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Abstract 

The conflict between increasing world energy demand and the fast depletion of fossil resources, 

together with the need to decrease our environmental footprint have emphasized the need to 

develop efficient chemical processes to convert renewable carbon sources to chemicals and fuels. 

Catalysts have long been used in the chemical industry for efficient chemical transformations 

which allow the processes to run under mild operating conditions while also keep a high yield and 

selectivity. Recently, density functional theory (DFT) calculations are increasingly contributing to 

the understanding of reaction mechanisms on catalytic surfaces, based on which improved 

catalysts may be designed.  In this thesis, DFT calculations were used in combination with 

experiments and microkinetic modeling to study the catalytic decomposition of formic acid, which 

is a byproduct generated in biomass reforming and releases hydrogen upon decomposition.  In 

particular, the reaction was studied on four transition metal catalysts ─ gold, palladium, platinum 

and copper ─ to unravel the reaction mechanism, evaluate their catalytic efficiencies for this 

chemistry and provide insights into catalyst design.  

Using an iterative methodology comprising of DFT calculations, experiments and mean-field 

microkinetic modeling analysis, the formic acid decomposition reaction is found to proceed via a 

formate intermediate on both Au and Cu catalysts, and the actives sites are determined to be highly 

under-coordinated corner sites for Au and the (100) facet for Cu, which is potentially covered by 

about 0.4 monolayer of formate species during the reaction.  The carboxyl intermediate, which is 

not relevant for the reaction on Au and Cu catalysts, however, is an active intermediate on Pd and 

Pt catalysts for formic acid decomposition and it is also the source of the poison species CO for 

the latter two catalysts. As the Pd and Pt catalysts used in experiments are often covered by CO 

species, the reaction was also investigated at high CO coverage for the two catalysts, and by 
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comparing with results on the clean surfaces, dramatic CO coverage effect on the reaction 

energetics and reaction pathways are found.  
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Chapter 1 Introduction 

1.1 Research motivation 

With increasing world energy demand accompanying the population and economic growth and a 

foreseen depletion of fossil fuels, the need to improve the efficiency in fossil fuels use and identify 

alternative renewable energy sources is more pressing than ever.1 Heterogeneous catalysis can 

contribute significantly to the solution of global energy problem since it is a way to improve the 

efficiency of chemical conversions by providing alternative pathways for the desired chemical 

reactions with lower kinetic barriers.2 Recent development in high-performance computing and 

electronic structure theory have provide a major thrust to the efforts that implement theoretical 

methods for developing fundamental atomic-level understanding of the catalytic processes. 

Among them is the density functional theory (DFT)3, 4, which has been extensively used in the 

catalysis community to elucidate the mechanisms of chemical transformations on catalytic surfaces 

at an atomic level, which can help explain the macroscopic properties of the catalysts. 

While first principles DFT calculations are usually performed on idealized single crystal facets 

with the energetics obtained representing the chemistry under ultra-high vacuum conditions, 

experiments are often conducted at higher pressures on supported nanoparticle catalysts. There 

exists a material and pressure gap between the theoretical and experimental studies which can be 

bridged by a mean-field microkinetic modeling analysis5-8 that correlates the microscopic structure 

and composition of the catalysts to the macroscopically observable selectivity and reactivity. 

Adopting an iterative approach on the surface models used in DFT calculations, results of which 

serve as the input in the microkinetic model to compare with the experimental results, the reaction 

mechanism and active sites can be elucidated when the model reproduces the experimental data 
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with only fine-tuning of the DFT derived parameters and the model predicted surface environment 

(coverage) is consistent with that being used in the DFT calculations, in which case a ‘self-

consistent’ solution is obtained.  The self-consistency in surface coverage from the solution is 

critical to determine the true active sites for the reaction as the reaction energetics and even the 

mechanism can change significantly at different surface environments. 

While DFT calculations, when combined with reaction kinetics experiments and microkinetic 

modeling, can capture the essential aspects of the surface chemistry such as the reaction 

mechanism, reactive intermediates and active sites, and propose ways to enhance the activity and 

selectivity based on the mechanistic information acquired, design better and cheaper catalysts to 

improve process efficiency is not trivial and requires much more effort from the entire catalysis 

community. In the meanwhile, efforts have been made to identify alternative energy sources and 

processes to mitigate the dependence on fossil fuels, among which biomass upgrading seems to 

hold a promise for a transition toward a greener and more sustainable energy future.  

Though biofuels9, 10 are among the most promising substitutes for fossil fuels, especially in the 

transportation sector, first generation biofuels (e.g. corn ethanol and biodiesel) have the 

disadvantage that they compete with food for their feedstocks. Recently, more interest has been 

placed on a cheaper and more abundant lignocellulosic material11, 12, which can be converted to 

levulinic acid (LA) that is a potential platform molecule for the production of chemicals and liquid 

fuels using the current infrastructure of chemical industry.13-17 During the production of LA from 

lignocellulosic biomass, formic acid (HCOOH) is formed as an equimolar byproduct  of LA.18 

Catalytic decomposition of formic acid over heterogeneous catalysts leading to hydrogen 

production offers an efficient way to purify LA for subsequent upgrading processes and also utilize 

the byproduct and provide in situ hydrogen for the hydrogenation processes in biofuels production. 
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Adopting this scheme, the external requirement of hydrogen in biomass upgrading is minimized. 

Hence we are motivated to understand the fundamental chemistry involved in formic acid 

decomposition on transition metals in order to achieve an efficient hydrogen production process. 

In addition, formic acid can be used as a fuel in direct formic acid fuel cells (DFAFC)19-21, the 

effective production of hydrogen from formic acid can also provide a boost in efficiency of 

DFAFC. 

1.2 Thesis scope 

Though formic acid decomposition has been extensively studied on transition metals, consensus 

has not been achieved regarding the reaction mechanism and active sites of the this reaction on 

different metals, largely due to the different synthetic protocols used for catalyst preparation and 

the various different reactions conditions and supports adopted in these studies that lead to 

controversial results. In this thesis, DFT calculations are employed to acquire a fundamental 

mechanistic understanding of this reaction on several transition metals, and are combined with 

reaction kinetics experiments, catalyst characterization techniques and microkinetic modeling to 

determine the active sites and surface environment information which are not captured by solely 

DFT studies, and to corroborate the reaction mechanism proposed from the DFT analysis.  

Chapter 2 provides a brief summary on the background of density functional theory and 

microkinetic modeling; further details about the methods used in the studies are reported in 

individual chapters.   

Chapter 3 discusses the first principles DFT investigation of formic acid decomposition on several 

single crystal Au surfaces, which was further combined with reaction kinetics experiments and 

microkinetic modeling to obtain an unambiguous picture of the reaction mechanism and provide 
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insights into the nature of active sites for Au catalysts. In Chapter 4, the study on Au catalysts is 

extended to subnanometer-sized Au clusters with DFT calculations. From comparison of the DFT 

derived results with the experimental counterpart in a microkinetic model, active sites for the Au 

catalysts are elucidated. 

