is a straight line 

from reactants to products (orange line). “(g)” denotes a gas-phase species; “|” denotes infinite separation of the species 

on the surface; and “(aq)” denotes an aqueous-phase species (energy for H2O2(aq) with respect to the DFT-gas phase 

energy for H2O2(g) is approximated using an experimental Henry’s Law coefficient210). The x-axis is the reaction 

coordinate. (B) Linear scaling relations between the binding energy of atomic oxygen (BEO) and the binding energies 

of the other open-shell intermediates (BEi) using the energetics from Table 5.2. The labels below the data points 

indicate the corresponding halogen coverage. We calculate mean and maximum absolute errors of 0.02 eV and 0.08 

eV, respectively, between the linear scaling predictions and all DFT-derived data in (B).  

5.5 Conclusions 

In this chapter we performed detailed plane-wave DFT calculations to determine the effect 

of co-adsorbed halogens (F*, Cl*, Br*, and I*) on the energetics for direct H2O2 synthesis and 

decomposition mechanisms on Pd(111). Our results suggest that the primary role of co-adsorbed 

Cl*, Br*, or I* is to weaken the interaction of Pd with DSHP intermediates, and this is expected 

to improve selectivity toward direct H2O2 formation and limit its subsequent decomposition by: 

restricting re-adsorption of H2O2, decreasing the exothermicity of O-O bond dissociation reactions 

in O2* and OOH* with respect to their hydrogenations, and increasing kinetic barriers for O-O 

bond dissociation in O2* and OOH*. All of these functions are most effective at higher halogen 

coverage, but increasing halogen coverage can also limit O2 and H2 uptake; this is anticipated to 

result in an optimal halogen coverage on Pd(111) that sufficiently inhibits H2O2 re-adsorption and 

decomposition but retains activity for direct H2O2 formation.  
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It is desirable to identify a Pd catalyst that can operate effectively in the absence of halide 

promoters, and these insights may potentially be utilized to identify alternative promoter species 

(e.g., co-solvents exhibiting strong interactions with the Pd surface255) that perform similar 

functions as adsorbed halogens but would be less detrimental to the operation of a DSHP process. 

In the next chapter, we evaluate if these conclusions are sensitive to the structure of the Pd substrate.   
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Supplementary Figures, Tables, and Methods for Chapter 5 

Phase diagram formulation 

We use an approach similar to that of Gossenberger et al231 to construct ab initio phase 

diagrams with simplifying, albeit some severe, assumptions. These diagrams are used to evaluate 

the relative stabilities of the adlayer structures detailed in Figure 5.2. Unlike for the 

electrochemical system,231 a solvated halide whose (electro)chemical potential is a function of the 

electrode potential is not an appropriate reference state. Instead, we first consider an infinite 

reservoir of the gas-phase hydrogen halide – whose ideal gas chemical potential (μ) is well-defined 

– to provide the driving force for halide adsorption: 

μHX(g)(P,T) = EHX(g) + μ0,HX(g)(P0,T) + kB × T × ln(P P0
-1)                 [Equation S5.1] 

where μHX(g) is the ideal gas chemical potential of the hydrogen halide (X = F, Cl, Br, or I) at the 

specified temperature and pressure, EHX(g) is the total energy (DFT) of the hydrogen halide 

molecule in the gas phase, μ0,HX(g)(P0,T) is the difference in chemical potential of the gaseous 

hydrogen halide between 0 K and the specified temperature at 1 atm, and kB is the Boltzmann 

constant. μ0,HX(g)(P0,T) is calculated from the NIST-JANAF Thermochemical Tables.62 The 

hydrogen halide is assumed to adsorb dissociatively on Pd(111) as in reference # 57, e.g. HBr(g) + 

2* ↔ H* + Br*. The grand potential (Ω) for each halogen adlayer is then expressed as: 

Ω(P,T) = A-1 × [EX/slab – Eslab + NX × (EH/slab – Eslab) – NX × μHX(g)(P,T)]         [Equation S5.2] 

where EX/slab is the total energy the halogens and slab in the unit cell, NX is the number of halogen 

atoms in the unit cell, EH/slab is the total energy of atomic hydrogen at 1/9 ML coverage on the 

clean slab, Eslab is the total energy of the clean slab, and A is the surface area of the unit cell.  
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In our formulation of Equation S5.2, we neglect the following: (i) changes in zero-point 

energies upon adsorption and the surface entropy of adsorbed halogens, (ii) the aqueous 

environment of adsorbed species, and (iii) the effect of other co-adsorbed reaction intermediates 

on the energetics of adsorption.231 Equation S5.2 also takes a constant value for the binding energy 

of atomic H*; i.e. the assumption is that there is an infinite reservoir of H* with constant chemical 

potential, and the halogen-halogen interactions as their surface coverage increases will dominate 

their phase behavior.  

The phase that minimizes Ω(P,T) at a given temperature and partial pressure of HX(g) is 

the most stable (Figure 5.3). The final step is to relate the partial pressure of HX(g) to the aqueous-

phase concentration that would be in equilibrium with the gas-phase (equivalence of chemical 

potentials), which is readily implemented using experimental equilibrium expressions.246 These 

diagrams allow us to predict which halogen adlayers in Figure 5.2 are the most stable as a function 

of the aqueous concentration of hydrogen halide and temperature. 
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Hydrogen halide binding on Pd(111) 

Table S5.1 Surface adsorption energies, dissociation energies, and geometric parameters for the hydrogen halides on 

clean Pd(111). Corresponding images of the adsorbed hydrogen halides are in Figure S5.1  

Species 
Binding 

Site 

Binding 

Energy / 

eV 

dX-H / Å 
<H-X-surface normal / 

degrees 

Dissociation 

Energya /  

eV 
adsorbed 

(DFT) 

gas-phase 

(DFT) 

gas-phase 

(experimental)62 

HF fcc -0.16 0.958 0.938 0.917 168.8 0.04 

HCl top-top -0.22 1.464 1.287 1.275 126.0 -1.22 

HBr top -0.23 1.442 1.432 1.414 80.6 -1.67 

HI fcc -0.62 1.692 1.625 1.609 73.9 -1.87 

aHX* + * → H* + X*, where X  = F, Cl, Br, or I 

 

 

 

Figure S5.1 Top-down and side views of the preferred binding geometries for the hydrogen halides on clean Pd(111). 

Atom colors: I (purple), Br (dark red), Cl (green), F (black), H (white), and Pd (gray). 
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Energy decomposition for co-adsorption of DSHP intermediates with the halogens 

 

Figure S5.2 Thermodynamic cycle for co-adsorption of DSHP intermediates with the halogens. This example shows 

the energy cycle for the co-adsorption of O and 3I. Atom colors: I (purple), O (red), and Pd (gray). (A-F) are states 

with total DFT energies ((3 × 3) surface unit cell) of: 

A: clean relaxed Pd(111) slab + gas phase energy of O(g) + three times the gas phase energy of I(g) 

B: most stable relaxed configuration of three I* (1/3 ML total I* coverage) + gas phase energy of O(g) 

C: three I* fixed in their configuration from state D + gas phase energy of O(g) 

D: most stable relaxed configuration of three I* co-adsorbed with one O* 

E: one O* fixed in its configuration from state D + three times the gas phase energy of I(g) 

F: most stable relaxed configuration of one O* + three times the gas phase energy of I(g) 

 

Based on these definitions: 

 -ΔE6 is the binding energy of O* on clean Pd(111);  

(ΔE2 + ΔE3) is the binding energy of O* on the 1/3 ML I*-covered slab;  

(ΔE2 + ΔE3+ ΔE6) is the difference between the binding energy of O* on the clean slab and the 1/3 ML I*-covered 

slab. 

The contributions to this difference can be summarized as: 

ΔE2 is the energy needed to perturb the 1/3 ML I* adlayer from its most stable relaxed configuration to accommodate 

co-adsorption with O*;  

-ΔE5 is the energy needed to perturb O* from its most stable relaxed configuration to accommodate co-adsorption 

with 3I*; 

 (ΔE3 + ΔE5 + ΔE6), or equivalently -(ΔE1 + ΔE2 + ΔE4), is the remaining O*-I* interaction energy that comprises (1) 

perturbation of Pd’s electronic structure, (2) electrostatic (dipole-dipole) interactions, and (3) Pauli repulsion. These 

values are provided in Tables S5.2 and S5.3 for O* on 1/9 and 1/3 ML halogen-covered Pd(111). 
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Table S5.2 Contributions to the destabilization of O* induced by co-adsorption with 1/9 ML I*. 

Energya Definitiona 1/9 ML I 

-ΔE6 BE of O* on clean Pd(111) -4.58 

ΔE2 + ΔE3 BE of O* on halogen-covered Pd(111) -4.47 

ΔE2 + ΔE3 + ΔE6 total destabilization of O* 0.11 

   

ΔE2 
contribution from perturbation of halogen 

adlayer to accommodate O* 
0.10 

-ΔE5 
contribution from perturbation of O* to 

accommodate halogen adlayer 
0.08 

-(ΔE1 + ΔE2 + ΔE4) 
remaining contribution from O*-halogen 

interactions 
-0.08 

asee Figure S5.2 and its caption for details 

 

 

Table S5.3 Contributions to the destabilization of O* induced by co-adsorption with 1/3 ML of Cl*, Br*, and I*. 

Energya Definitiona 
1/3 ML halogen 

Cl Br I 

-ΔE6 BE of O* on clean Pd(111) -4.58 -4.58 -4.58 

ΔE2 + ΔE3 BE of O* on halogen-covered Pd(111) -3.71 -3.62 -3.40 

ΔE2 + ΔE3 + ΔE6 total destabilization of O* 0.87 0.96 1.18 

     

ΔE2 
contribution from perturbation of halogen 

adlayer to accommodate O* 
0.41 0.42 0.45 

-ΔE5 
contribution from perturbation of O* to 

accommodate halogen adlayer 
0.07 0.07 0.07 

-(ΔE1 + ΔE2 + ΔE4) 
remaining contribution from O*-halogen 

interactions 
0.39 0.47 0.66 

asee Figure S5.2 and its caption for details 
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Binding geometries of H2O(p) and H2O2
(p) on 1/3 ML Br*-covered Pd(111) 

 

Figure S5.3 Top-down and side views of (left) H2O(p) and (right) H2O2
(p) binding geometries on 1/3 ML Br*-covered 

Pd(111). H2O(p) and H2O2
(p) do not disrupt the (√3 × √3)R30°adlayer, but instead sit above the adlayer and form a 

(weak) hydrogen bond with an adsorbed bromine atom. The structures of these physisorbed states on 1/3 ML I*-

covered Pd(111) are analogous. Atom colors: Br (dark red), O (light red), H (white), and Pd (gray).  

 

Tabulated reaction energies 

Table S5.4 Reaction energies on halogen-covered Pd(111) (in eV), corresponding to Figures 5.5 to 5.7. Gray rows (5-

8) correspond to bond-making (Figure 5.5), blue rows (2b, 9-11) correspond to bond-breaking (Figure 5.6), and green 

rows (12-17) correspond to bond-transfer (Figure 5.7), for the reactions as written in the forward direction. 

Reaction 
clean 

Pd(111) 

1/9 ML 

halogen/Pd(111) 

2/9 ML 

halogen/Pd(111) 

1/3 ML 

halogen/Pd(111) 

Cl Br I Cl Br I Cl Br I 

5. H* + O2* ↔ OOH* + * 0.21 0.18 0.20 0.21 0.11 0.12 0.14 -0.32 -0.34 -0.37 

6. H* + OOH* ↔ H2O2* + * 0.14 -0.02 0.00 -0.01 -0.10 -0.08 -0.10 -0.51 -0.50 -0.57 

7. H* + OH* ↔ H2O* + * -0.18 -0.36 -0.33 -0.33 -0.52 -0.47 -0.43 -0.99 -1.00 -1.02 

8. H* + O* ↔ OH* + * 0.13 0.07 0.09 0.12 -0.01 0.01 0.03 -0.42 -0.40 -0.44 

2b. H2* + * ↔ H* + H* -1.31 -1.20 -1.20 -1.21 -1.23 -1.12 -1.14 -1.15 -0.68 -0.63 

9. O2* + * ↔ O* + O* -2.01 -1.88 -1.87 -1.86 -1.70 -1.71 -1.70 -1.02 -0.96 -0.74 

10. OOH* + * ↔ O* + OH* -2.09 -1.98 -1.98 -1.96 -1.83 -1.83 -1.80 -1.12 -1.02 -0.81 

11. H2O2* + * ↔ OH* + OH* -2.09 -1.90 -1.90 -1.84 -1.74 -1.74 -1.67 -1.02 -0.92 -0.68 

12. H2O* + O* ↔ OH* + OH* 0.32 0.43 0.42 0.45 0.50 0.48 0.46 0.58 0.60 0.57 

13. OOH* + O* ↔ O2* + OH* -0.08 -0.11 -0.11 -0.10 -0.12 -0.12 -0.10 -0.10 -0.06 -0.07 

14. H2O2* + O* ↔ OOH* + OH* -0.01 0.09 0.09 0.12 0.09 0.08 0.13 0.10 0.10 0.13 

15. OOH* + OH* ↔ O2* + H2O* -0.40 -0.54 -0.53 -0.54 -0.62 -0.60 -0.57 -0.68 -0.66 -0.64 

16. H2O2* + OH* ↔ OOH* + H2O* -0.32 -0.34 -0.33 -0.32 -0.41 -0.39 -0.33 -0.48 -0.50 -0.45 

17. OOH* + OOH* ↔ H2O2* + O2* -0.07 -0.20 -0.20 -0.22 -0.21 -0.20 -0.24 -0.20 -0.16 -0.20 
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Transition state geometries for O-O and H-H bond dissociation 

 

Figure S5.4 Top-down views of the transition state structures for O-O bond dissociation in (A-D) O2*; (E-H) OOH*; 

and (I-L) H2O2*; and for H-H bond dissociation in (M-P) H2* on clean and 1/3 ML halogen-covered Pd(111). (Q) is 

the transition state corresponding to dissociative H2 adsorption on clean Pd(111) (no molecular H2* precursor). Note 

that for the transition state structures in (J-L) and (M-Q), no imaginary frequency is identified along the reaction 

coordinate within the precision of our calculations; the structure included above represents that of the highest energy 

image in the converged CI-NEB calculation. OOH* dissociation on clean Pd(111) is spontaneous, and (E) corresponds 

to the initial state image, which is the highest energy structure in that CI-NEB calculation. Atom colors: I (purple), Br 

(dark red), Cl (green), O (light red), H (white), and Pd (gray).  
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Figure S5.5 Top-down views of the initial, transition, and final states in the minimum energy CI-NEB pathways for 

O-O dissociation in OOH* on 1/3 ML halogen-covered Pd(111). The initial state for each pathway is taken as the 

energy reference. On I*- and Br*-covered Pd(111), the final state involves the O* fragment forming a bond with both 

a Pd atom (at a top site) and a halogen atom. A similar pathway is available on Cl*-covered Pd(111), but this is higher 

in absolute energy by 0.21 eV at the transition state (dotted red box) compared with the lowest energy OOH* 

dissociation pathway on 1/3 ML Cl*-covered Pd(111). Values below the images are the energies with respect to the 

initial state of the CI-NEB pathway. Atom colors: I (purple), Br (dark red), Cl (green), O (light red), H (white), and 

Pd (gray).  
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Potential energy surfaces on 1/9, 2/9, and 1/3 ML Cl*- and I*-covered Pd(111) 

 

Figure S5.6 Potential energy surface for direct H2O2 formation on clean and 1/9, 2/9, and 1/3 ML Cl*-covered Pd(111) 

(thermochemistry only). The reference state is gas-phase H2 and O2 infinitely separated from the surface. The faded 

pathways represent the O-O bond dissociation steps that form O* and OH* and lead to direct H2O synthesis. The x-

axis is the reaction coordinate. 

 

 

Figure S5.7 Potential energy surface for direct H2O2 formation on clean and 1/9, 2/9, and 1/3 ML I*-covered Pd(111) 

(thermochemistry only). The reference state is gas-phase H2 and O2 infinitely separated from the surface. The faded 

pathways represent the O-O bond dissociation steps that form O* and OH* and lead to direct H2O synthesis. The x-

axis is the reaction coordinate. 
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Transition state scaling relations for H-H and O-O bond dissociations  

 

Figure S5.8 Transition state energies (BETS) plotted against the binding energy of O* for O-O bond dissociations in 

(A) O2*, (B) OOH*, and (C) H2O2*; and H-H bond dissociation in (D) H2*. The transition state energy is calculated 

with respect to the corresponding gas-phase species being dissociated. Step numbers are in reference to Scheme 5.1. 

Black, green, dark red, and purple points correspond to clean and 1/3 ML Cl*-, Br*-, and I*-covered Pd(111), 

respectively. The scaling between these transition state energies and the binding energy of O* is approximately linear 

for the three halogens at 1/3 ML coverage (black line), but the clean surface transition state energy deviates 

significantly from this trendline for OOH*, H2O2*, and H2* dissociations.  
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Chapter 6: The Impact of Metal Surface Structure on Halide-

Modified Pd Catalysts 

6.1 Introduction 

In Chapter 5 we used density functional theory calculations to determine how adsorbed 

halides modify the reactivity of Pd(111), and we discussed why our results may help to explain 

the experimental observations of increased selectivity toward H2O2 and inhibited H2O2 

decomposition when the appropriate halide concentration is added to the reaction medium. Recent 

experimental literature also indicates that the reactions involved in the DSHP are structure 

sensitive, wherein more coordinatively undersaturated Pd features are suggested to be most active 

for H2O formation;58, 224, 256, 257 accordingly, these experiments show that small Pd nanoparticles 

are less selective toward H2O2 than large Pd nanoparticles. The effect of promoters such as halides 

may also be sensitive to Pd surface structure,18, 48, 57 and therefore in this chapter we explore how 

well our analysis from Chapter 5 can be generalized to more coordinatively undersaturated features 

of Pd. 
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We have two objectives: first, we desire to elucidate the binding trends of halides on 

different Pd facets because their relevant surface concentrations may vary substantially with halide 

identity and the coordinative saturation of the Pd surface atoms. Second, we want to quantify the 

extent to which the promotional effects identified in Chapter 5 (i.e., decreased exothermicity of O-

O bond dissociation, increased kinetic barriers for O-O bond dissociation, and blocked H2O2 

adsorption at high halide coverage) depend on the coordinative saturation of Pd. 

6.2 Computational Methods  

The DFT calculations in this chapter were performed using the Vienna Ab Initio Simulation 

Package137, 226 (VASP) with the generalized gradient approximation (GGA-PW91109) to describe 

the exchange-correlation energy and potential. Electron-ion interactions were described using the 

projector augmented wave (PAW) potentials,227, 228 and electron wave functions were expanded 

using plane waves with an energy cutoff of 400 eV. The Pd(100) slab was represented by a 

periodically repeated (2√2 × 2√2)R45° unit cell with four atomic layers. This unit cell corresponds 

to a 1/8 monolayer (ML, number of adsorbates per number of surface Pd atoms) surface coverage 

for a single adsorbate added to the slab. The top two layers were allowed to relax in geometry 

optimizations, while the bottom two layers were fixed at their bulk lattice positions, where our 

calculated bulk Pd lattice constant of 3.96 Å is in good agreement with the experimentally 

determined value of 3.89 Å.141 The Pd(533) slab was represented by a (1 × 2) unit cell for two 

atoms along the step edge (and a (1 ×  3) unit cell for three atoms along the step edge) with sixteen 

atomic layers, corresponding to a terrace that is four atoms wide and four atoms deep. Coverage 

in ML for the Pd(533) slab is defined as the number of adsorbates coordinated to step edge atoms 

divided by the total number of step edge atoms in the unit cell. Both the Pd(100) and Pd(533) slabs 

were separated from their periodic images in the z-direction by a vacuum layer of at least 12 Å. 
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The first Brillouin zone was sampled with a (4 × 4 × 1) Monkhorst-Pack143 k-point mesh for both 

the Pd(100) slab and the (1 × 3) Pd(533) slab, and a (4 × 6 × 1) Monkhorst-Pack k-point mesh for 

the (1 × 2) Pd(533) slab. Results for the Pd(111) slab were taken from Chapter 5, where the 

calculations were performed using analogous computational parameters and a (3 × 3) unit cell. 

The (2√2 × 2√2)R45° unit cell for Pd(100), rather than a (3 × 3) unit cell as used for 

Pd(111), was chosen to enable reproduction of experimentally characterized adlayers for Cl*, Br*, 

and I* on Pd(100).235, 242, 243, 258, 259 Furthermore, the total surface area in this Pd(100) unit cell is 

within 3 % of the total surface area in the (3 × 3) Pd(111) unit cell. This means that for each 

halogen atom added to the Pd(100) and Pd(111) slab models, the halogen surface coverage per 

unit surface area is nearly equivalent despite only having eight Pd atoms in the surface of the 

Pd(100) unit cell and nine Pd atoms in the surface of the Pd(111) unit cell.   

Adsorption was modeled by adding adsorbates to one side of the slab, and the electrostatic 

potential was adjusted accordingly.139, 140 We note that all DFT calculations in this chapter 

represent gas-phase calculations, despite the direct synthesis reaction being performed primarily 

in a liquid solvent and less frequently with all reactants and products in the gas-phase. [As in 

Chapter 5] although we made no corrections to the DFT-derived energetics to reflect any potential 

interactions of adsorbed species with a liquid solvent, we believe that our model should reasonably 

capture the qualitative behavior induced by changes in halogen surface coverage, halogen identity, 

and Pd surface structure. We refer to “halogens” in the context of our DFT model and “halides” 

when referencing experimental results in which halogens were introduced to the reaction medium 

as the hydrogen halide or halide salts. Binding energies (BE) for reaction intermediates on the 

clean Pd slabs were calculated according to:  

BE = Eadsorbate+slab – Eslab – Egas-phase adsorbate, 
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where Eadsorbate+slab is the total energy of the metal slab with adsorbate on it, Eslab is the total energy 

of the clean slab, and Egas-phase adsorbate is the total energy of the isolated adsorbate in the gas-phase; 

and for the halogen-covered slabs: 

BE = Eadsorbate+halogens+slab – Ehalogens+slab – Egas-phase adsorbate, 

where Eadsorbate+halogens+slab is the total energy of the slab with halogens and adsorbate co-adsorbed, 

and Ehalogens+slab is the total energy of the slab with halogens adsorbed in their most stable 

configuration. Only the most stable minimum energy structure for each combination (adsorbate + 

halogens + slab) is reported in binding energy calculations, which was identified by rigorously 

permuting all surface species among the available high-symmetry binding sites (e.g., top, bridge, 

and fourfold hollow sites on Pd(100)) to generate initial configurational guesses; the subsequent 

geometry optimizations for each configuration were performed until the Hellmann-Feynman 

forces on atoms were less than 0.02 eV Å-1. Referencing the DFT parameters above, the 

convergence of BEs with respect to increasing k-points or energy cutoff was verified to be within 

0.1 eV. We observed no long-range surface reconstructions on Pd(100) or Pd(533) induced by 

adsorption of halogens or reaction intermediates. 

Reaction barriers and minimum energy pathways were determined using the climbing 

image nudged elastic band (CI-NEB) method112, 115 with seven interpolated images and a 

convergence criterion of the forces on all images being below 0.1 eV Å-1. All reaction energies 

and barriers are reported with respect to the intermediates composing the initial and final states at 

infinite separation from each other with respect to the clean (or halogen-covered) Pd slabs. The 

transition states were verified by identifying a single imaginary vibrational mode along the reaction 

coordinate.  
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6.3 Results and Discussion 

We first discuss the adsorption of Cl*, Br*, and I* to various surface features of Pd that 

are expected to be present on typical supported Pd catalysts. Then, we utilize a Pd(100) model to 

investigate the impact of Pd surface structure on the thermochemistry for adsorption and reaction 

of intermediates when halogens are co-adsorbed, comparing to calculations from Chapter 5 on 

halogen-covered Pd(111). The proposed reaction network is the same as that in Chapter 5 (Scheme 

5.1). We construct a potential energy surface (PES) to demonstrate trends in reaction energetics 

for the direct pathway toward H2O2, which comprises the sequential hydrogenation of O2* 

followed by H2O2* desorption (sequence of elementary steps: 5 → 6 → -3 from Scheme 5.1). We 

also evaluate the thermochemical trends at the three bifurcation points along the direct pathway 

toward H2O2, which are defined by steps in which the O-O bond dissociates to form O*/OH* 

fragments, diverting flux toward H2O (steps 9 to 11 from Scheme 5.1). Finally, we compare kinetic 

barriers for these selectivity-determining O-O bond dissociation steps on clean and halogen-

covered Pd(100) to the corresponding values on Pd(111). 

6.3.1 Halogen binding, diffusion, and saturation coverage 

The adsorption properties of halogens on Pd can show a significant dependence on Pd 

surface structure. Isolated Pd nanoparticles that are larger than 3-5 nm are expected to exhibit an 

abundance of planar facets (primarily, the close-packed (111) facet and more open (100) facet) – 

in addition to defect sites including corners and edges.176, 177 Figure 6.1 presents relative binding 

energies and diffusion barriers on these surface features, where we employ the (533) step edge as 

a surrogate model for nanoparticle defect sites.  
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Figure 6.1 (A) The difference in halogen binding energy (ΔBE) between its value on Pd(111) and its value on Pd(100) 

and Pd(533). A positive number represents stronger binding compared with Pd(111). The inset provides a pictorial 

representation of each surface, and the dotted orange line in the image for Pd(533) denotes the step edge. (B) The 

surface diffusion activation energy (Ea diffusion) for each halogen on Pd(111) and Pd(100). The diffusion pathway on 

Pd(111) is from a fcc to an adjacent hcp site, and the diffusion pathway on Pd(100) is from a fourfold hollow site to 

an adjacent fourfold hollow site; both pathways have transition states over a bridge site (insets). Atom colors: halogen 

(dark red) and Pd (gray). “IS”, “TS”, and “FS” denote the initial state, transition state, and final state of the surface 

diffusion NEB pathways. For (A) and (B), the energies are calculated with a single halogen in the unit cell, which 

corresponds to coverages of 1/9 ML, 1/8 ML, and 1/3 ML for Pd(111), Pd(100), and Pd(533), respectively. (C-E) 

Halogen coverage on Pd(111), Pd(100), and Pd(533) predicted as a function of the aqueous-phase concentration of 

the corresponding hydrogen halide at 298 K.  

The order of binding preference for Br* and I* on clean Pd surfaces is Pd(111) < Pd(533) 

step edge < Pd(100), while for Cl* it is Pd(111) < Pd(100) < Pd(533) step edge (Figure 6.1A). 

Similar to their preference for the threefold fcc site on Pd(111), these halogens also bind most 

stably to the multifold adsorption site (fourfold hollow) on Pd(100), in agreement with previous 

DFT calculations.229 At the (533) step edge, Br* and Cl* adopt a bridge binding configuration that 

is coordinated to two step edge atoms, while I* prefers the fourfold site along the step edge. The 
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diffusion properties of the halogens on the planar Pd facets also depend on surface structure (Figure 

6.1B). All diffusion barriers on Pd(111) are small (< 0.2 eV) and approximately independent of 

halogen identity, varying by only ca. 0.01 eV. The diffusion barriers on Pd(100) can be much 

larger and increase from 0.14 eV to 0.27 eV to 0.51 eV when changing from Cl* to Br* to I*. The 

strong binding of I* to Pd(100) – which is the strongest among all of these halogens to any of these 

Pd facets – coupled with I*’s significant diffusion barrier across Pd(100) may suggest both 

thermochemical and kinetic limitations to displacing I* adatoms from the (100) facet, for example 

to accommodate reaction intermediates or transition states.  

We then examine the stability of higher coverage halogen adlayers. Figure 6.2 contains the 

average halogen binding energy and preferred structure for the most stable adlayers of Cl*, Br*, 

and I* up to 5/8 ML on Pd(100). Br* and I* adopt commensurate adlayer structures at these 

coverages, exclusively occupying the fourfold hollow sites from 1/8 to 1/2 ML, while Cl* starts to 

adopt bridge binding sites at 3/8 ML coverage. (We note that the most stable Cl* structures we 

identify at 3/8 and 1/2 ML, where some Cl* occupy bridge sites, appear to differ from those 

identified in low-energy electron diffraction experiments that show Cl* only occupying fourfold 

hollow sites.259 We calculate an energy difference of ca. 0.1 eV between our most stable structures 

reported here and the structures with all Cl* at fourfold hollow sites.) The average binding energy 

per halogen atom decreases with increasing halogen coverage in all cases. We perform similar 

calculations for halogen binding up to 2/3 ML on the Pd(533) step edge and up to 5/9 ML on 

Pd(111). 
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Figure 6.2 Average binding energy per halogen adatom as a function of coverage on Pd(100), with corresponding 

top-down views of the most stable adlayer structure at each coverage. Dashed lines are to guide the eye. Atom colors: 

I (purple), Br (dark red), Cl (green), and Pd (gray).  

The appreciable differences in halogen binding energies across the Pd facets lead us to 

anticipate that halogens may populate Pd nanoparticles non-uniformly. We desire to assess 

qualitative trends in halogen coverage by relating the thermochemical stability of halogen adlayers 

to experimental conditions, i.e., a liquid-phase direct H2O2 synthesis process. We adopt the 

following procedure for that purpose, with more details provided in Figure S6.1. First, we consider 
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that halogens are experimentally introduced to the reaction media in a number of forms that 

primarily include dissolved halide salts66, 170, 203 and hydrogen halide.29, 222, 260 Here we choose an 

aqueous reservoir of the latter to calculate the chemical potential driving force for halogen 

adsorption on Pd. Next, we need a way to relate this reservoir to our DFT calculations, which are 

performed in the gas-phase. This is accomplished by defining a second reservoir of gas-phase 

hydrogen halide that is in equilibrium with the aqueous hydrogen halide reservoir (equivalence of 

chemical potentials), wherein we use gas-liquid equilibrium relations from the experimental 

literature.246 The chemical potential of this second gas-phase reservoir, under the ideal gas 

assumption, is a well-defined function of temperature and pressure and provides the link to our 

DFT-calculated gas-phase binding energies of the halogen adlayers. Collectively, this procedure 

enables the construction of ab initio phase diagrams for halogen adsorption onto the different Pd 

facets as a function of temperature and aqueous hydrogen halide concentration, and the results are 

summarized in Figure 6.1C-E.  

Although we make some approximations (described in Figure S6.1) to build these ab initio 

phase diagrams, we can compare the predicted trends with available experimental data. First, we 

predict that I* populates Pd the most rapidly, followed by Br* and then Cl*, as a function of 

increasing aqueous-phase concentration. This is consistent with aqueous-phase experimental 

measurements on both Pd(111) and Pd(100) electrodes in which the strength of adsorption is 

inferred to be chloride < bromide < iodide based on the spontaneous displacement of adsorbed 

chloride by bromide, and adsorbed bromide by iodide.242 Second, we predict that the 1/4 and 1/2 

ML adlayer structures are stable over wide concentration ranges on Pd(100) for all halogens, and 

the 1/2 ML adlayer structure on Pd(100) and 1/3 ML adlayer structure on Pd(111) are the saturation 

limits at room temperature up to 1 molal of hydrogen halide (which is significantly higher than the 
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concentrations of hydrogen halides generally employed for the DSHP in literature and patents); 

these results are consistent with experimentally characterized halogen saturation coverages on 

Pd(111) and Pd(100) in gas-phase and aqueous environments.235, 238-240, 242-244, 258, 259 

The phase diagrams also predict that the Pd(533) step edge tends to saturate more rapidly 

with halogens than the Pd(111) and Pd(100) planar facets, suggesting that defect sites on Pd 

nanoparticles might be expected to be the first sites to become blocked under reaction conditions 

(in agreement with other theoretical literature57), while Pd(111) and Pd(100) may remain less 

obstructed by halogens. We next consider the reactivity of halogen-covered Pd(100) toward 

reaction intermediates in order to elucidate if the effects of halogen co-adsorption that we 

previously identified on Pd(111) are structure sensitive.  

6.3.2 Co-adsorption of reaction intermediates with halogens on Pd(100) 

We first examine the case of the 1/2 ML halogen-covered Pd(100) slab – the saturation 

limit identified in the previous section. We find that 1/2 ML of Cl*, Br*, or I* effectively passivates 

Pd(100) toward adsorption of the O2 reactant (Figure 6.3). The binding energy of O2* is -1.53 eV 

on clean Pd(100), much larger than the binding energy of -0.99 eV on clean Pd(111), but the O2* 

binding energy is no longer exothermic on 1/2 ML halogen-covered Pd(100). There is large energy 

penalty required to rearrange the 1/2 ML halogen adlayers to accommodate O2* adsorption that is 

not compensated by formation of Pd-O bonds, causing the bound state of O2* to be less stable than 

the gas-phase desorbed state of O2. This energy difference can exceed 1 eV for the case of 1/2 ML 

I*-covered Pd(100). In addition, the O-O bond length in O2* shortens by about 4 % on the 1/2 ML 

halogen-covered slabs compared with its value on clean Pd(100) (Table 5.1). This suggests that 

the internal O-O bond is stronger – more resistant to direct dissociation – on the halogen-covered 

slabs with respect to clean Pd(100).  
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Not only can 1/2 ML of adsorbed halogens restrict O2 uptake, but it can also prevent re-

adsorption of H2O2. In Chapter 5, we calculated that 1/3 ML of Br* or I* is sufficient to block 

H2O2* adsorption to Pd atoms on Pd(111), and proposed that this could be a key factor in 

explaining the experimental observation that halogens retard H2O2 decomposition on Pd catalysts. 