 Chapter 5 and 6 report the DFT investigations of the reaction on Pd and Pt catalysts, particularly 

focusing on the CO coverage effects on reaction energetics and pathways, as well as the structure 

sensitivity of the reaction on the two catalysts. 

Chapter 7 describes the structure sensitivity study of the reaction on Cu catalysts by investigating 

several single crystal Cu surfaces with DFT calculations. In Chapter 8, the study on Cu catalysts 

is extended to determine the active sites for formic acid decomposition by implementing an 

integrated approach of DFT calculations, experiments and microkinetic modeling.  

And finally Chapter 9 provides a summary of the studies included in this thesis and also 

suggestions for future research. 
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Chapter 2 Overview of Methods 

2.1 Density functional theory (DFT) 

Electronic structure calculations forms the foundation of understanding the surface chemical 

reactivity. The fundamental equation upon which electronic structure theories are based is the 

time-independent ݄ܵܿ݋ݎሷ݀݅݊݃݁ݎ equation (TISE): 

 ĤΨ(r) = EΨ(r)                                                         (2-1) 

where Ĥ is the Hamiltonian operator, Ψ(r) is the wave function, and E is the total energy of the 

system. Solution of this equation yields fundamental information about the system, including 

probability distributions for all particles in the system and energetic information about particular 

particle configurations.  

For systems of interest in surface science and heterogeneous catalysis, the full TISE is generally 

simplified by the Born-Oppenheimer approximation which makes use of the fact that electrons 

move much more quickly than their corresponding nuclei, and allows for decoupling of the 

electronic and nuclear components of the wave function: 

Ψtotal = Ψelectronic × Ψnuclear                                              (2-2)  

The total wave function is solved in an iterative manner. First, the electronic wave function is 

solved at fixed nuclear configuration and the overall electronic Hamiltonian is made up of three 

parts: 

௘௟௘௖௧௥௢௡௜௖ߖ෡ܪ ൌ ሺ ෠ܶ ൅	 ෠ܸ ൅	 ෡ܷሻߖ௘௟௘௖௧௥௢௡௜௖                                               (2-3) 

where ෠ܶ  is kinetic energy of the electrons, ෠ܸ  is a function of electron’s position in space and  

represents the interaction of electrons with the stationary nuclei, while ෡ܷ represents interaction 
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energy between electrons. The total energy for the fixed configuration of nuclei is then a sum of 

the kinetic energies of each electron, the interaction energy between electron nuclei, and the sum 

of all pairwise interactions of the electrons. When the electronic wave function is solved for the 

fixed nuclear configuration, the total potential energy surface can then be calculated by moving 

the nuclei around in space, recalculating the electronic potential energy and wave function until 

the ground state of the overall system is found. 

While the Born-Oppenheimer approximation does simplify the problem, solving a many-body 

 ,equation is extremely difficult. For systems of interest in heterogeneous catalysis ݎሷ݀݅݊݃݁݋ݎ݄ܿܵ

obtaining an analytical solution if not feasible, thus, several approximate numerical schemes have 

been developed, such as the Hartree-Fock Self-Consistent Field (HFSCF) method and the 

Configuration Interaction (CI) method. In the HFSCF approach, the full many-electron wave 

function is written as the product of one-electron orbitals, and consequently, the ݄ܵܿ݋ݎሷ݀݅݊݃݁ݎ 

equation becomes separable into a set of one-electron equations. While the HFSCF approach is 

appealing in its simplicity, there are substantial errors in energies calculated from this method due 

to the lack of explicit electron correlation effects.22 Configuration Interaction (CI) methods 

corrects this deficiency by making use of unoccupied states to account for correlation effects and 

allowing for the incorporation of excited electron configurations into the wave function.23, 24 CI 

calculations can give a very accurate solution to the TISE but are extremely computationally 

expensive; the convergence of this method is generally on the order of N7, where N is the number 

of basis functions. There are other methods with attractive features of providing exact solutions to 

the TISE, such as Post-Hartree-Fock method25, Quantum Monte Carlo techniques26-29 including 

Diffusional Monte Carlo method and Variational Monte Carlo method, but they all involve 

extremely high computational costs.  
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The theorems developed in 1960s by Hohenberg and Kohn30 paved the way for the less 

computational demanding Density Functional Theory (DFT) scheme, which is now widely used 

in chemical computations. One important theorem proves that the ground-state energy from 

the	݄ܵܿ݋ݎሷ݀݅݊݃݁ݎ equation is a unique functional of the electron density. Thus the ݄ܵܿ݋ݎሷ݀݅݊݃݁ݎ 

equation can be solved by finding a function of only three variables, the electron density, rather 

than a function of 3N variables, the wave function. The second important theorem states that the 

electron density that minimizes the energy of the overall functional is the true electron density 

corresponding to the full solution of the ݄ܵܿ݋ݎሷ݀݅݊݃݁ݎ  equation, which allows the use of 

approximate forms of the functional while minimizing the energy associated with it to find the true 

electron density.  

A useful way to write down the energy functional is to split it into a collection of known terms we 

can write down in a simple analytical form, including the electron kinetic energies, the Coulomb 

interactions between the electrons and the nuclei, the Coulomb interactions between pairs of 

electrons, and the Coulomb interactions between pairs of nuclei, and everything else in an 

exchange correlation (XC) functional which account for all the quantum mechanical effects that 

are not included in the known terms. And the true electron density can be obtained by solving a 

set of single-electron equations (Kohn - Sham31 equations): 

ቂ ԰
మ

ଶ௠
ଶ׏ ൅ ܸሺ࢘ሻ ൅ ுܸሺ࢘ሻ ൅ ௑ܸ஼ሺ࢘ሻቃΨ௜ሺ࢘ሻ ൌ 	  ௜Ψ௜ሺ࢘ሻ                               (2-4)ߝ

where ԰ is Planck’s constant, m is the rest mass of an electron, ׏ଶ is the Laplacian, ߝ௜ is a one-

electron eigenvalue and Ψi(r) is the single-electron wave function. V defines the interaction 

between an electron and the collection of atomic nuclei, VH is the Hatree potentials describe the 

Coulomb repulsion between the electron being considered in one of the Kohn–Sham equations 
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and the total electron density defined by all electrons, and VXC define the exchange and 

correlation contributions to the single electron equations. 