As for O2*, rearrangement of the 1/2 ML halogen adlayer on Pd(100) is required to accommodate 

H2O2*, and this is evidenced by a substantial increase – about 14 % for I* and Br* adlayers – in 

the average z-coordinate of the halogen adlayer above the top Pd layer, compared to the most 

stable 1/2 ML halogen adlayer structure (halogens are displaced from fourfold hollow sites to the 

less stable bridge and top sites). We note that a physisorption state for H2O2, denoted as H2O2
(p), 

is available in which H2O2 neither binds directly to Pd surface atoms nor disrupts the preferred 1/2 

ML halogen adlayer structure, but instead sits above the halogen atoms and forms a hydrogen bond 

with one adsorbed halogen atom (Figure 6.3). The stabilization of H2O2
(p) is weak, only about 0.1 

eV, with respect to H2O2 infinitely separated from 1/2 ML halogen-covered Pd(100). We identified 

a similar H2O2
(p) binding state on 1/3 ML halogen-covered Pd(111) in Chapter 5.  
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Figure 6.3 Side and top-down views of (A-C) H2O2 and (D-F) O2 adsorption on clean and 1/2 ML halogen-covered 

Pd(100). Atom colors: I (purple), Br (dark red), H (white), O (light red), and Pd (gray). The two-sided arrows in (B) 

and (C) define the geometric parameters: dH-X,1 and dH-X,2 are the distances between hydrogen atoms in H2O2 and 

halogen atoms that participate in hydrogen bonding, dO-O is the intramolecular O-O bond length, dX-Pds is the distance 

between the average z-coordinate of all halogen atoms and the average z-coordinate of the top layer of Pd atoms, and 

dO-Pds is the distance between the z-coordinate of the O atom in H2O2 closest to the surface and the average z-coordinate 

of the top layer of Pd atoms. The values for these geometric parameters are provided in Table 6.1. The “*” denotes an 

adsorbed state in which H2O2 (or O2) binds directly to the Pd surface atom(s), and the “(p)” denotes a physisorbed state 

in which H2O2 sits above the halogen atoms (and does not form a bond with Pd), stabilized by a hydrogen bond with 

an adsorbed halogen. In (B) and (C) only a graphical representation for 1/2 ML of Br* is provided, but the adsorption 

structure is analogous for the case of 1/2 ML of Cl* or I*.  
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These calculations suggest that Pd(100) will be inactive toward both H2O2 direct synthesis 

and its subsequent decomposition if the chemical potential of halogens in the reaction medium 

provides a sufficient driving force to populate Pd acutely with halogens – characterized by at least 

1/2 ML of adsorbed halogens based on our model. (We calculate exothermic binding energies for 

O2* and H2O2* at lower halogen coverages on Pd(100).) On Pd(111), we find that halogen 

coverages as low as 1/3 ML can be enough to restrict adsorption of reactants. Furthermore, our 

predictions in Figure 6.1 indicate that I* populates all Pd facets the most rapidly at a given solution-

phase concentration of the corresponding hydrogen halide. Collectively these results qualitatively 

agree with experimental observations wherein iodide can completely deactivate Pd catalysts at 

significantly lower liquid-phase concentrations compared to bromide and chloride170. 

Table 6.1 Geometric parameters (defined in Figure 6.3) and binding energies for H2O2 and O2 adsorption to 1/2 ML 

halogen-covered Pd(100). The DFT-calculated O-O bond lengths in gas-phase H2O2 and O2 are 1.47 Å and 1.24 Å, 

respectively. Positive binding energies result from a greater energy requirement to rearrange the halogen adlayer (to 

accommodate H2O2 or O2 on the surface) than is compensated by adsorbing H2O2 or O2 to Pd. 

Parameter 
clean  1/2 ML Cl*  1/2 ML Br*  1/2 ML I* 

H2O2*  H2O2
(p) H2O2*  H2O2

(p) H2O2*  H2O2
(p) H2O2* 

dH-X,1  / Å N/A  2.58 2.18  2.64 2.21  2.77 2.55 

dH-X,2  / Å N/A  N/A 1.91  N/A 2.17  N/A 2.47 

dO-O
 
 / Å 1.48  1.47 1.46  1.47 1.47  1.47 1.47 

dO-Pds
 
 / Å 2.37  4.56 2.24  4.49 2.26  4.37 2.50 

dX-Pds
 
 / Å N/A  1.87 1.94  1.79 2.05  1.90 2.16 

BE / eV -0.35  -0.10 +0.04  -0.10 +0.46  -0.11 +1.30 

 O2*  O2*  O2*  O2* 

dO-O
 
 / Å 1.42  1.36  1.36  1.37 

BE / eV -1.53  +0.20  +0.58  +1.02 

 

For the remainder of this study we restrict the halogen coverage on Pd(100) to under 1/2 

ML, considering models with 1/8, 1/4, and 3/8 ML of co-adsorbed halogens in the Pd(100) unit 

cell; these halogen-covered Pd(100) models are compared directly to the 1/9, 2/9, and 1/3 ML 

halogen-covered Pd(111) models that we previously investigated. Moreover, halogen coverages 
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that are under 1/2 ML on Pd(100) should be more representative of an active state of halogen-

modified Pd(100) wherein reactant adsorption is not completely blocked.  

Figure 6.4 provides the binding energies for all intermediates (H*, O*, OH*, OOH*, O2*, 

H2*, H2O2*, and H2O*) as a function of Br* coverage on Pd(111) and Pd(100). The binding energy 

data for Cl*- and I*-covered Pd(111) and Pd(100) exhibit similar trends, and all binding energies 

are tabulated in Table S6.1. A single adsorbed halogen in the unit cell does not significantly affect 

the BEs of other intermediates on both Pd(100) and Pd(111) (differences are < 0.1 eV compared 

to the clean-surface binding energies, and do not strongly depend on halogen identity). The largest 

step change in binding energies on Pd(100) occurs when the halogen coverage increases from 1/8 

ML to 1/4 ML. 1/4 of co-adsorbed halogens significantly destabilizes all intermediates with the 

following exceptions: the binding energy of H* on Cl*-, Br*-, and I*-covered Pd(100) remains 

within 0.1 eV of its clean-surface value; and the binding energies of H2O* and H2O2* can be 

slightly stabilized on Cl*-covered Pd(100) due to hydrogen-bonding with Cl*. I* generally induces 

the largest destabilizations in binding energy with respect to the clean-surface values, followed by 

Br* and then Cl*; the effectiveness of these halogens at weakening binding strengths takes the 

same order on Pd(111). 
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Figure 6.4 Binding energies for each intermediate as a function of Br* coverage on Pd(111) (black squares) and 

Pd(100) (blue triangles). Dotted lines are to guide the eye. The halogen coverages are normalized to Pd surface area 

(number of halogen atoms per nm2), and the corresponding coverages in ML are given in the plot for H*. Data points 

for H2*, H2O2*, and H2O* on 1/3 ML Br*-covered Pd(111) are excluded because these species no longer bind 

exothermically to the Pd surface at that Br* coverage. Binding energy plots for Cl* and I* coverage are similar, and 

all of the raw BE data are tabulated in Table S6.1. 
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At the maximum halogen coverages that we studied for adsorption of intermediates on 

Pd(111) and Pd(100) (1/3 ML and 3/8 ML, respectively), Pd(100) maintains the strongest binding 

of all intermediates. In particular, O2* binding remains significantly exothermic by between 0.7 – 

0.9 eV on 3/8 ML halogen-covered Pd(100), while at the similar halogen coverage of 1/3 ML on 

Pd(111) the binding energy of O2* ranges from exothermic by 0.2 eV on Cl*-covered Pd(111) to 

unfavorable by 0.11 eV on I*-covered Pd(111) with respect to desorption. This demonstrates that 

adsorbed halogens should deactivate Pd(111) more rapidly than Pd(100) as a function of their 

surface coverage, although we must keep in mind that Pd(100) has a stronger affinity for halogens 

than does Pd(111). 

Examination of the pristine halogen adlayer structures (Figure 6.2) can help to rationalize 

some of the trends in binding energy versus halogen coverage identified in the above discussion. 

In general, all reaction intermediates tend to maximize their separation from co-adsorbed halogens 

(neglecting hydrogen-bonding interactions, which are most substantial for H2O* and H2O2* on 

Cl* adlayers). 1/8 ML of halogen atoms on Pd(100) leaves high-symmetry binding sites (bridge, 

top, and fourfold hollow) at which the constituent Pd atoms are not coordinated directly to any 

halogen atoms, and exhibits only long-range interactions with reaction intermediates (primarily 

through inducing lateral strain in the Pd surface91). Accordingly, the binding energies of 

intermediates do not change significantly from their clean surface values when 1/8 ML of halogens 

are introduced on Pd(100). 1/4 ML of halogen atoms on Pd(100), wherein all halogens still prefer 

the fourfold hollow adsorption sites, causes all Pd atoms to be coordinated to one halogen atom 

(Figure 6.2). This means that in order to co-adsorb a reaction intermediate, the intermediate must 

either displace a halogen atom from its preferred fourfold hollow site or bind to a site that shares 

Pd atoms with adsorbed halogens, resulting in large destabilizations in binding strength. A further 
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increase in halogen coverage to 3/8 ML, although reducing the total number of overall binding 

sites, does not change the coordination environment of the remaining binding sites, explaining why 

the incremental change in halogen coverage from 1/4 to 3/8 ML on Pd(100) does not further 

destabilize reaction intermediates in as a strong manner as does the increase from 1/8 to 1/4 ML 

halogen coverage.  

On Pd(111), high-symmetry binding sites (bridge, top, and fcc) that are not coordinated to 

any halogen atoms remain at 1/9 and 2/9 ML total halogen surface coverage. These halogen 

coverages only marginally change the clean-surface binding energies (by < ca. 0.2 eV), which can 

also be attributed primarily to halogen-induced lateral strain on the Pd lattice (Chapter 5). 1/3 ML 

halogen coverage represents a critical case in which all surface Pd atoms are coordinated to one 

halogen atom (because the halogens prefer the threefold fcc binding sites on Pd(111)), and this 

halogen coverage strongly destabilizes all reaction intermediates. A comparison of the magnitude 

in BE destabilization between the critical halogen coverages on Pd(111) and Pd(100) (i.e., the 

coverages at which all Pd atoms coordinate to a halogen atom, which is 1/3 ML for Pd(111) and 

1/4 ML for Pd(100)) indicates that the effect of halogen coordination to binding sites is 

significantly greater on the Pd(111) substrate. The more coordinatively undersaturated Pd(100) 

metal surface atoms can sustain stronger binding of intermediates when sharing coordination to 

halogen atoms. We summarize three key factors that determine the strength of interaction between 

adsorbed halogen atoms and reaction intermediates: (i) the local environment of the intermediate’s 

binding site, specifically its degree of direct coordination to halogen atoms; (ii) the identity of the 

halogen, with I* generally inducing the largest changes to binding energy and Cl* the smallest; 

and (iii) the coordinative saturation of surface metal atoms to each other, with a more 

coordinatively undersaturated surface being less affected by bonds to halogen atoms.   
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6.3.3 Thermochemistry for H2O2 formation and bifurcation points leading to H2O 

The destabilization of reaction intermediates induced by co-adsorbed halogens can affect 

the thermochemistry of elementary steps. The trends on halogen-covered Pd(100) are reasonably 

consistent with those on halogen-covered Pd(111): at high coverage of halogens, bond breaking 

reactions (O-O bond dissociation) generally become more difficult and bond-forming reactions 

(O-H bond formation) become easier with respect to their thermochemistry on the clean Pd surface. 

All reaction energies for the elementary steps in Scheme 5.1 are provided in Table S6.2. 

The overall energy landscape from reactants to products on halogen-covered Pd deviates 

significantly from that on clean Pd, becoming less thermochemically driven (shifted to higher 

energies); populating Pd surfaces with halogens has a similar effect to alloying Pd with metals 

such as Au that weaken interactions with reaction intermediates.54, 206 Figure 6.5 displays potential 

energy surfaces for the direct H2O2 formation pathway on clean and halogen-covered Pd(111) and 

Pd(100). The halogen coverages in this figure [1/3 ML for Pd(111) and 3/8 ML for Pd(100), which 

are chosen on the basis of representing active site models where all available Pd binding sites are 

modified by coordination to halogen atoms] are approximately identical in terms of total number 

of halogen atoms per unit surface area. There is a much larger energetic disparity between halogen-

covered Pd(111) and Pd(100) compared with the difference between clean Pd(111) and Pd(100), 

in part because co-adsorbed halogens more effectively destabilize reaction intermediates on 

Pd(111).  

Not only do co-adsorbed halogens shift the potential energy surfaces for H2O2 formation 

to higher energies, but they also modify the hydrogenation behavior of Pd – and to different 

degrees depending on the Pd surface structure. We calculate that hydrogenations of O2* and OOH* 

by H* (elementary steps 5 and 6 from Scheme 5.1) are endothermic on clean Pd(111) by 0.21 eV 
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and 0.14 eV, respectively, and on clean Pd(100) by 0.42 eV and 0.02 eV, respectively. However, 

O2* hydrogenation becomes exothermic on 1/3 ML Cl*-, Br*-, and I*-covered Pd(111) by over 

0.3 eV, while this step remains endothermic on 3/8 ML Br*- and I*-covered Pd(100). OOH* 

hydrogenation becomes exothermic on all these halogen-covered Pd(111) and Pd(100) surfaces – 

but to a greater extent on Pd(111). The reaction energies for OOH* hydrogenation to H2O2* are -

0.29 eV, -0.22 eV, and -0.38 eV on 3/8 ML Cl*-, Br*-, and I*-covered Pd(100), respectively; and 

-0.51, -0.50, and -0.57 eV on 1/3 ML Cl-, Br-, and I-covered Pd(111), respectively.  

 

Figure 6.5 Potential energy surface for direct H2O2 formation from sequential hydrogenation of O2 on clean and 

halogen-covered Pd(111) and Pd(100). Activation energy barriers are not included. The “|” denotes infinite separation 

of the corresponding intermediates. The energy for aqueous H2O2 (H2O2(aq)) with respect to H2O2(g) is approximated 

from an experimental Henry’s Law correlation210 and is included to provide the state of product desorption into an 

aqueous phase. The halogen coverage on Pd(111) is 1/3 ML, and the halogen coverage on Pd(100) is 3/8 ML; the 

preferred halogen adlayer structures at these coverages (in the absence of other co-adsorbed intermediates) are 

provided in the graphic to the right of the potential energy surface. Atom colors: I (purple), Br (dark red), Cl (green), 

and Pd (gray). 

Importantly, we next consider the three bifurcation points during the sequential 

hydrogenation of O2 to H2O2 at which the O-O bond can break and divert flux toward H2O 

formation (the undesired product). The large exothermicity of the O-O bond dissociation steps – 

even on halogen-covered Pd(111) and Pd(100) – suggests that they are essentially irreversible.  For 



156 

 

example, O-O bond dissociations in OOH* and H2O2* (elementary steps 10 and 11 from Scheme 

5.1) are exothermic by over 1.3 eV on 3/8 ML Cl*-, Br*-, and I*-covered Pd(100). We analyze 

the thermochemical competition between forming hydrogenated dioxygen species [and desorbing 

the H2O2 product] versus forming the O*/OH* dissociation fragments at these three bifurcation 

points in Figure 6.6, illustrating the effects of halogen coverage, halogen identity, and Pd substrate 

structure.   

The thermochemistry on clean Pd(111) and Pd(100) exhibits a large disparity at each 

bifurcation point, strongly favoring the O*/OH* dissociation fragments in all cases by over 0.8 eV 

(and by as much as 2.8 eV) with respect to the hydrogenated dioxygen species. For a given halogen, 

these differences generally become significantly smaller when the halogen coverage increases; and 

at a particular halogen coverage, I* almost always minimize the thermochemical differences at the 

bifurcation points compared to Cl*or Br*. 1/3 ML I*-covered Pd(111) offers the single case in 

which the hydrogenated dioxygen species at a bifurcation point is thermochemically favored to the 

O*/OH* dissociation fragments. Comparing the Pd(111) and Pd(100) surfaces, we also observe 

that when the halogens reach surface coverages wherein their co-adsorption effects become most 

significant (1/3 ML and 1/4 ML for Pd(111) and Pd(100), respectively), Pd(100) maintains a larger 

thermochemical driving force to divert selectivity away from sequential hydrogenation of O2 

toward H2O formation – especially at the second (OOH* hydrogenation to H2O2* versus its 

decomposition to O* and OH*) and third (H2O2* desorption versus its decomposition to 2OH*) 

bifurcation points. The thermochemistry at the third bifurcation point also implies a stronger 

driving force for H2O2 re-adsorption and dissociation to 2OH* on halogen-covered Pd(100) 

compared with halogen-covered Pd(111).  
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Figure 6.6 Reaction energies (ΔE) with respect to the gas-phase H2 and O2 reactants at the three bifurcation points, 

which are defined by O-O bond dissociation events: (1) 2O* formation from direct O2 dissociation [O2(g) + 2*→ 2O*] 

versus OOH* formation from O2 hydrogenation [O2(g) + ½H2(g) + * → OOH*]; (2) O* + OH* formation from OOH* 

dissociation [O2(g) + ½H2(g) + 2* → O* + OH*] versus H2O2* formation OOH* hydrogenation [O2(g) + H2(g) + * → 

H2O2*]; and (3) 2OH* formation from H2O2* dissociation [O2(g) + H2(g) + 2* → 2OH*] versus H2O2* formation and 

desorption into the bulk phase [O2(g) + H2(g) + → H2O2(g) or (aq)]. For all bar plots: the data are provided as a function of 

halogen coverage (increasing left to right); within a given coverage, each pair of solid- and hash-filled data bars 

corresponds to Cl*, Br*, or I* (left to right) as the halogen; the solid-filled data bars correspond to the hydrogenated 

dioxygen intermediates, and the hash-filled data bars correspond to the O*/OH* fragments resulting from O-O 

dissociation. The horizontal dotted red lines provide the energies for H2O2(g) and H2O2(aq) (the latter represents 

desorption into an aqeuous phase and is approximated from an experimental Henry’s Law correlation210). 

6.3.4 Kinetic barriers for O-O dissociation at the bifurcation points 

Evidently, the kinetics at the bifurcation points must favor the sequential hydrogenation of 

O2 [and desorption of H2O2*] over O-O bond dissociations in order to achieve high selectivity 

toward H2O2, because the thermochemistry nearly always favors generating the O*/OH* 

fragments (precursors to H2O formation) even when halogens are present on the surface. In 

accordance, one hypothesis from the experimental literature is that modifying Pd catalysts with 

halogens inhibits O-O bond dissociation kinetics, and this could explain why selectivity toward 

H2O2 is observed to increase when halides are added to the reaction medium.29, 58, 66, 68, 170 We 
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calculated kinetic barriers for O-O bond dissociation on clean and halogen-covered Pd(111) (1/3 

ML halogen) (Chapter 5) and Pd(100) (3/8 ML halogen) to investigate if this hypothesis is 

consistent with our halogen-covered Pd surface models, and the results are shown in Figure 6.7. 