However, the exact exchange-correlation functional remains unknown and approximations must 

therefore be used, and the accuracy of the DFT calculations very much depends on the quality of 

the exchange-correlation energy EXC. The LDA (Local Density Approximation) uses an XC 

functional that depends only on the electron density and takes the XC energy as that for a 

homogeneous electron gas.32, 33 The GGA (Generalized Gradient Approximation)34 incorporates 

density gradient terms into the XC functional that can give much more accurate values. In this 

study, the PW91 generalized gradient approximation (GGA-PW91) is used to describe the 

exchange-correlation potentials, unless otherwise stated. Further details of the DFT methods used 

will be included in each individual chapter.  

2.2 Microkinetic modeling 

Microkinetic modeling is an important and popular tool to compare the experimentally derived 

rates with those predicted from DFT calculations, and obtain useful information about the reaction 

behavior, including the surface coverages under reaction conditions and relative rates of various 

elementary steps. Microkinetic modeling analysis requires initial guesses for the various 

parameters like binding energies, activation energies, and frequency factors that can be rigorously 

calculated from DFT calculations. The implementation of the microkinetic models in this thesis 

closely follows the procedure described by Dumesic and Gokhale et al7, 8 and further details will 

be provided in individual chapters where such analysis was performed.  Here, we briefly 

summarize how the macroscopic information about a reaction (such as the reaction rate, selectivity) 

can be obtained from a microkinetic model using DFT derived parameters that are collected at an 

atomic-level as input.  
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Consider an elementary reaction A* + B*  C* + D*, the net reaction rate is calculated in the 

model as: 

r = rfor – rrev = kforθAθB – krevθCθD                                          (2-5)  

where rf and rr denote the rate of the forward and reverse reaction and θA, θB, θC, and θD denote the 

surface coverages of the species A, B, C and D, respectively. The forward and the reverse rate 

constants kfor, krev, and the equilibrium constant K are linked through the relation K = kfor/krev and 

can be calculated by the following equations:  

ܭ ൌ exp ቀെ ∆ீ

௞ಳ்
ቁ ൌ exp ቀ∆ௌ

௞ಳ
ቁ exp	ሺെ ∆ு

௞ಳ்
ሻ                                       (2-6) 

	݇௙௢௥ 	ൌ expሺെ	௢ܣ
ா௔

௞ಳ்
ሻ                                                      (2-7) 

	݋ܣ ൌ 	 ௞ಳ்
௛
	exp	ሺ

ௌಲಳ
‡ ିௌಲିௌಳ

௞ಳ
ሻ                                                 (2-8) 

where kB is the Boltzmann constant, T is the reaction temperature, ∆G, ∆H and ∆S denote the 

change in standard-state Gibb’s free energy, enthalpy and entropy of the reaction, respectively, Ea 

is the activation energy of the forward step, ஺ܵ஻
‡ , ஺ܵ, 	ܽ݊݀	ܵ஻ denote the entropy for the transition 

state (TS) of the reaction, and species A or B, respectively.  

Enthalpy and entropy for each surface intermediate and the TS of each elementary step can be 

computed from the following relations: 

t = T[K]/1000                                                                    (2-9) 

H [kJ/moI] = At + Bt2/2 + Ct3/3 + Dt4/4 - E/t + F                                   (2-10) 

S [J/mol/K] = Aln(t) + Bt + Ct2/2 + Dt3/3 - E/(2t2) + G                                 (2-11) 

where parameters A – G can be obtained by performing vibrational frequency calculations. 



10 
 

Thus the solely unknown information that is needed to calculate the reaction rate of each 

elementary step is the surface coverage of intermediates, which can be derived in the model by 

relating the rates of the elementary steps to each other adopting the fact that rate of change in 

surface coverage for each intermediate is zero at steady state. After the surface coverage for each 

intermediate is calculated, reaction rates for individual elementary steps can be obtained and other 

information regarding the dominant reaction pathway and rate limiting step can be determined by 

comparing the net rates of various elementary steps occurring in parallel.  
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Chapter 3 Formic Acid Decomposition on Au catalysts: 
DFT, Microkinetic Modeling, and Reaction Kinetics 

Experiments† 

3.1 Introduction 

The effective utilization of renewable energy carriers produced from biomass based resources is 

one of the key challenges in the transition towards a sustainable energy future9, 10. Formic acid 

(FA, HCOOH) is a major byproduct in biomass processing14, and it has attracted significant 

attention as a potential hydrogen-carrier material35-40. As a hydrogen-carrier, FA can be oxidized 

in direct formic acid fuel cells (DFAFCs)41. When generated as an equimolar by-product of 

levulinic acid 15-17 production from cellulosic biomass, FA can be used for in-situ harvesting H2 

which can then be utilized for the hydrogenation of  levulinic acid to gamma-valerolactone 

(GVL)42, thereby eliminating the need of an external hydrogen source in the production of this key 

biofuel precursor.13, 18 Also, as the simplest carboxylic acid, FA has for long been considered a 

paradigmatic molecule in homogeneous and heterogeneous catalysis, and surface science studies, 

to probe the reactivity on metals43-52, metal carbides53-55, and on metal oxides56-61 specifically for 

deoxygenation of more complex carboxylic acids, which is a critical step in the selective upgrading 

of biomass derived platform molecules to fuels. Hence, our motivation for studying the FA 

decomposition reaction is based on (1) its potential application as a promising liquid hydrogen 

carrier for in situ hydrogen production, and (2) its suitability as a fundamental probe molecule for 

understanding the reactivity of carboxylic acids on metal catalysts, and using this information to 

design improved catalysts for effective deoxygenation of these functional groups. FA 

† Adapted from “Formic Acid Decomposition on Au Catalysts: DFT, Microkinetic Modeling, and Reaction Kinetics 
Experiments”, S. Singh, S. Li, R. Carrasquillo-Flores, A. C. Alba-Rubio, J. A. Dumesic, M. Mavrikakis, AIChE 
Journal 60, 1303 (2014). S. Singh contributed to the microkinetic analysis in this study; kinetic experiments were 
performed by R. Carrasquillo-Flores, and TEM images were provided by A. C. Alba-Rubio. 
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decomposition can take place via two parallel pathways involving dehydrogenation or dehydration 

reactions, which are linked by the water gas shift (WGS) 62-64 reaction. In the broader context of 

FA decomposition on transition metals, steering selectivity towards production of CO2 + H2 

(dehydrogenation), rather than CO + H2O (dehydration) presents an important selectivity challenge 

in this catalytic chemistry. Even though the dehydration products can be transformed to CO2 and 

H2 via the WGS reaction, forming the dehydration products may lead to partial poisoning of 

catalytic sites by CO, thereby limiting the efficiency of the overall catalysis. Accordingly, 

supported Pt catalysts have frequently been suggested to be the most active catalysts for selective 

FA dehydrogenation, and for this reason, they find widespread applications as anodes for 

DFAFCs19, 65-70. Yet, there exist major obstacles in using Pt based catalysts as electrode materials 

and as FA decomposition catalysts, because of the proneness of Pt to CO poisoning71-73 and its 

dissolution under operating conditions in fuel cells. 

Gold, on the other hand, is not hindered by CO poisoning under most reaction conditions. Ever 

since Haruta74 and Hutchings75 first predicted Au to be an extraordinary catalyst for CO oxidation 

and ethylene hydrochlorination reactions, there has been an overwhelming interest in exploring 

the application of supported Au catalysts in both homogeneous and heterogeneous catalysis76-84. 

More recently, Au has been studied as a catalyst for HCOOH decomposition85. In particular, Ojeda 

et al.86 studied the FA decomposition on supported Au catalysts and showed that the turnover 

frequencies (TOFs) on well-dispersed Au catalysts were higher than those on Pt catalysts. They 

proposed that this unprecedented activity on Au catalysts arises from small Au clusters, most likely 

undetected in transmission electron microscopy (TEM) micrographs. More recently, Gazsi et al.87 

performed vapor phase experiments to study the effect of supports on the selectivity of FA 

decomposition to the dehydration and dehydrogenation products, and they confirmed the high 



13 
 

activity of Au nanoparticles supported on a wide range of porous and non-porous supports. 

Although these experimental studies shed light on the possible nature of active sites on Au catalysts, 

a molecular level understanding of this reaction mechanism is still lacking. In this paper, we 

develop an integrated  approach (Figure 3-1) by combining state-of-the-art Density Functional 

Theory (DFT) with reactivity  experiments and microkinetic modeling which can shed additional 

light into the reaction mechanism and the nature of active sites on Au catalysts7. In particular, we 

choose Au(111), Au(100) and Au(211) model surfaces for our DFT calculations to derive initial 

guesses for the surface reaction energetics, needed for our microkinetic model. We then develop a 

comprehensive mean-field microkinetic model including all elementary steps investigated by our 

DFT calculations. Comparisons between microkinetic modeling reaction rates and reaction orders 

with the experimental results provide critical insights for the nature of the active site on Au/SiC 

catalysts for HCOOH decomposition.  

 

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

Density Functional Theory 

All calculations were performed using the DACAPO total energy code88, 89. The Au catalyst was 

modeled by the (111), (100) and (211) facets of the fcc bulk crystalline structure of Au metal 

(Figure 3-2). 

 

Figure 3-2 Side and top views of the three model Au surfaces used in this study: (a) Au(111), (b) 
Au(100), and (c) Au(211). 

 

The Au(111) surface was modeled by a three-layer slab with a p(3×3) unit cell, corresponding to 

1/9 monolayer (ML) coverage for a single adsorbate in the unit cell, periodically repeated in a 

super cell geometry with five equivalent layers of vacuum between any two successive metal slabs. 

All the Au atoms in this model surface were kept fixed in their bulk truncated positions, as our 

systematic investigations showed that surface relaxation does not have a significant effect on the 

energetics for this system. The super cell used to model the Au(100) facet consists of a p(3x3) unit 

cell with four layers of metal atoms, top two of which were allowed to relax, and five equivalent 

layers of vacuum spacing separating the periodic slab images. The Au(211) slab was constructed 

by a 1x3 unit cell and consisted of nine Au layers (having terrace three atoms deep and three atoms 
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wide). Successive slabs were separated by a vacuum equivalent to 12 such Au(211) layers. 

Adsorption was allowed on only one of the two exposed surfaces for all three slabs, and the 

electrostatic potential was adjusted accordingly.90, 91 

The surface Brillouin zone of (111) slabs was sampled at 18 special Chadi-Cohen92 k points, while 

that for the (100) and (211) slabs was sampled by using a 4×4×1 Monkhorst-Pack93 k-point mesh. 

Ionic cores were described by ultrasoft Vanderbilt pseudo-potentials94 and the Kohn-Sham one-

electron valence states were expanded in a basis of plane waves below a kinetic energy of 25 Ry. 

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

generalized gradient approximation (GGA-PW91).95, 96 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 electronic density.97 The total energies 

were then extrapolated to kBT = 0 eV. The calculated equilibrium lattice constant for bulk Au was 

found to be 4.18 Å, in reasonable agreement with the experimental value (4.08 Å). 98 

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

and the corresponding adsorbates in the gas phase (Eadsorbate, gas-phase), i.e., BEadsorbate = Etotal – Eslab - 

Eadsorbate, gas-phase. In the discussion of the DFT results, we refer to electronic energy values including 

the zero point energy (ZPE) corrections unless otherwise noted. 

 The minimum energy pathways and activation energy barriers for all elementary steps were 

determined using the climbing image nudged elastic band (CI-NEB) method.99, 100 The minimum 

energy path for each elementary step was discretized with at least seven images, in addition to the 

initial and final states.  A vibrational frequency analysis101 was performed to confirm the true 

nature of the saddle point by identifying a single imaginary frequency along the reaction coordinate. 
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The frequencies were calculated using the harmonic oscillator assumption by diagonalization of 

the mass-weighted Hessian matrix in internal coordinates.101  

Experiments 

Catalyst Preparation 

SiC was chosen as the preferred support for our reaction kinetics experiments because (1) it is an 

inert support that does not contribute to the overall reaction rated and (2) it results in a clear contrast 

for Au atoms and clusters in the scanning transmission electron microscopy (STEM) micrographs, 

due to the large difference in the scattering potentials of the metal and the support.  A 1 wt% 

Au/SiC catalyst was prepared by the deposition-precipitation method. 2.0 g of dry acid-treated 

silicon carbide was dispersed in 100 mL of a 1 mM chloroauric acid (Sigma-Aldrich) solution at 

room temperature. The pH of the mix was adjusted to 9 by drop-wise addition of 2.5 M ammonium 

hydroxide (Sigma-Aldrich). The mixture was aged for 6 h under vigorous stirring at room 

temperature and was then filtered and washed with deionized water to remove chlorine ions. The 

sample was dried overnight at 373 K. The dried catalyst was reduced in situ, prior to the reaction 

at a temperature between 623 and 773 K (with a heating rate of 0.5 K min-1) under pure hydrogen 

flow (30 cm3 (STP) min-1) for four hours. Catalyst reductions at temperatures above 773 K (and 

up to 1073 K) were performed in a quartz flow-through cell under the same operating conditions.  

Reactivity measurements 

Gas phase HCOOH decomposition studies were conducted in a fixed-bed down-flow reactor 

containing 500 mg of catalyst mixed with silica chips in a 1/2-inch outer diameter stainless steel 

tube. The temperature was measured using a K-type thermocouple attached to the outside of the 

reactor. The temperature of the reactor was adjusted by using a furnace connected to a variable 
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autotransformer power source controlled with a temperature controller. The total pressure in the 

reactor was maintained at 1 atm, and the partial pressures of the gases were controlled by adjusting 

the flow-rates at the reactor inlet. The flow-rates of all gases were fixed using calibrated mass-

flow meters. An inlet composition between 0-12% of H2, 0-6% of CO2 and 1-4% of HCOOH was 

used, with the balance consisting of helium. The gases were used as provided, with a purity of 

99.99%. Liquid HCOOH (Sigma-Aldrich) was delivered to the reactor system at room temperature 

using a syringe pump (Harvard Apparatus) and vaporized at the reactor inlet. The feed and effluent 

gases were analyzed using gas chromatography (with a TCD). Conversions were maintained below 

20% to achieve differential reactor operation. To determine the apparent activation energy barrier, 

the temperature was varied over a range of 50K, with the concentrations kept at standard conditions. 