 

Figure 6.7 (Left) Activation energy barriers for O-O bond dissociation in H2O2*, OOH*, and O2* on clean Pd(111) 

and Pd(100) compared to the barriers on 1/3 ML halogen-covered Pd(111) and 3/8 ML halogen-covered Pd(100). 
Black bars are Pd(111), and blue bars are Pd(100). (Right) Top-down views of the transition states geometries for O-

O bond dissociation on clean and 3/8 ML halogen-covered Pd(100). Atom colors: I (purple), Br (dark red), Cl (green), 

O (light red), H (white), and Pd (gray). 

The kinetic barriers for O-O bond dissociation in O2*, OOH*, and H2O2* are all less than 

0.12 eV on Pd(100). The presence of halogens on Pd(100) increases these kinetic barriers in O2* 

and OOH*, which is the same behavior that we observed in Chapter 5 on Pd(111). (We note that 

the transition state geometries corresponding to the lowest-energy bond breaking pathways on 

halogen-covered Pd(100), shown in Figure 6.7, bear a close resemblance to those on the clean 

surface.) 
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The O2* dissociation barrier on clean Pd(100) is significantly smaller than on clean Pd(111) 

(0.12 eV compared to 0.56 eV). While 1/3 ML of Cl*, Br*, or I* raises this barrier to ca. 0.9 eV 

on Pd(111), causing O2* desorption to become kinetically favored to its dissociation, O2* 

dissociation on 3/8 ML halogen-covered Pd(100) is easier than on clean Pd(111). Therefore, at the 

first bifurcation point in the DSHP mechanism, direct O2* dissociation may become inaccessible 

on Pd(111) before it does on Pd(100) as halogens populate these surfaces. Blocking the O2* 

dissociation channel on Pd(100) may coincide with the halogen coverage wherein Pd(100) is 

completely deactivated by halogens (1/2 ML, Figure 6.3 and Table 6.1). 

We anticipate OOH* to be a very short-lived intermediate on clean Pd surfaces because its 

dissociation to O* and OH* is nearly spontaneous. The halogens impart some stability to OOH* 

by raising the kinetic barrier to its dissociation. However, these barriers (which range from 0.24 to 

0.44 eV) are still accessible under typical DSHP reaction conditions, and so OOH* dissociation 

remains an open channel for H2O formation on 1/3 ML halogen-covered Pd(111) and 3/8 ML 

halogen-covered Pd(100). Our calculations also show that dissociating OOH* is always kinetically 

easier than dissociating O2* on each clean and halogen-covered surface. But, the differences 

between O-O dissociation barriers in O2* and OOH* are much larger on Pd(111) than on Pd(100): 

these differences range from 0.45-0.67 eV (0.07-0.13 eV) on a given clean or halogen-covered 

Pd(111) surface (Pd(100) surface).  

In Chapter 5 we showed that the intrinsic barriers for H2O2* dissociation to 2OH* are 

approximately constant between clean Pd(111) and 1/3 ML halogen-covered Pd(111). On Pd(100), 

there is a different trend: the O-O bond dissociation barrier increases from 0.04 eV to 0.21 eV to 

0.47 eV when changing from Cl* to Br* to I* on 3/8 ML halogen-covered Pd(100). This result can 

be explained by observing the transition state geometry for H2O2* dissociation (Figure 6.7), which 
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occurs on two top sites across a bridge site. Forming this transition state involves displacing 

halogen atoms from hollow sites toward bridge sites, and the trend in dissociation barrier closely 

resembles that of the trend in halogen diffusion barrier (Figure 6.1B). Thus, I* appears to be 

effective at inhibiting H2O2* dissociation on Pd(100) because I* is difficult to displace from 

hollow sites, restricting formation of the bidentate HO-OH transition state. The transition states 

for O2* and OOH* dissociation occur mostly over the unoccupied hollow site on 3/8 ML halogen-

covered Pd(100) and do not induce any rearrangement of the I* adlayer (Figure 6.7). H2O2* 

actually becomes the most difficult to dissociate of the dioxygen species on 3/8 ML I*-covered 

Pd(100), whereas H2O2* is the easiest to dissociate on 3/8 ML Cl*- and Br*-covered Pd(100). 

3/8 ML of Cl* and Br* appears to be neither sufficient to inhibit H2O2* dissociation, nor 

to prevent H2O2 re-adsorption on Pd(100) (Figure 6.7 and Table S6.1). The Cl* and Br* coverages 

necessary to quench the H2O2 decomposition reaction on Pd(100) may then approach the saturation 

value (1/2 ML) wherein both H2O2 and O2 adsorption are blocked. (We note that on Pd(111), 1/3 

ML of Br* is sufficient to block H2O2 adsorption, but O2 can still adsorb on this surface – albeit 

weakly. Interestingly, bromide is often the preferred halide for improving Pd’s selectivity toward 

H2O2 in DSHP experiments while maintaining adequate activity.26) 

Our calculations in this section demonstrate that the more coordinatively undersaturated 

features of Pd generally retain a stronger propensity than Pd(111) to break O-O bonds in the 

presence of halogens, particularly in O2*. It may be beneficial to completely poison the more 

coordinatively undersaturated sites with halogens in order to maximize selectivity toward H2O2 in 

the DSHP.  
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6.4 Conclusions 

 In this chapter, we extended our analysis of adsorbed halogens from Chapter 5 to more 

coordinatively undersaturated features of Pd. We constructed phase diagrams for halogen 

adsorption on Pd(111), Pd(100), and the Pd(533) step edge as a function of aqueous-phase DSHP 

reaction conditions – that is, the concentration of dissolved hydrogen halide in the reaction medium 

and temperature. We predict that the step edge will saturate most rapidly with halogens, followed 

by Pd(100) and then Pd(111). This may indicate that defect sites on Pd nanoparticles can be 

selectively poisoned by halogens. Furthermore, we predict that the tendency for the halogens to 

populate the Pd surfaces increases in the order Cl* < Br* < I*, which is consistent with experiments 

demonstrating that iodide can completely deactivate Pd catalysts at solution-phase concentrations 

wherein bromide and chloride maintain a promotional effect.31, 59, 169   

 We then showed that the degree to which adsorbed halogens modify Pd’s reactivity 

depends on three factors:  

(i) The local environment of the binding site, specifically its degree of coordination to 

halogen atoms. The reactivity of Pd atoms which are not coordinated to any halogen atoms 

is only weakly affected by lateral strain induced by halogen atoms at nearest neighbor sites, 

and so the halogens mainly act as site blockers when they are present at low coverage.  

(ii) The identity of the halogen, with I* generally the most effective at decreasing Pd’s 

reactivity toward DSHP intermediates.  

(iii) The coordinative saturation of metal surface atoms to each other, with a more 

coordinatively undersaturated surface, e.g. Pd(100), less affected by bonds to halogen 

atoms.  
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An undesirable consequence of (iii) is that the more coordinatively undersaturated Pd facets retain 

a stronger propensity to break the O-O bond in O2* and OOH* (both kinetically and 

thermodynamically), and thus are less likely to be selective toward H2O2*. We infer that the 

optimal solution-phase concentration of halide for the DSHP may exist when the most 

coordinatively undersaturated Pd sites are completely poisoned, but Pd sites with higher 

coordination (e.g., on the close-packed facet) are only moderately covered by halides.     
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Supplementary Figures, Tables, and Methods for Chapter 6 

 
Figure S6.1 Procedure for constructing the phase diagrams in Figure 6.1 for Cl*, Br*, and I* adsorption on Pd(111), 

Pd(100), and the Pd(533) step edge as a function of aqeuous-phase hydrogen halide concentration. The horizontal 

dashed black line in each phase diagram from Step 1 represents the clean slab, and the vertical dashed black lines are 

used to indicate a new stable phase moving left to right on the diagram. All diagrams are constructed at 298 K. 

Equilibrium relations for Step 2 are taken from reference # 246.   
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Table S6.1 Binding energies (eV) for reaction intermediates on clean and halogen-covered Pd(100). The reference 

energy is the gas-phase intermediate infinitely separated from the clean or halogen-covered slab. N/A indicates that 

adsorption is endothermic.  

species 

1/8 ML 

halogen/Pd(100) 

1/4 ML 

halogen/Pd(100) 

3/8 ML 

halogen/Pd(100) 

clean 

Pd(100) 

Cl Br I Cl Br I Cl Br I  

O -4.35 -4.34 -4.33 -3.91 -3.85 -3.76 -3.84 -3.88 -3.80 -4.27 

H -2.78 -2.78 -2.77 -2.70 -2.69 -2.67 -2.67 -2.73 -2.71 -2.72 

OH -2.83 -2.82 -2.81 -2.74 -2.56 -2.23 -2.60 -2.44 -2.29 -2.81 

O2 -1.50 -1.49 -1.47 -1.09 -0.89 -0.64 -0.89 -0.87 -0.67 -1.53 

H2 -0.33 -0.32 -0.31 -0.16 0.00 N/A -0.15 -0.07 N/A -0.33 

H2O2 -0.34 -0.34 -0.33 -0.39 -0.18 -0.24 -0.41 -0.23 -0.24 -0.35 

OOH -1.51 -1.52 -1.52 -1.41 -1.22 -0.94 -1.30 -1.13 -1.00 -1.50 

H2O -0.34 -0.30 -0.27 -0.34 -0.15 -0.18 -0.45 -0.26 -0.19 -0.30 

 

 

Table S6.2 Surface reaction energy data (in eV) on clean and halogen-covered Pd(100). Gray rows (steps 5-8) 

correspond to bond-forming, blue rows (steps 2b, 9-11) correspond to bond-breaking, and green rows (steps 12-17) 

correspond to bond-transfer, for the reactions as written in the forward direction.  
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Chapter 7: Direct Synthesis of H2O2 over Au-Pd Catalysts 

Prepared by Electroless Depositioni 

7.1 Introduction 

Our DFT calculations in Chapters 5 and 6 demonstrated that halides, when present at 

significant concentrations on Pd’s surface, can increase O-O bond dissociation barriers in O2* and 

OOH*. This is critical to preserving these surface species so that they can be hydrogenated to 

H2O2. However, we also calculated that adsorbed halides do not strongly affect the O-O bond 

dissociation barrier in H2O2 (with the exception of iodide on Pd(100)); we then proposed that the 

primary function of halides in regards to inhibiting H2O2 decomposition is to obstruct H2O2 re-

adsorption, evidenced by the significant energy required to accommodate H2O2 adsorption on the 

Pd surface when it is sufficiently covered with halides.  

                                                 
i A. C. Alba-Rubio, A. Plauck, E. E. Stangland, M. Mavrikakis and J. A. Dumesic, “Direct synthesis of hydrogen 

peroxide over Au-Pd catalysts prepared by electroless deposition”, Catalysis Letters, 2015, 145, 2057. 

 

Catalyst synthesis and characterization were performed by A. C. Alba-Rubio.  
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As we discussed in Chapter 1, another experimental strategy to improve the selectivity of 

Pd toward H2O2 is to alloy Pd with Au.35, 36 Alloy components such as Au may induce ensemble 

effects and/or modify the electronic state of Pd,67, 92-95, 173, 261 and similar to the effect of adsorbed 

halides, Au-Pd alloys can exhibit increased kinetic barriers for O-O bond dissociations in O2* and 

OOH* with respect to pure Pd.54 Hutchings and coworkers have extensively studied Au-Pd 

catalysts and have demonstrated that the performance of Au-Pd catalysts can be sensitive to the 

catalyst preparation methodology24, 35, 173, 262, 263 – including factors such as the choice of support 

material.192 The active site(s) for H2O2 synthesis, as well as its subsequent decomposition, remain 

a subject of study on Au-Pd catalysts – especially because commonly employed “bulk” preparation 

methods such as impregnation often fail to provide precise control over composition and structure 

in bimetallic systems, thereby complicating studies to link catalytic properties to structural and/or 

compositional changes in the catalyst. 

In this chapter we utilize the technique of electroless deposition (ED) in an effort to deposit 

controlled amounts of Au onto pre-existing Pd particles supported on silica, but not onto the silica 

support itself. Our goal is to utilize these more well-defined Au-Pd materials to improve our 

understanding of the types of Au-Pd ensembles that are desirable for selective H2O2 synthesis. ED 

has been described in detail elsewhere,264-269 and analogous to the approach of Rebelli et al:267 we 

prepared Au-Pd/SiO2 catalysts with different Au coverages; we characterized the nanoparticles 

using CO chemisorption, scanning transmission electron microscopy and energy dispersive X-ray 

spectroscopy (STEM-EDS), Fourier transform infrared spectroscopy (FTIR) of adsorbed CO, and 

inductively coupled plasma- atomic emission spectroscopy (ICP-AES); and we evaluated catalyst 

performance for the DSHP reaction.  
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7.2 Experimental Methods 

7.2.1 Catalyst synthesis 

Two different Pd/SiO2 monometallic catalysts were prepared as the base catalysts for 

electroless deposition: one catalyst with nearly monodispersed small particles (~1 nm) and a 

second material with a wider particle size distribution. The first catalyst was prepared by strong 

electrostatic adsorption of a palladium precursor ([Pd(NH3)4](NO3)2, Sigma-Aldrich) onto silica 

(Cab-O-Sil silica EH-5, Cabot Corporation) following the synthesis and post-treatment procedure 

described elsewhere in detail.180 The second catalyst was prepared by wet impregnation of 

palladium acetate (Pd(C2H3O2)2, Sigma-Aldrich) using the same silica support. To promote the 

formation of larger Pd nanoparticles, this catalyst was reduced in H2 by heating to 823 K with a 5 

K min-1 ramp, and then was held at 823 K for 4 h before cooling to room temperature and 

passivating with 1% O2 in Ar. 

The procedure for ED of Au onto Pd was derived from Rebelli et al267 using a bath containing 

KAu(CN)2 as the Au source and hydrazine as reducing agent. The conditions used for the ED baths 

were a 30:1 molar ratio of N2H4 to Au(CN)2
-, and a NaOH solution was added drop-wise to 

maintain a pH of 9 (above the PZC of the silica support) to avoid Au deposition on the silica.  

Deposition times were kept constant at 1 h at room temperature under vigorous stirring. The slurry 

was then filtered and washed repeatedly in deionized water, dried in vacuum at 313 K, and stored 

in glass vials. Further details of the synthesis protocol can be found in the supplementary section 

at the end of this chapter. 
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7.2.2 Catalyst characterization 

The percent weight loadings of Au and Pd were determined by inductively coupled plasma-

atomic emission spectroscopy (ICP-AES) at Galbraith Laboratories (Knoxville, TN, USA) using 

a PerkinElmer Optima 5300 V Optical Emission Spectrometer.  

Values for the palladium surface site density were determined using CO chemisorption in a 

Micromeritics ASAP 2020 system. Before CO chemisorption, samples were reduced under H2 

flow at 323 K (heating rate: 2 K min-1), held for 2 h, evacuated for 3 h, and cooled to 308 K. CO 

was dosed on the catalyst until the equilibrium pressure was 13 mmHg. The CO in the cell was 

then evacuated at 308 K. CO was again dosed on the catalyst to determine the amount of weakly 

adsorbed CO. The amount of strongly adsorbed CO was determined by subtracting the two 

isotherms. A surface stoichiometry of 2:3 CO:Pd was used to calculate the palladium surface site 

density for all catalysts,180 assuming that Au does not appreciably adsorb CO under these 

conditions. 

The surface of the bimetallic nanoparticles was examined by Fourier transform infrared 

spectroscopy (FTIR) of adsorbed CO using a Nicolet 6700 FTIR spectrometer. For each catalyst, 

a pelletized sample (ca. 15 mg) was loaded in a flow cell and reduced overnight at 473 K in 2 % 

H2/He. The cell was then cooled to 298 K, evacuated, and a background spectrum was taken as the 

reference. 9 Torr of 10 % CO/He was introduced into the cell for 20 minutes at 298 K, and then 

the cell was evacuated to remove gas-phase and weakly-bound CO before recording a spectrum. 

Scanning transmission electron microscopy (STEM) images were recorded in high-angle 

annular dark field (HAADF) mode using a FEI Titan STEM with Cs probe aberration corrector 

operated at 200 kV with spatial resolution < 0.1 nm (probe convergence angle of 24.5 mrad, and 

probe current of ~25 pA). Energy-dispersive X-ray Spectroscopy (EDS) results were obtained 



169 

 

using the same microscope with convergence angle of 24.5 mrad and beam current of ~640 pA, 

with spatial resolution ~0.5 nm. To prepare samples for STEM, the catalyst samples were first 

suspended in ethanol, ultra-sonicated for 5 min, and then deposited onto carbon coated Copper 

TEM grids. STEM samples were plasma cleaned for 15 min immediately before loading into the 

microscope. 