The apparent reaction orders with respect to reactants and products were determined by varying 

one gas concentration at a time. 

High Resolution Scanning Transmission Electron Microscopy (STEM) 

The particle size distributions were determined from STEM images. STEM characterization was 

performed using a FEI Titan STEM with CEOS probe aberration corrector operated at 200 kV 

with spatial resolution of < 0.1 nm. For imaging, a high-angle annular dark-field (HAADF) Z-

contrast STEM was used, with HAADF detector angle ranging from 54 to 270 mrad, probe 

convergence angle of 24.5 mrad, and probe current of ~25 pA. To prepare samples for STEM, the 

catalyst samples were first suspended in ethanol, ultrasonicated for 5 min, and then deposited onto 

a ~5 nm thick Si window TEM grids. STEM samples were plasma cleaned for 10 min with 20% 

O2 + 80% Ar gas immediately before loading into the microscope.  
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The particle size distributions of the Au/SiC catalysts were calculated from the acquired STEM 

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

using the relation ݀ ൌ 	∑ ݀௜௜ ݊ൗ  , where di is the particle diameter of each Au particle, n is the total 

number of Au particles counted from the TEM images of a given sample (Table 3-6), and the 

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

Microkinetic Modeling 

A mean-field microkinetic model for FA decomposition was developed on the basis of 17 

elementary steps, including some steps that are in common with the water gas shift (WGS) reaction. 

The initial estimates for the ZPE-corrected binding energies and activation energy barriers were 

derived from DFT calculations and were later adjusted to reproduce the experimental kinetic 

dataset collected on the Au/SiC catalysts. Entropies of adsorbed intermediates and pre-exponential 

factors were determined from the DFT-calculated vibrational frequencies following a procedure 

described elsewhere.102 Lateral adsorbate-adsorbate interactions were neglected and all the BEs 

and activation energy barriers (EAs) were assumed to be coverage independent. This assumption 

is reasonable since we expect surface coverages to be low under our experimental conditions. The 

maximum surface coverage was restricted to 1 ML and multilayer adsorption was not considered. 

We assumed that all species occupy exactly one site on the surface, except for the bidentate formate 

(HCOO), which blocks two surface sites. Given the geometry of the reactor used in our 

experiments, the reactor was modeled as a plug-flow reactor (PFR). Hence, our reactor model 

comprised of 5 differential equations for the gaseous flow rate along the reactor length, 8 steady 

state algebraic equations for the fractional surface coverages of reaction intermediates, and 1 site-



19 
 

balance equation. Further details of our model formulation can be found in our previous work7, 102, 

103 . 

3.3 Results and discussion 

To develop a comprehensive mean field microkinetic model that would enable us to study the 

structure sensitivity of this reaction on Au surfaces, we have rigorously studied the properties of 5 

closed shell species and 8 reaction intermediates, as well as the reaction energetics of 17 

elementary steps, on the Au(111), Au(100) and Au(211) facets using first principles DFT 

calculations. We first present the results from our DFT calculations; followed by the results from 

our attempts to fit the microkinetic model predicted rates and selectivities to the experimentally 

measured reaction kinetics data.  

3.3.1 Structure and adsorption thermochemistry of reaction intermediates 

Table 3-1 Calculated binding energies (BEs) of adsorbed species and their preferred adsorption 
sites on Au(111), Au(100) and Au(211). Zero of the energy scale is the slab and the gas phase 
species at infinite separation from each other. 

Species  Au(111) Au(100) Au(211) 

   Adsorption BE / eV Adsorption BE / eV Adsorption BE / eV 

H*  fcc  -1.90  bridge  -2.06  bridge  -2.11  

O*  fcc  -2.41  hollow  -2.69  bridge  -2.80  

OH*  bridge  -1.36  bridge  -1.96  bridge  -2.07  

H2O*  top  -0.10  top  -0.14  Off-top  -0.20  

CO*  top  -0.21  bridge  -0.62  bridge  -0.67  

CO2*  physisorbed  -0.02  physisorbed  -0.02  physisorbed  -0.05  

HCO*  top  -1.05  top  -1.26  top  -1.38  

HCOO**  top-top  -1.69  top-top  -2.02  top-top  -2.19  

COOH*  top  -1.27  top  -1.48  top  -1.58  

COOHcis* top  -1.22  top  -1.48 top  -1.59  

HCOOH*  top  -0.10  top  -0.16  top  -0.21  
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The binding energies and preferred adsorption sites of surface species involved in this reaction 

network on the three Au facets studied are summarized in Table 3-1. More detailed information 

on adsorbed states, including vibrational frequencies of surface intermediates and gas phase 

species can be found in Supplementary Information (Table 3S-1 to 3S-4). 

The following description focuses primarily on the most favorable binding configurations for the 

adsorbates. Schematic representations for these configurations are shown in Figures 3-3 to 3-6. In 

this discussion, and throughout the text, (g) stands for ‘gas phase species’ and each '*' represents 

a single surface site occupied by the corresponding adsorbate. Wherever available, the previously 

reported literature values (as obtained using DFT) for the BEs of surface species and activation 

energy barriers (EA) of elementary steps are reported in parenthesis next to our DFT derived 

numbers. 

 

Figure 3-3 Most stable configurations of Formate (HCOO) intermediate on (a) Au(111), (b) 
Au(100), and (c) Au(211). 

 

All the closed-shell species involved in this reaction network, with the exception of CO, are found 

to be weakly bound to all three Au facets studied. They exhibit weak preference for their most 

stable binding configurations, as evidenced by the near degeneracy of their several adsorption 

states. Our calculations do not take into account the long-range interactions, such as van der Waals 

forces,104, 105 which may contribute an additional stabilization of ~0.1 eV – 0.2 eV per carbon atom.  
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The absolute magnitude of the binding energies of surface species on the three Au surfaces were 

observed to decrease in the general order: Au(211) > Au(100) > Au(111), in agreement with the 

general notion that adsorbates tend to exhibit stronger binding to more open facets. 106  

 

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

Formic Acid exhibits two distinct stable configurations: one in which all atoms of the HCOOH* 

molecule lie within a plane perpendicular to the surface (HCOOH*), and another one in which this 

plane is parallel to the surface (HCOOHpa*). The latter orientation was found to adsorb with 

practically zero BE on all three surfaces. HCOOH* binds to the three facets via its carbonyl O 

atom on a top site with the O-H and C-H bonds pointing towards and away from the surface 

respectively, and has a binding energy of -0.10 eV (-0.15 eV107), -0.17 eV (-0.19 eV108), and -0.21 

eV on Au(111), Au(100), and Au(211) respectively. Formate has long been proposed as one of 

the key reaction intermediates in FA decomposition and has also been frequently cited as a possible 
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intermediate in WGS109-111 and methanol synthesis112-114 reactions. As a result, it has received 

much scientific attention61, 86, 115-120, both in the experimental and theoretical literature. Our DFT 

calculations indicate that HCOO** binds on all three Au facets in a bidentate configuration 

(Figure 3-3) with its O ends on top of two nearest neighbor metal atoms. This structural data is in 

agreement with the available experimental (NEXAFS and IR)115 and theoretical evidence.  It has 

a BE of -1.69 eV  (-1.82 eV107), -2.02 eV (-2.10 eV108) and -2.19 eV on Au(111), Au(100) and 

Au(211) respectively.  

 

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

The BEs of atomic hydrogen on Au(111), Au(100), and Au(211) are -1.90 eV (-2.03 eV107, -2.20 

eV121, 122), -2.06eV (-2.29 eV108), -2.11eV (-2.32 eV123) respectively. H* binds preferentially on 

the bridge sites on Au(100) and Au(211), and on the three fold sites on Au(111). The most stable 
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binding configuration on Au(111) is at the fcc sites, although the hexagonal close packed (hcp) 

sites are found to be energetically quasidegenerate to the fcc sites. 

 

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

 

Atomic oxygen prefers the three fold fcc site on Au(111), the four fold hollow site on Au(100), and 

the two fold bridge site on the step edge of Au(211), with BEs of  -2.41 eV (-2.43 eV124), -2.69 

eV(-2.85 eV125), -2.80 eV(-2.83 eV126) respectively.  Hydroxyl prefers to adsorb in a top-tilted 

configuration on the bridge sites of all three Au facets with BEs of -1.36 eV (-1.47 eV124), -1.96 

eV, -2.07 eV on Au(111), Au(100) and Au(211) respectively.  
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Carboxyl exhibits two stable adsorption configurations: (a) one with H pointing downwards 

towards the surface, the trans isomer (COOH*) and (b) one with H pointing away from the surface, 

the cis isomer (COOHcis*). COOH* has a BE of -1.27 eV, -1.48 eV (-1.61 eV 108) and -1.58 eV 

on Au(111), Au(100) and Au(211) respectively. The formyl radical binds preferentially through 

its C atom to the top sites of all three Au facets, with BEs of -1.05 eV, -1.26 eV and -1.38 eV on 

Au(111), Au(100), and Au(211) respectively.   

Table 3-2 PW91 reaction energies (∆E) and activation energy barriers (EA) for the elementary 
steps considered in the HCOOH decomposition reaction network on Au(111), Au(100) and 
Au(211) surfaces. All the values are relative to infinite separation in initial/final states. 

# Reaction 
Au(111) Au(100) Au(211) 

∆E /eV EA / eV ∆E / eV EA / eV ∆E / eV EA / eV 

1 HCOOH + *   HCOOH* -0.10 - -0.16 - -0.21 - 

2 HCOOH*   HCOOHpa* 0.24 0.55 0.29 0.59 0.26 0.63 

3 HCOOH* + 2*   HCOO** + H* 0.86 1.29 0.42 0.87 0.26 0.98 

4 HCOOHpa* + *   COOH* + H* 0.80 1.22 0.44 0.83 0.37 0.87 

5 HCOOH* + *   HCO* + OH* 2.32 2.16 1.57 1.91 1.38 1.74 

6 HCOO**   CO2* + H* -0.35 0.80 -0.17 0.84 -0.08 0.85 

7 HCOO** + H*   H2 + CO2* + 2* -0.84 0.99 -0.34 1.11 -0.15 1.30 

8  COOH* + *   CO2* + H* -0.54 0.54 -0.48 0.68 -0.46 0.74 

9  COOH*   COOHcis* 0.05 0.45 0.00 0.52 -0.01 0.44 

10  COOHcis* + *   CO* + OH* 1.30 1.33 0.55 0.70 0.51 1.00 

11  COOHcis* + H*   CO* + H2O* -0.33 0.55 -0.36 0.68 -0.30 0.87 

12  HCO* + *   CO* + H* 0.07 0.59 -0.29 0.24 -0.26 0.28 

13  OH* + H*   H2O* + * -1.64 0.26 -0.92 0.38 -0.81 0.61 

14  2H*   H2 + 2* -0.49 0.57 -0.17 0.47 -0.07 0.49 

15  CO2*   CO2 + * 0.02 - 0.02 - 0.05 - 

16  H2O*   H2O + * 0.10 - 0.14 - 0.20 - 

17  CO*   CO + * 0.21 - 0.62 - 0.67 -- 

 



25 
 

Carbon monoxide (CO) binds through the carbon atom, with the C-O bond perpendicular to the 

surface. It binds preferentially to the top site on Au(111), and the two fold bridge sites on Au(100) 

and the step-edge of Au(211), with BEs of -0.21 eV (-0.26 eV107), -0.62 eV (-0.62 eV108) and -

0.67 eV (-0.65 eV127) respectively. Water binds weakly through its oxygen atom to the top site of 

the three Au facets with the plane containing all the atoms parallel to the surface. It has a BE of  -

0.10 eV (-0.11 eV107, -0.15 eV128, -0.12 eV122), -0.14 eV and -0.20 eV (-0.19 eV123) on Au(111), 

Au(100) and Au(211) respectively.  

Carbon dioxide (CO2) binds weakly on all three Au facets, with binding energies of -0.02 eV ~ -

0.05 eV. CO2 retains its gas-phase linear geometry and exhibits very weak site preference with 

several degenerate binding configurations.  

3.3.2 Reaction barriers of elementary steps 

The calculated activation energy barriers (EA) and reaction energies (ΔE) for all elementary steps 

studied are reported in Table 3-2. All activation energy barriers and reaction energies reported in 

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

HCOOH activation 

Here we discuss three different pathways of HCOOH activation, namely, the HCOO, the COOH, 

and the HCO mediated pathways (Figure 3-7).  

HCOOH* + 2*  HCOO** + H* 

HCOOH* decomposition to HCOO** is found to proceed directly from the most stable, albeit 

weakly bound perpendicular configuration. The most favorable pathway involves H abstraction 

from HCOOH* over the top site on Au(111), but bridge site on Au(100) and Au(211) surface.  
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This step has a ΔE of 0.86 eV (0.89 eV107), 0.42 eV, and 0.26 eV, with EA of 1.29 eV (1.36 eV107), 

0.87 eV, and 0.98 eV on Au(111), Au(100), and Au(211) respectively. 