7.2.3 Hydrogen peroxide synthesis and decomposition  

Catalyst performance was analyzed using a 50 mL Parr Instrument Company Hastelloy C-

276 autoclave. The following procedure was derived from Landon et al.36 The autoclave was 

loaded with 5 mg of catalyst (composed of 1 part active catalyst diluted in 10 parts SiO2 support) 

and 12 g of a 1:1 molar ratio solution of MeOH:H2O, purged with 1.5 MPa of CO2 for five cycles, 

pressurized with 5 % H2/CO2, and cooled to the reaction temperature (278 K) by submersing the 

autoclave in a cooling bath controlled by a refrigerated bath circulator (ARCTIC A25, Thermo 

Scientific). Then, the autoclave was pressurized to 3.4 MPa using 25 % O2/CO2 (2:1 molar ratio 

of O2:H2 prior to reaction) and stirring was started (1500 rpm). H2 conversion was determined by 

gas chromatography (thermal conductivity detector and Restek HayeSep DB 80/100 mesh column, 

2 m, 2.0 mm ID). Titration of the final solution (0.05M Ce(SO4)2 as titrant and ferroin as indicator) 

gave the quantity of H2O2 produced.  

The effect of external mass transfer on the reaction rates was assessed by measuring H2 

conversion and H2O2 production as a function of the stir rate. Figure S7.1 shows that the H2 

conversion and H2O2 produced plateaued at about 1000 rpm, remaining approximately constant 

over the range 1000-2000 rpm. Moreover, both H2 conversion and H2O2 production were shown 

to be approximately linear functions of catalyst loading up to ca. 16 mg (Figure S7.2).   
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The Madon-Boudart test was also utilized to assess the possible importance of internal 

mass transport limitation.270 Two Pd/SiO2 catalysts were prepared by the wet impregnation 

procedure described above: a 5 wt % Pd/SiO2 catalyst and a 2.5 wt % Pd/SiO2 catalyst. The 2.5 wt 

% Pd/SiO2 catalyst was reduced at a higher temperature (1073 K) to achieve the same Pd dispersion 

(ca. 19 % Pd dispersion based on CO chemisorption results) as the 5 wt % Pd/SiO2 catalyst. The 

H2O2 initial production rates were calculated by fitting a line through a plot of the moles of H2O2 

produced versus time for conversions lower than 20 % of the limiting reactant (H2) and 

normalizing to the total surface Pd sites. The site-normalized initial rate values obtained in this 

manner were: 

(5 wt % Pd/SiO2, 19.3 % dispersion) = 3.7 ± 0.4 mol H2O2 mol surface Pd-1 s-1 

(2.5 wt % Pd/SiO2, 18.6 % dispersion) = 4.1 ± 0.6 mol H2O2 mol surface Pd-1 s-1 

Accordingly, we conclude that the rates of production of H2O2 reported in this paper are not 

significantly limited by transport processes. 

For decomposition experiments the autoclave was charged with catalyst, purged five times 

with CO2 (1.5 MPa), and then filled with 2.9 MPa 5 % H2/CO2 or 1.2 MPa 25 % O2/CO2 to examine 

decomposition with or without H2. Both the autoclave and a 0.1 wt % H2O2 feed solution (8.0 g 

MeOH, 4.0 g H2O, and 0.04 g of a non-stabilized 30 wt % H2O2 solution with < 10 ppb Cl-, Gigabit, 

KMG) were cooled to the reaction temperature (278 K). The autoclave was charged with 12 g of 

the cooled H2O2 feed using a high performance liquid chromatography (HPLC) pump (Chrom 

Tech Series 1), and then stirring (1500 rpm) was started. Conversion of H2O2 was again determined 

by titration of the final solution.  
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7.3 Results and Discussion 

7.3.1 High dispersion (hd) Pd/SiO2 and Au-Pd/SiO2 catalysts 

The highly dispersed monometallic catalyst prepared by strong electrostatic adsorption had 

a sharp particle size distribution around 0.77 nm (Figure 7.1a) and is denoted as Pd/SiO2 (hd) (hd: 

high dispersion). An ED bath was then prepared, and the amount of monometallic catalyst was 

adjusted to deposit a half, one, two, and three theoretical monolayers of Au onto the Pd 

nanoparticles. Following Au deposition, all catalysts showed a reduction in the CO uptake (Table 

7.1). The calculated Au coverages based on differences in CO uptake were lower than the expected 

values based on the amount of Au precursor added to the ED bath, indicating incomplete Au uptake 

from the bath and/or autocatalytic deposition of Au (Au deposited on Au instead of desired Au on 

Pd).267 Table 7.1 also shows that some Pd leached out from the SiO2 support into the ED solution, 

based on ICP results.  

Table 7.1 Theoretical and actual Au coverages, ICP results, and CO chemisorption results for Pd/SiO2 and Au-Pd/SiO2 

catalysts. 

 
Au coverage / ML wt % metal (ICP) Pd exposed / 

µmol gcat
-1 Theoretical Actual Au Pd 

Pd/SiO2 (hd) - - - 3.5 167 

0.16 ML Au-Pd/SiO2 (hd) 0.5 0.16 1.3 2.9 140 

0.40 ML Au-Pd/SiO2 (hd) 1 0.40 2.6 2.7 101 

0.53 ML Au-Pd/SiO2 (hd) 2 0.53 3.1 2.5 78 

Pd/SiO2 (ld) - - - 5.3 91 

0.69 ML Au-Pd/ SiO2 (ld) 1 0.69 1.0 4.7 28 

0.74 ML Au-Pd/ SiO2 (ld) 2 0.74 2.3 4.1 24 
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Figure 7.1 STEM images and particle size distribution for: (a) Pd/SiO2 (hd), (b) 0.53 ML Au-Pd/SiO2 (hd), (c) Pd/SiO2 

(ld), and (d) 0.74 ML Au-Pd/SiO2 (ld). ld: low dispersion, hd: high dispersion. 2109, 1164, 1681 and 438 particles 

were counted for particle size distributions, respectively.  

Bimetallic composition was confirmed by EDS analysis of the 0.53 ML Au-Pd/SiO2 (hd) 

catalyst. Accurate EDS analysis of particles < 1 nm was not possible due to their small size, but 

all larger particles analyzed contained both Au and Pd. The particle size distribution remained 

unchanged after Au deposition (Figure 7.1b).  

FTIR spectra of adsorbed CO at 298 K revealed two regions of CO stretching bands on 

both the Pd/SiO2 (hd) and 0.53 ML Au-Pd/SiO2 (hd) catalysts: 2000-2100 cm-1 (linearly bonded 

CO) and 1800-2000 cm-1 (nonlinearly (bridge and threefold) bonded CO) (Figure 7.2a, Table 

S7.1).267 The absorbance for the linear region is higher than that for the non-linear region for 

0.0

0.2

0.4

0.6

0.8

1.0

<1nm 1-2nm 2-3nm 3-4nm 4-5nm

F
ra

c
ti

o
n

Diameter (nm)

0.0

0.2

0.4

0.6

0.8

1.0

<1nm 1-2nm 2-3nm 3-4nm 4-5nm

F
ra

c
ti

o
n

Diameter (nm)

0.0

0.2

0.4

0.6

0.8

1.0

F
ra

c
ti

o
n

Diameter (nm)

0.0

0.2

0.4

0.6

0.8

1.0

F
ra

c
ti

o
n

Diameter (nm)

(a) (b)

(c) (d)

Average diameter: 

0.77  0.28 nm

Average diameter: 

0.80  0.27 nm

Average diameter: 

2.20  1.56 nm
Average diameter: 

2.96  1.78 nm



173 

 

Pd/SiO2 (hd), which is consistent with the high Pd dispersion (large number of low coordination 

sites to accommodate linear CO adsorption). Following Au deposition, the peak intensities 

decreased (lower CO uptake) and generally shifted to lower frequencies,267, 271-274 and there was a 

significantly greater relative loss in linear band intensity – suggesting that Au is preferentially 

binding to low coordination Pd sites on this highly dispersed Pd catalyst (Table S7.1)267, 272-274.  

 

Figure 7.2 Transmission FTIR spectra of CO adsorption on: (a) high dispersion catalysts: monometallic Pd/SiO2 (hd) 

(green) and bimetallic 0.53 ML Au-Pd/SiO2 (hd) (orange); and (b) low dispersion catalysts: monometallic Pd/SiO2 

(ld) (blue) and bimetallic 0.69 ML Au-Pd/SiO2 (ld) (red). 

 

The performance of the catalysts was evaluated for the direct synthesis of H2O2 in a batch 

reactor, and the results including reaction conditions can be found in Table 7.2 and Figure 7.3. 

Initial H2O2 production rates were estimated from a linear fit to conversion-time data (Figure 7.3) 
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normalized to the catalyst mass or moles of surface Pd. No significant change in the initial H2O2 

production rate per gram of catalyst (mol H2O2 gcat-1 h-1) was observed following addition of Au, 

and the selectivity remained approximately constant even after ED of up to 0.53 ML Au coverage 

on the Pd nanoparticles. Further attempts to increase Au coverage on the Pd/SiO2 (hd) catalyst 

resulted in significant autocatalytic deposition of Au with minimal decrease in the available Pd 

sites measured by CO chemisorption. Although Edwards et al275 were able to achieve 80 % 

selectivity for H2O2 on a Pd/SiO2 catalyst under similar reaction conditions, we note that (i) those 

catalysts were calcined in air at 673 K prior to reaction, which has been shown to improve 

selectivity;26 (ii) the Pd precursor and SiO2 support differ from those used in this work; and (iii) 

the selectivities measured here are consistent with other silica-supported Pd catalysts, although 

reaction conditions vary.276, 277 Edwards et al278 also report productivity for Au-Pd/SiO2 catalysts 

prepared by incipient wetness impregnation up to 0.20 mol H2O2 gcat
-1 h-1. Although our measured 

productivities are higher, we further note that: (i) the productivities from Edwards et al represent 

an average over the first 30 minutes of reaction, while our reported values are initial productivities; 

(ii) the Pd content in our (hd) catalysts is ca. 50 % higher, and Pd dispersion could also differ; (iii) 

the different catalyst heat treatment procedures (reduction versus calcination in air) can drastically 

affect catalyst performance.     

Table 7.2 Comparison of selectivity and initial H2O2 production rate for the synthesis reaction (hd and ld catalysts). 

Batch conditions: 5 mg catalyst; 278 K; stir rate 1500 rpm; 2.9 MPa 5 % H2/CO2 + 1.2 MPa 25 % O2/CO2, 12 g 1:1 

molar ratio MeOH:H2O solution. 

 
H2  

conversion /   

% 

H2O2  

selectivity / 

% 

Initial rate per mass /  

mol H2O2 gcat
-1 h-1 

Initial rate per site /  

mol H2O2 mol surface Pd-1 s-1 

Pd/SiO2 (hd) 34 30 0.75 1.3 

0.53 ML Au-Pd/SiO2 (hd) 35 28 0.66 2.4 

Pd/SiO2 (ld) 32 26 1.24 3.8 

0.69 ML Au-Pd/SiO2 (ld) 32 26 1.19 11.8 
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Because of the negligible effect of Au deposition on the selectivity for the Pd/SiO2 (hd) 

catalyst, we prepared a second Pd/SiO2 catalyst with larger particle size. Previous studies suggest 

that particles with a large density of defect sites readily decompose H2O2, in addition to favoring 

direct H2O formation through the dissociative chemisorption of O2.
224, 256, 257  

 

Figure 7.3 (▲) Conversion-time and (■) mmol H2O2 produced-time data for (a) Pd/SiO2 (hd); (b) 0.53 ML Au-

Pd/SiO2 (hd); (c) Pd/SiO2 (ld); and (d) 0.69 ML Au-Pd/SiO2 (ld). Dotted lines are to guide the eye. No significant 

induction period was observed for all catalysts. Initial H2O2 production rates are estimated from a linear fit through 

the first two time points (< 25 % H2 conversion), forced through the origin. Batch conditions: 5 mg catalyst; 278 K; 

stir rate 1500 rpm; 2.9 MPa 5 % H2/CO2 + 1.2 MPa 25 % O2/CO2, 12 g 1:1 molar ratio MeOH:H2O solution.  
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7.3.2 Low dispersion (ld) Pd/SiO2 and Au-Pd/SiO2 catalysts 

The second monometallic catalyst prepared by wet impregnation had a lower Pd dispersion 

(Figure 7.1c) and is identified as Pd/SiO2 (ld) (ld: low dispersion).  

 

Figure 7.4 Composition distribution obtained by EDS spot-beam analysis, and EDS maps of single particles following 

electroless deposition of Au: (a) 0.69 ML Au-Pd/SiO2 (ld), (b) 0.74 ML Au-Pd/SiO2 (ld).   

Noting that low Au coverages did not significantly affect the performance of the Pd/SiO2 

(hd) catalyst, we attempted to deposit close to a full monolayer of Au on the Pd/SiO2 (ld) catalyst. 

However, only up to 0.69 ML of Au was deposited by ED on the Pd/SiO2 (ld) catalyst before 

autocatalytic Au deposition became dominant (Table 7.1); further deposition of Au resulted in 

minimal decrease in the CO uptake (see Table 7.1, 0.74 ML Au-Pd/SiO2 (ld) catalyst). The 

prevalence of autocatalytic deposition above ca. 0.70 ML of Au is in agreement with the results of 

Rodriguez et al269 for a Au-Pd/Carbon catalyst. Both Au and Pd were detected in nearly all particles 

examined by STEM-EDS for the 0.69 ML Au-Pd/SiO2 (ld) catalyst. An EDS spot-beam analysis 

of individual nanoparticles showed a low percentage of Au in these particles, consistent with Au 
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deposition on the surface of Pd particles (Figure 7.4a). The percentage of Au in the nanoparticles 

of the 0.74 ML Au-Pd/SiO2 (ld) catalyst was significantly higher, demonstrating the effect of 

autocatalytic deposition (Figure 7.4b). In contrast with the highly dispersed catalysts, the low 

dispersion catalysts exhibited significant changes in the particle size distribution (shifted toward 

larger particles, Figure 7.1d) indicating particle sintering following Au deposition.  

Both the Pd/SiO2 (ld) and 0.69 ML Au-Pd/SiO2 (ld) catalysts were characterized by FTIR 

of adsorbed CO at 298 K (Figure 7.2b, Table S7.1). The monometallic low dispersion catalyst 

exhibited a higher fraction of bridged CO bonding in comparison with the highly dispersed Pd 

catalyst; all band intensities decreased upon Au deposition, but the relative intensity ratios of linear 

and non-linear CO adsorption bands remained roughly constant. 

The performance of the low-dispersion catalysts was then evaluated for the direct synthesis 

of H2O2. Interestingly, the Pd/SiO2 (ld) and the 0.69 ML Au-Pd/SiO2 (ld) catalysts had nearly 

identical initial H2O2 production rates per gram of catalyst, and both catalysts achieved 26 % 

selectivity for H2O2 at ca. 30 % H2 conversion (Table 7.2). Assuming that Au remains at the surface 

in the reaction environment, this result would suggest that the 0.69 ML Au-Pd/SiO2 (ld) catalyst 

has a higher H2O2 production rate per surface Pd atom. It is also noteworthy that the corresponding 

H2O2 production rates per Pd atom of these catalysts are much higher than those obtained with the 

more highly dispersed catalysts; similar behavior was observed by Kim et al256 (i.e. H2 conversion 

and H2O2 productivity both decreased with decreasing mean Pd particle size), although to a smaller 

degree.  

We also measured the performance of the catalysts for peroxide decomposition reactions 

using a 0.1 wt % H2O2 feed solution, which corresponds to the wt % of H2O2 achieved in the 

synthesis reaction at ca. 30 % H2 conversion (Table 7.3). Analogous to the findings for the 
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synthesis reaction, the initial H2O2 decomposition rates (estimated from a linear fit to conversion-

time data (Figure 7.5) normalized to the catalyst mass or moles of surface Pd) on Pd/SiO2 (ld) and 

0.69 ML Au-Pd/SiO2 (ld) in the presence of H2 were similar per gram of catalyst (Table 7.3). 

Therefore the 0.69 ML Au-Pd/SiO2 (ld) catalyst was more active per surface Pd atom than its 

monometallic counterpart. This rate enhancement per exposed Pd atom may result from electronic 

modification of the Pd atoms by Au, whereby a net electron transfer from Pd to Au has been 

observed based on X-ray photoelectron spectroscopy (XPS) measurements by Rebelli et al;267 

however any electronic effect appears to increase both the synthesis and hydrogenation rates per 

exposed Pd atom to the same degree. Due to the low starting concentration of H2O2 in comparison 

with total H2 charged to the reactor, it was difficult to quantitatively attribute the H2O2 

decomposition to either the disproportionation or hydrogenation pathways based on H2 

consumption. Separate experiments at higher initial H2O2 concentration (2 wt %, Table S7.2) 

indicated that the major pathway for H2O2 loss in the presence of H2 was likely through 

hydrogenation to H2O based on comparing total moles of H2O2 decomposed and H2 consumed. 

This result is consistent with previous findings for Pd and Au-Pd catalysts in the literature using 

an acidified methanol-water solvent mixture.36, 279  

Table 7.3 Comparison of initial rates for the H2O2 synthesis and decomposition reactions for (ld) catalysts. Batch 

conditions: 5 mg catalyst; 278 K; stir rate 1500 rpm; (synthesis) 2.9 MPa 5 % H2/CO2 + 1.2 MPa 25 % O2/CO2, 12 g 

1:1 molar ratio MeOH:H2O solution; (decomposition, with H2) 2.9 MPa 5 % H2/CO2, 12 g 0.1 wt % H2O2 in 1:1 molar 

ratio MeOH:H2O solution; (decomposition, without H2) 1.2 MPa 25 % O2/CO2, 12 g 0.1wt % H2O2 in 1:1 molar ratio 

MeOH:H2O solution. 

 Initial rate per mass / 

mol H2O2 gcat
-1 h-1 

Initial rate per site / 

mol H2O2 mol surface Pd-1 s-1 

 Pd/SiO2 (ld) 
0.69 ML 

Au-Pd/SiO2 (ld) 
Pd/SiO2 (ld) 

0.69 ML  

Au-Pd/SiO2 (ld) 

Synthesis 1.24 1.19 3.8 11.8 

Decomposition, without H2 0.0093 0.0067 0.029 0.067 

Decomposition, with H2 0.20 0.24 0.61 2.35 
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Figure 7.5 mmol H2O2 decomposed-time data for (▲) Pd/SiO2 (ld) and (■) 0.69 ML Au-Pd/SiO2 (ld) for (a) the 

decomposition reaction with H2 present and (b) the decomposition reaction without H2 present. Note that time zero 

for these reactions corresponds to 4 minutes after injection of the feed over the dry catalyst, at which time the 

temperature in the reactor has stabilized (the reported mmol H2O2 decomposed is with respect to this time point). 

Decomposition rates are calculated from the slope of the best fit line through this data, forced through the origin. Batch 

conditions: 5 mg catalyst; 278 K; stir rate 1500 rpm; 12 g 0.1 wt % H2O2 in 1:1 molar ratio MeOH:H2O solution; 2.9 

MPa 5 % H2/CO2 (decomposition with H2); 1.2 MPa 25 % O2/CO2 (decomposition without H2). 

Interestingly, the rate of H2O2 decomposition for the 0.69 ML Au-Pd/SiO2 (ld) catalyst was 

about 30% lower than that of the Pd/SiO2 (ld) per gram of catalyst in the absence of H2 (where 

H2O2 can only decompose through disproportionation). However, the calculated rate per surface 

Pd increased three-fold for the 0.69 ML Au-Pd/SiO2 catalyst compared with its monometallic 

counterpart (Table 7.3). Furthermore, the rate of H2O2 decomposition in the absence of H2 was 

over an order of magnitude slower than when H2 was present. It is evident from this study and the 

literature35 that inhibiting the hydrogenation of H2O2 is a key factor for the selective production of 

high concentrations of H2O2.  

Our results for the Pd/SiO2 (ld) and 0.69 ML Au-Pd/SiO2 (ld) catalysts indicate that 

deposition of sub-monolayer (< 0.7 ML) amounts of Au onto the surface of pre-existing Pd 

particles was not sufficient to improve selectivity in the direct synthesis reaction, nor did Au 

deposition significantly inhibit H2O2 decomposition pathways. According to a density functional 
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theory (DFT) study54 of Pd ensembles on an Au-Pd surface alloy (a model comparable to the 

surface of our ED catalyst particles), Pd monomers surrounded by Au atoms are the most desirable 

active sites for selective H2O2 production. Complete coverage of Pd by Au is undesirable from an 

activity standpoint, as surface Pd sites are necessary to dissociate H2. The barriers for O-O bond 

dissociation steps that lead to complete reduction of O2 to H2O are calculated to be significantly 

increased at these Pd monomer sites; however, an ensemble of at least two contiguous Pd atoms is 

sufficient for facile O-O bond cleavage.54 The FTIR spectrum of adsorbed CO for the 0.69 ML 

Au-Pd/SiO2 (ld) catalyst (Figure 7.2b) indicates that there are still contiguous Pd sites able to 

adsorb CO at bridged and three-fold sites after Au deposition, and therefore even higher 

concentrations of Au at the surface may be necessary to promote selective production of H2O2 and 

suppress its decomposition. Qualitatively similar conclusions were reached by Ouyang et al,280 

who prepared a series of Au-Pd catalysts with incremental Au loading by incipient wetness 

impregnation. However, attempts in this work to deposit more Au on the Pd surface by ED resulted 

in significant autocatalytic deposition of Au with minimal reduction in the exposed Pd. 

Furthermore, although Rebelli et al267 were able to achieve 0.88 ML of Au on Pd by ED, 

contiguous Pd sites also remained based on their FTIR spectra of adsorbed CO, and the intensity 

ratios for linear, bridge, and threefold CO adsorption peaks were constant with increasing Au 

coverage (as with our (ld) catalysts). Consistent with these findings, a plausible growth mechanism 

for Au on the Pd particles may involve gradual coverage of the Pd surface by islands of Au – rather 

than Au depositing in a highly dispersed manner – and so completely isolated Pd sites may not be 

expected until near unity Au coverage. 

Even if more effective isolation of the Pd component can be achieved during ED, it is 

possible that the active surface may restructure under reaction conditions to expose Pd. Reactive 
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surface intermediates generally included in the elementary mechanism for H2O2 synthesis (O, H, 

OH, and OOH) all bind to Pd much more strongly than to Au,55, 281, 282 and this stronger binding 

could provide a driving force to withdraw Pd to the surface283, 284 – despite the favorable surface 

segregation energy of Au atoms in a Pd matrix under vacuum conditions.285, 286 Consequently, 

large surface Pd ensembles resulting from Pd surface segregation might be expected to exhibit 

similar catalytic behavior (that is, rapid H2O2 decomposition and low selectivity to H2O2). A more 

promising methodology to attain stable, isolated Pd sites in a Au matrix for this reaction may 

involve the inverse of this synthesis technique – that is, deposition of small amounts of Pd onto 

pre-formed Au particles. Notably, Zhang et al287 have demonstrated successful isolation of Pd sites 

in pre-formed Ag particles through galvanic displacement of Ag by Pd2+ salts.    

7.4 Conclusions 

Electroless deposition is a suitable technique for the preparation of Au-Pd catalysts, as has 

been demonstrated in the literature.267-269 However, approaching monolayer coverage of Au on Pd 

is challenging, because autocatalytic deposition of Au becomes dominant at moderate Au 

coverages. The resulting Au-Pd catalysts are ineffective for improving selectivity toward H2O2 in 

the direct synthesis reaction, presumably because contiguous Pd ensembles active for O-O bond 

dissociation remain at the surface. Further studies related with optimization of the ED bath would 

be necessary to avoid or decrease the effect of the autocatalytic deposition for a more effective Au 

loading and isolation of Pd sites. Alternate preparation methodologies should also be explored to 

attain this desirable type of Au-Pd ensemble.287-289 
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Supplementary Figures, Tables, and Methods for Chapter 7 

Synthesis of Au-Pd/SiO2 catalysts by electroless deposition 

The Pd site density of the monometallic base catalyst (Pd/SiO2) was determined by CO 

chemisorption (using a surface stoichiometry of 2/3 for CO/Pd)180 to calculate the amount of Au 

required for certain coverage. For example, the surface site density for the Pd/SiO2 (ld) catalyst 

was 91 μmol Pd exposed g-1 catalyst by CO chemisorption, which means that 91 μmol Au g-1 catalyst 

should be deposited for a theoretical 1 monolayer (ML) Au coverage. The same bath was used for 

the preparation of all the bimetallic catalysts, and the amount of added Pd/SiO2 catalyst was 

adjusted to obtain the desired coverage. A large bath was prepared by adding 43.5 mg of precursor 

(KAu(CN)2) and 227 mg of N2H4·H2O to 240 mL of a NaOH solution with pH 9. That bath was 

divided into beakers (80 mL in each) and different amounts of Pd/SiO2 monometallic catalysts 

were added: 556 mg (for the theoretical 1 ML Au-Pd/SiO2 catalyst), and 278 mg (for the theoretical 

2 ML Au-Pd/SiO2 catalyst). The third batch (no Pd/SiO2 added) was used to determine the stability 

with respect to formation of small Au particles.267 The UV-Visible adsorption spectrum of the ED 

bath was measured using a Beckman DU® 520 scanning spectrophotometer. A scan of water at pH 

9.0 was used as the reference. The ED bath was stable for at least 3 h at room temperature under 

stirring (no adsorption bands appeared on the spectrum, not shown), longer than the time used for 

deposition of Au on Pd/SiO2.  
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Characterization of Au-Pd/SiO2 catalysts by FTIR 

Peak assignments for the catalysts analyzed by FTIR can be found in Table S7.1. In the 

case of Pd/SiO2 (hd), the linear region was deconvoluted into four bands centered at 2113, 2094, 

2065 and 2042 cm-1, and the non-linear region was deconvoluted into four bands centered at 1971, 

1952, 1890 and 1816 cm-1. In the case of Pd/SiO2 (ld), the linear region was deconvoluted into two 

bands at 2091 and 2066 cm-1, while the non-linear region was deconvoluted into four bands at 

1973, 1939, 1891 and 1833 cm-1. Following Au deposition, peak shifts to lower frequencies are 

generally observed and the peak intensities decrease.267  

Table S7.1 FTIR peak positions and intensity ratios for Pd/SiO2 and Au-Pd/SiO2 catalysts. 

 Linear region (L) Non-linear region (NL) Linear/non-

linear area 

(L/NL) 
 

L1 

 

L2 

 

L3 

 

L4 

 

NL1 

 

NL2 

 

NL3 

 

NL4 

Pd/SiO2 (hd) 2113 2094 2065 2042 1971 1952 1890 1816 0.78 

0.53 ML Au-Pd/SiO2 (hd)    2076 2039  1939 1884 1826 0.46 

          

Pd/SiO2 (ld)  2091 2066  1973 1939 1891 1833 0.12 

0.69 ML Au-Pd/SiO2 (ld)   2045 2013  1933 1868  0.16 

Peak assignments referenced from references # 267, 290 

L1, L2: Pd0 terraces 

L3, L4: low coordination Pd0  

NL1, NL2: bridge sites of low index planes 

NL3, NL4: three-fold sites of Pd(111)  

 



184 

 

Additional reactivity data and evaluation of mass transfer limitations 

Table S7.2 Decomposition of H2O2 (ld catalysts) using a 2 wt % H2O2 feed solution in 1:1 molar ratio MeOH:H2O 

solution. H2 conversion was determined by gas chromatography before/after reaction. Batch conditions: 278 K: 2.9 

MPa 5 % H2/CO2; stir rate 1500 rpm.  

 H2O2 conversion / 

% 

H2O2 decomposeda / 

% 

H2O2 decomposedb / 

% 

Pd/SiO2 (ld) 39 83 17 

0.69 ML Au-Pd/ SiO2 (ld) 43 78 22 
aFrom hydrogenation, based on H2 consumed.  
bFrom disproportionation, based on difference between H2O2 decomposed and H2 consumed. 

 

 

 

 

Figure S7.1 Effect of stirring speed on H2 conversion and H2O2 production during H2O2 synthesis using 0.69 ML 

AuPd/SiO2 catalyst (ld). Batch conditions: 278 K; 2.9 MPa 5 % H2/CO2 + 1.2 MPa 25 % O2/CO2; 12g of 1:1 molar 

ratio MeOH:H2O solution; 12 mg catalyst; 20 minutes reaction time.  
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Figure S7.2 (●) H2 conversion, (□) selectivity to H2O2 and (■) mmol of H2O2 produced versus mass of 0.69 ML 

AuPd/SiO2 catalyst (ld) used in the reaction. Batch conditions: 278 K; 2.9 MPa 5 % H2/CO2 + 1.2 MPa 25 % O2/CO2; 

12 g 1:1 molar ratio MeOH:H2O solution; stir rate 1500 rpm.  Dotted lines are to guide the eye. 
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Chapter 8: The Effect of Surface, Subsurface, and Bulk 

Hydrogen on Pd Catalysts  

8.1 Introduction 

In Chapters 3-6, we considered metallic Pd in our density functional theory models with 

adsorption restricted to the Pd surface. Our calculations indicated that Pd’s reactivity can depend 

strongly on its surface coverage of reaction intermediates (hydroxyl, Chapter 4) and promoter 

species (halides, Chapters 5-6). These results underscore the importance of defining physically 

accurate surface models for DFT calculations that capture the nature of the catalyst surface under 

reaction conditions.  

The DSHP reactants (H2 and O2) can also modify the subsurface and bulk regions of Pd 

nanoparticles. The effects of H or O atoms migrating to the Pd subsurface have not been well-

characterized for the DSHP, but subsurface species can play important roles in other transition-

metal-catalyzed chemistries such as selective hydrogenation of alkynes,291, 292 ethylene 
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epoxidation,156, 293 and methanol oxidation.294 Although various DSHP experiments using 

supported Pd catalysts demonstrate that activity and selectivity strongly depends on the catalyst 

pretreatment environment (i.e., temperature and presence of H2, O2, or an inert gas),46, 66, 67, 70, 71, 

173 there is no consensus regarding which surface/bulk phase(s) of Pd represent its catalytically 

active state.   

In this chapter we utilize DFT calculations to understand the extent to which hydrogen on 

the surface, in the subsurface, and in the bulk affect the reactivity of Pd in the DSHP. We are 

particularly interested in the reason why co-fed H2 is generally observed to enhance the H2O2 

decomposition activity of Pd catalysts.31, 36, 51, 59, 169, 170, 295 Hydrogen can readily penetrate into the 

Pd lattice and form bulk phases at the typical temperatures and H2 pressures utilized for the DSHP. 

In fact, Pd is one of the most widely-studied hydrogen storage materials.296 Bulk Pd forms two 

phases with hydrogen below the critical temperature of 300 °C: α, a solid solution, and β, the Pd 

hydride.297 The former is characterized by a low H:Pd atomic ratio (below ca. 0.1), while the latter 

is characterized by a higher H:Pd atomic ratio (above ca. 0.5), and there is a phase transition region 

where both the α- and β-phases coexist. Notably, there is a concomitant expansion of the Pd lattice 

constant with β-phase formation, which increases with an increasing H:Pd atomic ratio. The lattice 

constant in the α-phase remains close to that of metallic Pd.64  These phases, as well as the lattice 

expansion, have also been characterized for Pd nanoparticles as small as a few nanometers.298 

Furthermore, there is experimental evidence that the presence of an aqueous solvent does not have 

a significant effect on Pd hydride formation in supported Pd catalysts.299 Therefore subsurface 

hydrogen/bulk phase transformation to Pd hydride may be relevant to both gas- and liquid-phase 

processes for the DSHP or in situ H2O2 production from H2 and O2.  
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8.2 Computational Methods 

All DFT calculations in this chapter were performed using the density functional theory 

code VASP137, 226 in the generalized gradient approximation (GGA-PW91).109 The projector 

augmented wave (PAW)227, 228 method was used to describe the electron-ion interactions, and the 

electron wave functions were expanded using plane waves with an energy cutoff of 400 eV. The 

convergence criterion for geometric relaxations was 0.02 eV Å-1. The Pd(111) substrate was 

represented by a periodically repeated (2 × 2) unit cell with six atomic layers. This slab was 

separated in the z-direction from its successive image by a vacuum layer of at least 11 Å. The top 

three slab layers were allowed to relax, and the bottom three slab layers were fixed at their bulk 

lattice positions. The calculated lattice constant for pure Pd, 3.96 Å, is in good agreement with the 

experimentally measured value of 3.89 Å.141 The first Brillouin zone was sampled with a (6 × 6 × 

1) Monkhorst-Pack k-point mesh.143 Adsorption was modeled by placing adsorbates on one side 

of the slab, with the electrostatic potential adjusted accordingly.139, 140 Subsurface hydrogen was 

modeled by placing hydrogen atoms at the octahedral sites in the Pd(111) slab. All hydrogen atoms 

in the first three subsurface layers were allowed to relax, while hydrogen atoms in the fourth and 

fifth subsurface layers were fixed at the lattice positions calculated for the bulk Pd hydride. 

Binding energies of intermediates were referenced to the corresponding gas-phase species 

and either the clean Pd(111) slab: 

BE = Eadsorbate+slab – Egas-phase adsorbate – Eslab 

or the hydrogen-modified Pd(111) slab: 

BE = Eadsorbate+hydrogen+slab – Egas-phase adsorbate – Ehydrogen+slab 
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where Eadsorbate+slab is the total energy of the clean slab with adsorbate, Egas-phase adsorbate is the total 

energy of the adsorbate in the gas-phase, Eslab is the total energy of the clean slab, 

Eadsorbate+hydrogen+slab is the total energy of the slab with surface/subsurface hydrogen and the 

adsorbate, and Ehydrogen+slab is the total energy of the slab with surface/subsurface hydrogen. 

Binding energies were verified to be within 0.1 eV (referenced to the BEs calculated using the 

parameters stated above) upon increasing the k-point set to (8 × 8 × 1), increasing the energy cutoff 

to 500 eV, or relaxing the fourth metal layer.  

The minimum energy paths for elementary steps were calculated using the climbing image 

nudged elastic band method (CI-NEB112, 115) with seven interpolated images. Transition states for 

non-spontaneous steps were verified by identification of a single imaginary frequency along the 

reaction coordinate.  