 

Figure 3-7 The three HCOOH decomposition pathways considered. 

HCOOH*  HCOOHpa*; HCOOHpa* + *   COOH* + H* 

C-H bond scission in HCOOH, yielding adsorbed COOH* and atomic hydrogen, is a two-step 

process. The first step is the rotation of HCOOH* to yield a metastable HCOOHpa* state. This 

rotation is quasi structure-insensitive, with a barrier of 0.55 eV to 0.63 eV on the three Au facets. 

HCOOHpa* is higher in energy than the most stable adsorbed state (HCOOH*), but it brings the 

carbonic hydrogen in HCOOH* closer to the three Au surfaces, thereby facilitating the C-H bond 

scission. The specific bond scission in HCOOHpa* to yield COOH* is an endothermic step, with 

EA of 1.22 eV, 0.83 eV and 0.87 eV on Au(111), Au(100), and Au(211) respectively.  

HCOOH* + *  HCO* + OH* 

The dehydroxylation of HCOOH* to yield HCO* and OH* has a barrier of 2.16 eV, 1.91 eV and 

1.74 eV on Au(111), Au(100) and Au(211) respectively, significantly higher than the HCOO** 

and COOH* formation steps.  
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Product Formation 

HCOO**  CO2* + H* 

H abstraction from HCOO** starts with the rotation of the HCOO** molecule such that the C-H 

bond becomes parallel to the Au surface, and one Au-O bond is broken just before the C-H bond 

scission over the top sites of all three Au facets (top site at the step edge for Au(211) facet). The 

H-C bond length at the transition state is 1.29 Å, 1.37 Å and 1.18 Å on Au(111), Au(100) and 

Au(211) respectively, as compared to the bond length of 1.11Å in adsorbed HCOO. This step is 

slightly exothermic on Au(111) (ΔE = -0.35 eV) and Au(100) (ΔE = -0.17eV) and near-thermo 

neutral on  Au(211) (ΔE = -0.08 eV). EA for this step is relatively invariant to the model surface, 

with values of 0.80 eV (0.65 eV129), 0.84 eV, and 0.85 eV on Au(111), Au(100) and Au(211) 

respectively.  

COOH* + *  CO2* + H* 

Carboxyl decomposition to CO2 is found to proceed directly from the more stable trans 

configuration (COOH*). The reaction on all three facets starts with rotation of carboxyl within its 

molecular plane, such that O-H bond-scission takes place over the top site. Atomic hydrogen 

subsequently diffuses to the closest preferable site, and CO2 settles in its physisorbed state. This 

step is exothermic, with ΔE of -0.54 eV (-0.49 eV122), -0.48 eV, and -0.46 eV, and has EA of 0.54 

eV (0.58 eV122), 0.68 eV, and 0.74 eV on Au(111), Au(100), and Au(211) respectively. 

 COOHcis* + *  CO* + OH* 

Contrary to the previous step, CO formation from carboxyl starts from the cis configuration of 

carboxyl. For this to take place, the most stable trans configuration of COOH* undergoes activated 
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rotation (with EA of 0.45 eV, 0.52 eV, and 0.44 eV on Au(111), Au(100), and Au(211) 

respectively), to yield the cis configuration (COOHcis*). The dissociation of COOHcis* takes 

place over the top site on all three Au facets, with EA of 1.33 eV (1.25 eV122), 0.70 eV and 1.00 

eV on Au(111), Au(100) and Au(211) respectively.  

 

Figure 3-8 Side and top views of the transition states (TS) for the three kinetically relevant steps 
(as predicted by our microkinetic modeling results) on Au(111), Au(100), and Au(211) surfaces. 
The lengths of the bond being broken/formed are reported for each transition state. Dotted black 
lines in the top views of Au(211) surface indicate the step-edge. 
 

H* + H*  H2 + 2* 
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H2 recombinative formation starts with two H* adsorbed on adjacent bridge sites, and the H-H 

bond formation takes place over the top site, for all three Au facets. The H-H bond length at the 

transition state are 1.38 Å, 1.38 Å and 1.34 Å on Au(111), Au(100) and Au(211) respectively, as 

compared to an H2 gas phase bond length of 0.75 Å. 

 

Figure 3-9 The two-dimensional PESs of FA decomposition reaction via the HCOO (solid lines) 
and COOH (dashed lines) mediated pathways on Au(111) (red) (a), Au(100) (blue) (b), and 
Au(211) (green) (c), and a comparison of the most favorable pathways (HCOO mediated) on all 
three facets (d). Energy zero corresponds to the energy of HCOOH in the gas phase, away from 
the slab. A '|' between two adsorbates denotes that they are at infinite separation from each other. 

Potential Energy Surfaces 

The thermochemistry and activation energy barriers of various elementary steps described in the 

previous sections can be summarized in the form of two-dimensional potential energy surfaces 

(PESs) for the three Au facets, as shown in Figure 3-9. The PESs shown in Figure 3-9 (a-c) 



30 
 

compare the HCOO** and COOH* mediated pathways on the three Au facets respectively (a-c). 

On the basis of the DFT-derived energetics alone, the HCOO** mediated route appears to be the 

minimum energy path for FA decomposition on Au(100) and Au(211), whereas both HCOO** 

and COOH* mediated routes appear to be competitive for the Au(111) facet. Figure 3-9(d) 

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

and Au(211) are expected to be significantly more active than the Au(111) facet.  

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

 Temperature 
(K) 

y(HCOOH) y(He) y(H2) y(CO2) Experimental 
Rates (μmol 
gcat-1 min-1) 

Experimental 
Selectivity 

(CO2/(CO2+CO)) 

1 373.15 0.01 0.99 0.00 0.00 9.30 1.00 

2 373.15 0.02 0.98 0.00 0.00 15.42 1.00 

3 373.15 0.02 0.98 0.00 0.00 18.65 1.00 

4 373.15 0.04 0.96 0.00 0.00 33.00 1.00 

5 343.15 0.03 0.97 0.00 0.00 5.05 1.00 

6 353.15 0.03 0.97 0.00 0.00 8.00 1.00 

7 363.15 0.03 0.97 0.00 0.00 15.72 1.00 

8 368.15 0.03 0.97 0.00 0.00 21.35 1.00 

9 373.15 0.03 0.97 0.00 0.00 24.11 1.00 

10 378.15 0.03 0.97 0.00 0.00 32.55 1.00 

11 383.15 0.03 0.97 0.00 0.00 41.30 1.00 

12 373.15 0.03 0.96 0.01 0.00 23.91 1.00 

13 373.15 0.03 0.94 0.04 0.00 24.09 1.00 

14 373.15 0.03 0.92 0.06 0.00 24.32 1.00 

15 373.15 0.03 0.96 0.00 0.01 23.69 1.00 

16 373.15 0.03 0.95 0.00 0.03 23.76 1.00 

17 373.15 0.03 0.92 0.00 0.06 23.97 1.00 

y denotes mole fraction in the inlet feed. The total flow rate for all the data points is 100 ml/min. Each data point 
is an average of several experimental runs. 
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3.3.3 Microkinetic modeling  