8.3 Results and Discussion 

 Hydrogen on and in the Pd(111) surface can influence adsorption properties and activation 

energy barriers through introducing lattice strain and modifying Pd’s electronic structure.300 We 

first discuss the Pd hydride model, and then study the binding strength of atomic oxygen as Pd(111) 

saturates with hydrogen. We anticipate the trend for atomic oxygen to be representative of the 

other oxygen-containing intermediates in the DSHP reaction network (OH*, OOH*, O2*, H2O2*), 

because all these intermediates bind to Pd(111) through the oxygen atom.253 Then we examine 

hydrogenation behavior as a function of hydrogen content in Pd(111); we consider both surface 

hydrogen (H*) and subsurface hydrogen (Hsub) as reactants. Finally, we present the energetics for 

adsorption and dissociation of H2O2 on hydrogen-saturated Pd(111).  
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8.3.1 The Pd hydride model 

The Pd lattice retains its fcc structure and expands isotropically when it absorbs hydrogen, 

with hydrogen atoms occupying the octahedral sites (the crystal structure for a 1:1 bulk atomic 

ratio of H:Pd is that of NaCl).64, 301, 302 We calculate the Pd lattice expansion induced by absorbed 

hydrogen in an analogous manner to the work of Studt et al.303 We consider five H:Pd atomic ratios 

(0, 0.25 0.5, 0.75, and 1), and the percent lattice expansion with respect to pure Pd is shown in 

Figure 8.1 for each composition. These results are in good agreement with the calculations from 

Studt et al303 and an empirically derived relationship for the lattice expansion above the Pd hydride 

critical point from Feenstra, Griessen, and de Groot,304 which we include in Figure 8.1. (Feenstra, 

Griessen, and de Groot304 also show that lower temperature data between 77 K and 298 K agree 

well with their empirical relation.) Our calculated lattice constant for the 1:1 H:Pd composition 

(4.15 Å) is 4.8 % larger than that of pure Pd (3.96 Å), and we use this (idealized) stoichiometric 

model as the limiting case for complete saturation of Pd by hydrogen in the next sections. In real 

catalytic systems, the stoichiometric hydride may be an unrealistically high hydrogen 

concentration.298, 301 However, we are interested primarily in extracting trends in binding energies 

and activation barriers; and nonetheless it is possible that such dense hydrogen concentrations may 

exist in local regions of the catalyst.  
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Figure 8.1 DFT-calculated lattice expansion of Pd hydride versus bulk atomic ratio of H:Pd (black triangles). The 

solid line is to guide the eye. The corresponding lattice constant can be read from the vertical axis on the right. The 

dashed black line shows the percent lattice expansion calculated from an empirically derived relationship for bulk Pd 

hydride above the critical point.304 The image on top of the graph shows the fcc bulk Pd lattice (left) and the fcc bulk 

Pd lattice with H saturating the octahedral sites, corresponding to a H:Pd atomic ratio of 1:1 (right); the cubic unit cell 

is marked by dashed black lines. Atom colors: Pd (gray) and H (white).  

Our Pd(111) hydride surface model (denoted by PdH(111)) is shown in Figure 8.2. In this 

model, hydrogen atoms occupy all subsurface octahedral sites and the lattice constant corresponds 

to that calculated for the 1:1 H:Pd bulk atomic composition. We also populate the surface with a 

full monolayer (ML) of hydrogen atoms in hcp sites; this configuration is 0.33 eV more stable than 

having the surface hydrogen atoms in the fcc sites (where they are directly above the hydrogen 

atoms in the octahedral sites of the first subsurface layer), which agrees qualitatively with previous 

calculations.305 We then examined vacancy formation to understand which regions of PdH(111) 

are likely to be hydrogen-deficient at sub-stoichiometric H:Pd concentrations (Figure 8.2). A 

single hydrogen vacancy in PdH(111) is most energetically favorable in the first subsurface layer, 

and a second hydrogen vacancy is also most favorable in this layer. The surface is the least 
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favorable vacancy position. Thus the first subsurface layer appears most likely to have the lowest 

population of hydrogen compared to the Pd bulk or surface layer, and there is a thermodynamic 

driving force for hydrogen from the subsurface layers to repopulate surface hydrogen if it is 

depleted (e.g., by surface reactions). Teschner et al306 calculated that diffusion of a hydrogen atom 

from the fourth subsurface layer to the surface of clean Pd(111) requires overcoming kinetic 

barriers of only about 0.2 eV, demonstrating that bulk absorbed hydrogen can readily emerge to 

the surface.  

 

Figure 8.2 Preferred positions for H vacancy formation in the PdH(111) slab. The PdH(111) surface model is saturated 

with hydrogen on all surface hcp sites and all subsurface octahedral sites, and the Pd lattice constant corresponds to 

that calculated in Figure 8.1 for a 1:1 H:Pd bulk atomic ratio. The top graph corresponds to a single H vacancy, and 

the bottom graph corresponds to two H vacancies. In the bottom graph, the numbers next to each red bar represent the 

layer in which the second H vacancy occurs. The yellow star indicates the most stable vacancy positions for the cases 

of one and two H vacancies. A side view of the Pd slab is pictured on the right, with the layer numbers corresponding 

to surface and subsurface hydrogen labeled accordingly. Atom colors: Pd (gray) and H (white).  
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8.3.2 Oxygen adsorption  

Our strategy to probe the extent to which sorbed hydrogen can affect surface chemistry is 

to first examine the binding strength of atomic oxygen on Pd(111) as a function of increasing 

hydrogen content. Because the binding energies of the other oxygen-containing species in the 

DSHP have been shown to scale reasonably well with the binding energy of atomic oxygen,253, 307 

these results may provide a qualitative understanding of how hydrogen coverage affects the overall 

potential energy surface for the DSHP. We place an oxygen atom at its most stable surface binding 

sites (the threefold fcc and hcp sites), and then increase the hydrogen content sequentially – first 

saturating the surface to a full monolayer of adsorbates (including the oxygen atom), then 

saturating the octahedral sites in the first subsurface layer, and finally saturating the octahedral 

sites in the remaining subsurface layers and expanding the Pd lattice to form PdH(111). The results 

are presented in Figure 8.3.  

Co-adsorbed surface hydrogen substantially destabilizes atomic oxygen. The decrease in 

oxygen’s binding strength is approximately linear with respect to the H* coverage, and the absolute 

decrease in binding energy when the surface has a full ML of O* and H* is 0.83 eV with respect 

to the clean-surface value. These results are the same for O* at the fcc and hcp sites. Adding Hsub 

to the octahedral sites in the first subsurface layer does not cause substantial changes to the binding 

energy of oxygen at the hcp site (deviations are less than 0.1 eV). However, Hsub in the first 

subsurface layer further destabilizes O* considerably at the fcc site; Hsub is directly below the 

surface-adsorbed O* and H* in this configuration, which causes a greater repulsive interaction 

than the case of O* at the hcp site.305 Saturating the remaining octahedral sites and expanding the 

Pd lattice to form PdH(111) again only weakly affects the binding of oxygen at the hcp site, while 
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this further destabilizes O* at the fcc site by 0.20 eV with respect to Hsub saturating the first 

subsurface layer. 

 

Figure 8.3 Binding energies of atomic oxygen (BEO) at surface fcc (red circles) and hcp (gray squares) sites as a 

function of increasing H content on the surface (H*) and in the subsurface (Hsub) of Pd(111). Dotted lines are to guide 

the eye. The PdH(111) surface model is saturated with hydrogen in all subsurface octahedral sites, and the Pd lattice 

constant corresponds to that calculated in Figure 8.1 for a 1:1 H:Pd bulk atomic ratio. All H atoms on the Pd surface 

are placed at fcc sites (when O* is in the fcc site) or hcp sites (when O* is in the hcp site). The images on top of the 

graph depict the side and top-down views of the Pd slab (with O* at the hcp site) corresponding to the highest H 

content in each shaded gray region. Atom colors: Pd (gray), O (red), and H (white).  

Figure 8.3 suggests that increasing the hydrogen content on Pd(111) makes the surface 

more passive toward adsorption, and a similar effect has also been calculated for the binding of 

carbon-containing compounds such as ethylene and acetylene to Pd.303 Our calculations for atomic 
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oxygen show that the local coverage of surface hydrogen has the largest impact on binding energy, 

but further population of subsurface sites with hydrogen induces only marginal changes – except 

for the case of surface adsorption sites directly above H-occupied subsurface sites. Furthermore, 

the decreased interaction strength of oxygen with hydrogen-saturated Pd indicate that, in regions 

of the catalyst where the local surface concentration of hydrogen is high, activation barriers for 

elementary steps such as O-O bond dissociation and O-H bond formation may vary significantly 

from their clean-surface values (see trend in Figure 3.2 and references # 308, 309).  

8.3.3 Oxygen hydrogenation 

 In Chapter 3 we calculated that direct hydrogenations of oxygen-containing intermediates 

by H* can require overcoming large activation barriers. The presence of surface and subsurface 

sorbed hydrogen can potentially modify Pd’s hydrogenation ability, and in addition subsurface 

hydrogen might provide an alternative hydrogen source for these reactions. We take the 

hydrogenation of atomic oxygen at the hcp site as a case study. Not only is this elementary step 

pertinent to direct water formation in the DSHP, but it also may play a role in the secondary H2O2 

decomposition reactions – specifically, the complete hydrogenation of H2O2 to water. 

 The minimum energy pathway for O* hydrogenation at the hcp site is shown in Figure 8.4. 

H* and O* bind to neighboring hcp sites in the initial state, and OH* binds to a bridge site with its 

O-H bond tilted away from the surface plane in the final state. The O-H bond length at the 

transition state is 1.52 Å, and the activation energy barrier is 0.71 eV with respect to the initial 

state. Interestingly, we find that saturating the remaining surface hcp sites and first subsurface 

octahedral sites with hydrogen spectators changes the activation barrier for this pathway by less 

than 0.03 eV – despite a large variation in the reaction energy of 0.41 eV (Figure 8.4). Complete 

saturation to PdH(111) also has a relatively small effect on the activation barrier. In all cases, 
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higher hydrogen content in Pd(111) increases the exothermicity of O* hydrogenation. We 

conclude that the kinetics for O* hydrogenation by H* on Pd(111) can be relatively insensitive to 

the local hydrogen environment, while the thermochemistry can change significantly; other 

hydrogenation pathways for O* (and the O2*, OOH*, and OH* intermediates) should be explored 

to determine if these results are a general feature for hydrogenations of the oxygen-containing 

intermediates on hydrogen-modified Pd(111).  

 

Figure 8.4 Activation energy barriers (Ea) for H2O2* decomposition and O* hydrogenation on Pd(111) as a function 

of the reaction energy (ΔE), at different concentrations of H on the surface (H*) and in the subsurface (Hsub). The 

dotted black line represents the best-fit line through all data points. Energies are with respect to the initial and final 

states in the NEB pathway. aThe black point for H2O2* decomposition has the highest H:Pd ratio (and corresponds to 

PdH(111)), but actually has a more exothermic reaction energy and a smaller activation barrier than the cases where 

only the surface and first subsurface saturate with hydrogen. The images below each graph depict top-down views of 

the initial, transition, and final states of the NEB pathway under consideration on clean Pd(111) (no spectator hydrogen 

atoms). The geometries of these states are similar in the presence of the spectator hydrogen atoms. Atom colors: Pd 

(gray), O (red), and H (white). 

 We then search for O* hydrogenation pathways involving subsurface hydrogen. For these 

NEB calculations we use initial states of O* at hcp or fcc sites, and a single hydrogen atom at 
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octahedral or tetrahedral subsurface sites in the first subsurface layer of Pd(111). We only find a 

single one-step route for the reaction between Hsub and O*; all other routes involve a two-step 

mechanism whereby Hsub first emerges to a surface hcp or fcc site – pushing O* to a neighboring 

hcp or fcc site if the initial state configuration for Hsub is directly beneath O* – and then reacts with 

O* to form OH*.  

The one-step route is shown in Figure 8.5. The initial state contains O* in an fcc site, and 

Hsub in the octahedral site directly beneath O*. Hsub moves upward toward O*, and at the transition 

state the O-H bond length is 1.24 Å. The final state is OH* bound to a bridge site, with the O-H 

bond pointing away from the surface plane. The activation barrier and reaction energy for this 

pathway are 1.44 eV and -0.61 eV, respectively. Clearly, the large kinetic barrier for this route 

make it highly unfavorable compared to the surface reaction between O* and H*. The Pd-Pd bond 

lengths in the fcc site where O* is adsorbed stretch to 3.00 Å to accommodate the transition state, 

and at the next-nearest neighbor hcp site the Pd-Pd bond lengths compress to 2.60 Å. (The 

equilibrium Pd-Pd bond length is 2.80 Å.) This lateral strain might be alleviated by the expansion 

of the Pd lattice induced by Pd hydride formation (Figure 8.1), and so we also examine this one-

step hydrogenation route on our PdH(111) model. Indeed, there is less lateral strain in the top Pd 

layer of PdH(111) at the transition state; all Pd-Pd bond lengths in the surface layer are stretched 

or compressed by less than 4.8 % on PdH(111) at the transition state compared to 7.1 % on clean 

Pd(111) (relative to the respective equilibrium Pd-Pd bond lengths in PdH(111) and Pd(111)). The 

activation barrier for O* hydrogenation by Hsub on PdH(111) is 1.06 eV. This barrier is 0.38 eV 

lower than the barrier on clean Pd(111), but it is still substantially higher than that of the surface 

reaction between O* and H*. Similar conclusions were found for methyl radical hydrogenation by 

subsurface hydrogen on Ni(111): the one-step route, involving subsurface hydrogen reacting 
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directly with a methyl radical adsorbed above it at a surface threefold site, was calculated to be 

much less kinetically favorable than the surface reaction between the methyl radical and H*.310, 311  

 

Figure 8.5 Pictorial representation of O* hydrogenation by Hsub on (left) clean Pd(111) and (right) PdH(111), 

including activation barriers (Ea), reaction energies (ΔE), and geometric parameters.  The PdH(111) surface model 

contains H* in all fcc sites. dO-H corresponds to the distance between O* and the Hsub atom involved in the reaction. 

In the top-down views of the transition state, Pd-Pd bond lengths are provided to demonstrate the lateral strain at the 

transition state, where yellow represents compressive strain and blue represents expansive strain (equilibrium Pd-Pd 

bond lengths on clean Pd(111) and PdH(111) are 2.80 Å and 2.93 Å, respectively). Atom colors: Pd (gray), O (red), 

and H (white). 

Although our results suggest that a single-step recombination of subsurface hydrogen with 

surface intermediates may be kinetically unfavorable on Pd(111) or PdH(111) compared to the 

direct reaction with surface hydrogen, this route may be more relevant on other surface features of 

Pd. The direct role of subsurface hydrogen in hydrogenation reactions is an actively investigated 

subject in both experimental and theoretical literature for transition metal catalysts,110, 310-316 and 

one alternative explanation as to how subsurface hydrogen can play a direct role in catalysis 

invokes a thermodynamic argument: namely, subsurface hydrogen is metastable with respect to 

surface hydrogen and can produce more active surface hydrogen species upon emerging to the 

surface – compared to thermally equilibrated surface hydrogen.  
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8.3.4 H2O2 adsorption and dissociation  

 We end this chapter by investigating the adsorption and dissociation of H2O2 in the 

presence of surface, subsurface, and bulk sorbed hydrogen. This section is motivated by the 

experimental observation that the presence of H2 generally increases the total H2O2 consumption 

rate over Pd-based catalysts.31, 36, 51, 59, 169, 170, 295 The effect can be twofold: first, H2 can modify 

the Pd active sites to accelerate H2O2 decomposition (Chapter 4), and second, H2 opens the 

hydrogenation mechanism wherein H2 completely reduces H2O2 to H2O. The O* hydrogenation 

reaction studied in the previous section may play an important role in the hydrogenation 

mechanism – e.g., sweeping O*, which is a product of O-O bond dissociation, from the Pd surface. 

Experimentally decoupling the hydrogenation and decomposition reactions of H2O2 on 

pure Pd catalysts can be difficult due to the fast kinetics and the potential for H2 to react with the 

O2 produced by H2O2 decomposition. Choudhary, Samanta, and Jana59, 295, 317 have demonstrated 

that unless an aqueous reaction medium is modified with halides, there is a rapid evolution of O2 

during H2O2 decomposition in the presence of H2, followed by a longer period of H2 consumption; 

all H2O2 was consumed in over an order of magnitude less time than the case for which H2 was 

absent – all other reaction conditions being the same.59 The prolonged period of H2 consumption 

is due to its reaction with the O2 evolved during H2O2 decomposition. Their results show that (i) 

H2 accelerates H2O2 decomposition on pure Pd, and (ii) H2O2 is mainly consumed through its 

decomposition reaction in the absence of catalyst modifiers such as the halides, rather than by a 

direct hydrogenation reaction between H2O2 and H2. (We note that these experiments were 

performed at temperatures and H2 partial pressures wherein Pd can favorably undergo a phase 

transition to its hydride.298, 301) We observed similar phenomena in preliminary H2O2 
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decomposition experiments using our same Pd/SiO2sp catalyst from Chapter 4 and introducing H2 

into the reactor headspace.  

Based on our microkinetic model for H2O2 decomposition, the adsorption and O-O bond 

dissociation energies for H2O2 on Pd(111) provide a good approximation to the apparent reaction 

barrier measured in an aqueous medium (Chapter 4, Figure S4.1). Therefore we examine these 

steps as a function of hydrogen content in Pd(111) to determine if spectator hydrogens can explain 

the increased decomposition rate in the presence of H2. The activation barrier for H2O2* 

dissociation to 2OH* is presented in Figure 8.4. H2O2* dissociation is facile on clean Pd(111) with 

a barrier of 0.26 eV. Increasing the hydrogen content on the surface and in the first subsurface 

layer of Pd(111) substantially raises the dissociation barrier and lowers the dissociation 

exothermicity – with the relationship between these two quantities exhibiting a reasonably linear 

Brønsted-Evans-Polanyi type trend.251 Moreover, the binding energy for H2O2* decreases in 

magnitude from –0.36 eV on clean Pd(111) to -0.17 eV on Pd(111) with its surface and first 

subsurface layer covered in hydrogen. The increased activation barrier and decreased adsorption 

strength of H2O2* in the presence of hydrogen spectators is opposite the behavior that would be 

expected for H2 to accelerate this decomposition reaction (that is, these trends suggest an increased 

apparent activation barrier for H2O2 decomposition as hydrogen saturates Pd(111)).   

We then calculated the H2O2* dissociation energetics on PdH(111). Although the 

activation barrier on PdH(111) (0.59 eV) is still much larger than that on clean Pd(111), it is 

noticeably smaller than that on Pd(111) covered with H* on the surface and Hsub in the first 

subsurface only. This observation prompted us to examine the dissociation step on PdH(111) in 

more detail, focusing on the effect of strain induced by lattice expansion to the Pd hydride. The 

effect of strain on the reactivity of metal surfaces is well-known,92, 318, 319 and DFT calculations 
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have demonstrated that expansive strain can facilitate bond-breaking reactions such as O2* 

dissociation.320, 321 We consider the hypothetical case wherein H2 forms a bulk hydride with Pd 

nanoparticles, expanding its lattice, but there also exist regions of the nanoparticle surface that are 

hydrogen-deficient. We model this case by removing hydrogen from the surface and subsurface of 

our PdH(111) slab, but keeping the lattice expanded. The activation energy barrier for H2O2* 

dissociation on this model is reduced to 0.19 eV, and the adsorption energy for H2O2* increases to 

-0.39 eV. Per our results in Chapter 4, this would translate to a one-to-two order of magnitude 

increase in the first-order rate constant for H2O2 decomposition at room temperature compared 

with the clean Pd(111) surface – assuming the pre-exponential factor does not change (Table 8.1). 

Thus, only a fractional population of these sites on a Pd hydride nanoparticle (i.e., hydrogen-

deficient surface regions) would be necessary to explain the enhanced rate of H2O2 decomposition 

in the presence of H2. 

Table 8.1 Effect of hydride-induced strain on the kinetics for H2O2 decomposition at temperatures relevant to a DSHP 

process. According to our microkinetic model from Chapter 4, the apparent activation barrier for a first-order rate 

constant for H2O2 decomposition on Pd(111) can be well-approximated from the H2O2* binding energy (BEH2O2) and 

dissociation barrier (Ea). This enables us to approximate the ratio of the rates between Pd(111) stretched to the lattice 

constant of PdH(111) (4.15 Å) and Pd(111) at the bulk lattice constant of pure Pd (3.96 Å) – assuming negligible 

differences in the pre-exponential factor on these two surfaces. 

Temperature (K) 275 300 325 
Rate

stretched Pd(111)
 / Rate

Pd(111)
 59 43 32 

 

8.4 Conclusions 

In this chapter, we studied surface, subsurface, and bulk sorbed hydrogen on Pd(111) using 

three examples: O* adsorption, O* hydrogenation, and H2O2* dissociation. These examples 
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represent key aspects of the DSHP mechanism (i.e., adsorption of oxygenated intermediates, O-H 

bond formation, and O-O bond dissociation). 

We found that, generally, hydrogen spectators have a passivating influence on Pd(111), 

with surface-adsorbed hydrogen having the strongest (destabilizing) interaction with oxygen 

adsorption. We then showed that hydrogenation can be insensitive to the presence of hydrogen 

spectators: the activation barrier to hydrogenate atomic oxygen varied by less than 0.06 eV 

between hydrogen-modified and clean Pd(111). In contrast, hydrogen spectators can strongly 

inhibit O-O bond dissociation: the barrier for H2O2 dissociation increased monotonically with 

increasing hydrogen coverage on the surface and in the first subsurface layer of Pd(111). However, 

the lattice expansion induced by Pd hydride formation can facilitate H2O2 adsorption and reduce 

its dissociation barrier on Pd sites that are hydrogen-deficient in the local surface and subsurface 

layers – which we tentatively proposed as an explanation for why the presence of H2 has been 

experimentally observed to accelerate H2O2 decomposition over Pd catalysts.  

Ultimately, our calculations demonstrate that strain and electronic effects induced by 

spectator hydrogen modify the adsorption properties and kinetic barriers on Pd(111) to varying 

degrees. Further analyses should be performed to corroborate the effects of spectator hydrogen on 

a wider range of the O-H bond-forming and O-O bond-dissociation reactions involved in the DSHP 

– in addition to elucidating possible direct role(s) of subsurface hydrogen species. 
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Chapter 9: Conclusions and Recommendations for Future 

Work 

9.1 Conclusions 

In this thesis, we described the application of density functional theory calculations – as 

well as kinetics experiments and microkinetic modeling – toward identifying some of the key 

characteristics of active and selective catalysts for the direct synthesis of hydrogen peroxide 

(DSHP). Our results highlighted specific mechanistic challenges on Pd catalysts, and provided 

insight into how these challenges can be mitigated through structural and compositional 

modifications to Pd. 

 We used DFT calculations to investigate the reactivity of the (100) facet of the late 

transition metals (Pd, Pt, Cu, Ag, and Au) toward the direct reaction between H2 and O2. We 

compared our results with previous calculations on the (111) facet of these metals,55 and 

determined that O-O bond dissociation is easier and O-H bond formation is more difficult for the 

dioxygen species on the (100) facet. This suggests that the more coordinatively undersaturated 
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facets of the transition metals will have a stronger propensity to divert selectivity away from H2O2. 

Furthermore, the kinetic barriers appear to correlate with the binding strength of O on both the 

(111) and (100) facets, wherein stronger O binding indicates smaller O-O dissociation barriers and 

larger O-H bond formation barriers; the binding energy of O can potentially be used as a reactivity 

descriptor (and has been successfully employed as one for the analogous electrochemical oxygen 

reduction reaction127). However, the binding strength of O does not capture the H2 activation 

ability of the catalyst. We employed a maximum rate analysis and predict that the activity of the 

noble metals (Cu, Ag, and Au) in the DSHP is limited by the substantial barriers for H2 dissociation 

– which is a nearly spontaneous step on Pd and Pt. We therefore proposed that a second reactivity 

descriptor is necessary for the DSHP: the binding energy of H. Focusing on Pd, our DFT 

calculations indicate Pd’s primary selectivity toward H2O2 to be limited by facile O2 and/or OOH 

dissociations; the challenge is to modify Pd so as to decrease its affinity for O (more difficult O-O 

bond dissociation) but maintain its affinity for H (facile H2 dissociation).  

 We also developed a self-consistent microkinetic model that describes experimental H2O2 

decomposition kinetics on a supported Pd catalyst, and determined that the O-O bond-breaking 

capacity of Pd is the central kinetic parameter governing H2O2 decomposition activity. Once the 

O-O bond breaks, a series of thermodynamically-driven hydrogen-transfer steps closes the 

catalytic cycle. These latter steps had not been explored on Pd in the computational literature, but 

we find them essential to explaining Pd’s high activity toward H2O2 decomposition. Another 

valuable insight from our microkinetic model is that in addition to the kinetic barrier for O-O bond 

dissociation, the adsorption energy of H2O2 also contributes to the apparent activation barrier. This 

presents a second approach to inhibiting H2O2 decomposition, in addition to modifying Pd’s 
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intrinsic O-O bond dissociation ability: destabilizing the adsorption strength of H2O2 relative to 

the bulk phase.  

  We then examined how modifications to Pd affect its reactivity, focusing on those that 

have been widely employed in the experimental literature. We performed DFT calculations on 

halide-covered Pd(111) and Pd(100) surface models, which revealed multiple causes for the 

improved performance of Pd catalysts in the presence of halides. These include raising the kinetic 

barriers for O-O bond dissociation in O2 and OOH, and blocking H2O2 re-adsorption. Our 

calculations further demonstrated that the beneficial effects of halides are substantially less potent 

on Pd(100) compared to Pd(111) – but because halides have a stronger affinity for the more 

coordinatively undersaturated facets, we concluded that halides might also serve to selectively 

poison these Pd sites. 

We additionally characterized a series of Au-Pd catalysts prepared by deposition of Au 

onto pre-existing Pd nanoparticles. Measurements of H2O2 synthesis and decomposition rates on 

these catalysts clarified a desirable Au-Pd ensemble that should be targeted in future synthesis 

efforts. Finally, we used DFT calculations to understand how hydrogen surface, subsurface, and 

bulk spectators on Pd might affect the H2O2 decomposition rate. Our calculations suggest that the 

lattice expansion induced by hydride formation in the bulk of Pd can facilitate the initial adsorption 

and O-O bond dissociation steps in H2O2, but the energetics for these steps are sensitive to the 

local surface environment of sorbed hydrogen.  

9.2 Recommendations for Future Work 

 There are several potential extensions to the work presented in this thesis, which can be 

categorized as (i) increasing the complexity of the Pd surface models to better capture the impact 
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of the reaction environment and (ii) using our theoretical insights to construct a predictive 

framework for the identification of improved catalysts and conditions.  

9.2.1 Increase complexity of Pd surface models 

9.2.1.1 Solvent 

The DFT calculations in this thesis were gas-phase calculations, but the DSHP is generally 

performed in a liquid solvent. In addition to modulating the solubility and mass transfer 

characteristics of the gaseous H2 and O2 reactants, the solvent can interact with reaction 

intermediates, transition states, and promoters such as the halides. For example, many of the 

reaction intermediates can donate/accept hydrogen bonds. Several experimental studies have 

demonstrated that the activity and selectivity of Pd-based catalysts in the DSHP can be sensitive 

to the choice of solvent,66, 255, 322 but the origin of these apparent solvent effects323, 324 is not well 

understood and is often attributed to the solubility differences for the H2 and O2 reactants.  

The analysis of liquid-solid interfaces by electronic structure calculations such as DFT is 

significantly more complex than gas-solid interfaces and can be computationally demanding, 

especially when considering full reaction networks.325 Continuum solvent models would be the 

least computationally expensive and could be broadly applied to approximate the energetic effects 

of different solvents on elementary steps explored in this thesis. However, explicit solvent models 

may be more valuable to probe localized phenomena such as direct solvent participation in 

elementary steps.326 To improve the understanding of solvent effects in the DSHP, we recommend 

focusing on three specific aspects that build upon our work:  

(i) A liquid solvent may facilitate the transfer of hydrogen atoms from the Pd surface to oxygen-

containing intermediates. Wilson and Flaherty58 have also recently proposed a heterolytic pathway 
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for H2 dissociation and hydrogenation of O2 in protic solvents. In this thesis, we calculated gas-

phase hydrogenation barriers assuming a direct reaction between surface bound hydrogen atoms 

and oxygen species (Chapter 3). These barriers may then represent upper-bounds for the 

hydrogenation kinetics when a liquid solvent is present; DFT calculations can be employed to 

probe for lower-energy pathways at solid-liquid interfaces – for example, in a manner similar to 

the work of Desai and Neurock.327 These results would enable more accurate energetic 

comparisons of the competing hydrogenation and O-O bond dissociation pathways that govern 

selectivity toward H2O2, and benefit future modeling efforts (particularly, for parameter estimation 

in microkinetic models).  

(ii) A liquid solvent may stabilize H2O2 with respect to its decomposition. In Chapter 4, our 

microkinetic modeling results suggest that the apparent activation barrier for H2O2 decomposition 

contains a positive contribution corresponding to the energy required to remove H2O2 from its 

aqueous solvation shell and bind it to the Pd surface. Solvation models can be used to better 

approximate this contribution. (We note that our gas-phase DFT calculations give a Pd(111)-H2O2 

bond energy on the order of hydrogen bonding interactions, and so in protic solvents like water, 

the degrees of solvent reorganization and retention of the solvent shell upon H2O2 adsorption are 

critical aspects.) These insights can reinforce the conclusions from our microkinetic model and 

explain how the choice of solvent affects the H2O2 decomposition reactions.  

(iii) A liquid solvent may affect the adsorption properties of halides and other promoter species. 

In Chapters 5 and 6, we constructed phase diagrams to approximate the relevant surface coverages 

of halides on Pd. Our models were based on gas-phase DFT calculations, and it would be valuable 

to determine their sensitivity to solvation effects at the liquid-solid interface – particularly how 

strongly the adsorption trends depend on solvent identity, and if such solvent effects exhibit 
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sensitivity to the Pd substrate structure.247 (More generally, these findings could be useful in 

understanding adsorption properties of promoters/impurities in other liquid-phase chemistries that 

utilize heterogeneous catalysts). The promotional impact of halides has not been well-documented 

as a function of the solvent in experimental DSHP literature, although different research groups 

have reported the beneficial effects of halides in a variety of solvents, including water,59 

methanol,328 methanol-water mixtures,202 and ethanol.29  

In addition to improving our understanding of the DSHP mechanism and our computational 

models, these solvent studies can potentially inform the choice of solvents/co-solvents for the 

DSHP.  

9.2.1.2 Surface, subsurface and bulk modifications to Pd 

 The active phase of Pd remains an open question in the DSHP literature. As a supplement 

to our examination of subsurface and bulk hydrogen in Chapter 8, we recommend employing DFT 

calculations to study effects induced by migration of oxygen from the surface into the Pd lattice,156, 

293 especially due to conflicting literature reports regarding the benefits of oxidative versus 

reductive pre-treatments on the selectivity and activity of Pd catalysts.18, 26 Further microkinetic 

analyses can also be useful in clarifying the active phase of Pd. Analogous to our methodology in 

Chapter 4, experimentally-consistent microkinetic models for the other DSHP reactions (H2O2 and 

H2O synthesis, and H2O2 hydrogenation) can be developed to determine if the energetic parameters 

derived from clean, metallic Pd surface models can describe the experimental kinetics – or if 

surface/subsurface/bulk modifications provide better representations of the active site under 

reaction conditions. Of course, in situ characterization of Pd catalysts (e.g., by spectroscopic 

measurements of surface intermediates164 and the oxidation state of Pd72, 74) would be valuable to 

substantiate insights from these models.   
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9.2.2 Search directions for improved catalysts 

Our analysis of the late transition metals in Chapter 3 revealed intrinsic limitations of the 

monometallic systems toward active and selective H2O2 production. For example, our calculations 

showed that facile O-O bond breaking steps prevent H2O2 formation on Pd, Pt, and Cu, and high 

barriers for H2 dissociation constrain the activity of Cu, Ag, and Au. These metals require further 

modification (e.g., alloying) to be suitable for the DSHP – or alternatively, altogether new catalysts 

can be found. Importantly, two simple thermodynamic descriptors are able to capture trends in the 

thermodynamic and kinetic mechanistic parameters across the late transition metals: the binding 

energy of O (BEO) and the binding energy of H (BEH).  

These descriptors can provide semi-quantitative predictive power through the development 

of scaling253 and Brønsted-Evans-Polanyi (BEP)251, 308, 309, 329-332 relations (see Figure 9.1). 

Following previous approaches in the literature, scaling and BEP relations enable the 

determination of the optimal descriptor values that maximize catalytic activity/selectivity (e.g., by 

constructing volcano plots).87, 89, 97, 251, 329, 333 The challenge then becomes identifying materials 

that exhibit these desirable properties (i.e., the optimal BEO and BEH). Alloy systems are a natural 

starting point, and one can systematically identify candidate materials based on knowledge of how 

physical structure and composition modify electronic structure – e.g. through strain92, 334 and 

ligand93-95 effects.  
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Figure 9.1 (A,B) Select scaling relations and (C,D) BEP relations on the (111) facet of Cu, Pd, Pt, Ag, and Au. 
Energetic data is from Chapter 3 and reference # 55. Scaling relations can occur between the binding energies of species 

that bind through the same atom; in (A) we show there is reasonably linear scaling between the binding energy of O2 

and O – the latter being one of our reactivity descriptors. Similar relations can be derived for the other oxygen-

containing intermediates in the DSHP. In (B) we show that the binding energies of O and H do not scale well with 

each other, which is why these species must be treated as independent reactivity descriptors. BEP relations can exist 

within similar elementary reaction classes, wherein the activation energies (Ea) exhibit a linear dependence on the 

respective reaction energies (ΔE). In (C) and (D), we show that O2 and H2 dissociation display strong BEP relationships. 

The H2 dissociation BEP relation is derived from only the Cu, Au, and Ag data points (i.e., for ΔE more exothermic 

than -0.68 the Ea will be spontaneous – in agreement with the calculations on Pt and Pd). All figures: MAE is the 

mean absolute error between the predictions from the scaling or BEP relation and the DFT-calculated values. 

  

We anticipate that this methodology can effectively guide the search for better DSHP 

catalysts, as has been done for reactions such the closely-related electrochemical oxygen reduction 

reaction132, 335, 336 and the hydrogen evolution reaction.97 Rankin and Greeley56 have already 

contributed some work along this thread. Of course, there are opportunities to refine the 

methodology as more insights are gained into the DSHP. For example, we observed in Chapter 3 

that the thermodynamic and kinetic parameters for the DSHP mechanism are sensitive to metal 

surface structure – which may indicate that the optimal values for the reactivity descriptors also 



211 

 

exhibit structure-dependence.253 In addition, the reaction network used to describe the DSHP 

should be revised as new mechanistic information becomes available, such as including elementary 

steps that had not previously been considered (Chapter 4) and incorporating the possible role(s) of 

the solvent (Section 9.2.1). There is also the potential to use this methodology to identify catalytic 

promoters (Chapters 5-6), such as strongly adsorbing co-solvents or additives like the halides,255 

providing another means (supplementary to alloying) to tune surface reactivity; however, the 

applicability of the scaling- and BEP-based approach to spectator-covered systems, which may be 

fundamentally different from clean metal surfaces, requires further analysis.  
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