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

 Experiment Model 

HCOOH 0.95 ± 0.06 0.99 
CO2 0.01 ± 0.003 0.00 
H2 0.01 ± 0.003 0.00 
EA 59.6 ± 1.6 kJ/mol 60.2 kJ/mol 

 

A microkinetic model was developed using the results from these DFT calculations as initial 

guesses for the model parameters. With no adjustments to the DFT derived parameters, the 

microkinetic model predicts FA decomposition rates that are 11 and 5 orders of magnitude lower 

on the Au(111) and Au(100)/Au(211) surfaces, respectively, than the measured experimental rates 

on Au/SiC. The reaction is predicted to take place via the HCOO mediated route, i.e., HCOOH (g) 

 HCOOH* HCOO** + H*  CO2* + 2H*  CO2 (g) + H2 (g), on all three facets, with 100% 

selectivity towards the dehydrogenation products; the rate of CO production is predicted to be 

negligible. We next carried out studies in which the kinetic parameters were adjusted from the 

initial values on these three Au facets in attempts to describe the results from reaction kinetic 

measurements (Table 3-3). The adjustable parameters that are modified during this process are the 

BEs of all surface species and transition state energies of all activated elementary steps. While this 

procedure gives a total of 26 parameters for our complex reaction network, sensitivity analysis 

showed that only the BEs of HCOO**, H*, and the transition state energies of the HCOO** 

formation and direct decomposition steps (steps (3) and (6) in Table 3-2) were sensitive 

parameters. We then made systematic adjustments in these parameters until reasonable agreement 

between the experimentally measured and model predicted reaction rates was reached, and we 

subsequently employed a gradient based optimization algorithm in Matlab to obtain optimized 
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values and confidence intervals for our adjustable parameters. The model predicted reaction orders 

and apparent activation energy barriers corresponding to the best-fitted solution are reported in 

Table 3-4, and are in close agreement with their experimental counterparts. In addition, the 

experimentally observed apparent activation energy barrier (59.6 kJ mol−1) in the zero-order 

kinetic regime is in good agreement with past experimental studies on numerous supported Au 

catalysts86, 87, 130. Figure 3-10 shows the PES for the best fitted solution, compared with the DFT 

derived PESs for the three Au facets. Here, we only report the energetics of the closed catalytic 

cycle that is found to carry the entire reaction flux; the energetics of other elementary steps, which 

do not carry much flux from reactants to products are not included in the figure. We can see from 

this figure that the adjustments needed in the DFT derived initial guesses to obtain good fits are 

too large to be attributed to the computational errors in our calculations, which are typically on the 

order of 0.1 eV – 0.2 eV. With > 0.95 ML of the surface predicted to be vacant under all conditions, 

we can also rule out any potential stabilization that might result from lateral adsorbate - adsorbate 

interactions.131 An additional stabilization of the transition states for the HCOO** formation and 

decomposition steps by > 0.5 eV is required to obtain good fits with the experimental data, strongly 

suggesting that (i) the Au(111), Au(100) and Au(211) may not be the most accurate representation 

of the active sites for this reaction, and (ii) the active site might be an even more under-coordinated 

environment that would stabilize the transition states to a much greater extent than these three 

facets. This conclusion is a quantitative confirmation of a previous proposal put forward by Iglesia 

and coworkers based on their experimental reactivity studies for the same reaction.86 Importantly, 

similar suggestions for the reactivity of single metal atoms or very small metal nanoclusters have 

been made in the literature for other reactions as well132-135.  

Rate determining step 
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Figure 3-10 Enthalpy surfaces for FA decomposition via the HCOO** mediated pathway on 
Au(111), Au(100), and Au(211) facets (red, blue, green, respectively) as obtained directly from 
DFT calculations, and that corresponding to the best fitted solution (violet) along with the 
confidence intervals for the transition states. TS denotes the transition state for the respective 
elementary step. This sequence of elementary steps carries almost the entire flux from reactants to 
products for all experimental conditions studied. 

The individual reaction fluxes of the elementary steps reveal that the overall reaction proceeds 

entirely through the ‘direct HCOO**’ route, and no reaction flux is observed through any of the 

COOH mediated pathways. We further analyzed the reaction mechanism and the rate determining 

steps in the reaction scheme using Campbell’s degree of rate control, 5, 136, 137 which quantifies the 

kinetic importance of an elementary step in a reaction scheme by computing the relative change in 

the overall reaction rate upon changing the forward and reverse rate constants for that step, while 

holding the equilibrium constant for that step as well as the rate constants for all other steps 

constant. In this formalism, the degree of rate control (XRC) of each elementary step can be 

evaluated using the following relation: 
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where ki is the rate constant for step i, Ki,eq is the equilibrium constant for this step and r is the 

overall reaction rate. For all equilibrated steps (including the adsorption/desorption steps that were 

assumed to be quasi-equilibrated), XRC,i is 0. Table 3-5 gives the XRC,i for the kinetically relevant 

steps in our reaction mechanism. For the ‘best-fitted solution’, Step 6 exhibits the highest degree 

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

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

Step # Elementary Step XRC 

3 HCOOH* + 2*   HCOO** + H* 0.25 
6 HCOO**   CO2* + H* 0.64 
14 2H*   H2 + 2* 0.10 

These numbers are reported for the reaction condition # 9 of Table 3-3 

 

Figure 3-11 Typical TEM images of Au/SiC catalysts used to determine the Au particle size 
distributions. The pre-reduction temperatures for these catalysts are (a) 623 K, (b) 673 K, (c) 723 
K, (d) 973 K and (e) 1073 K. 

Active Sites 

The results from our microkinetic model suggest that Au(111), Au(100), and Au(211) are, in all 

likelihood, not the best representation of active sites for this reaction on SiC-supported Au catalysts. 
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Thus, the major contributors to the overall rates could potentially be the Au atoms with lower (< 

7) Au-Au coordination that exhibit even greater stabilization of reaction intermediates and 

transition states than the more open facets studied here ((100) and (211)). To gain further insights 

into the nature of the active sites, we synthesized different catalyst samples with a varying degree 

of Au dispersion by treating the initial catalyst in flowing H2 at different temperatures (623, 673, 

723, 973 and 1073 K) for 8 hours, prior to using these materials as catalysts for reaction kinetic 

studies. Typically, the catalysts that are pre-reduced at low temperatures are more highly dispersed 

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

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

Catalyst 
Sample 

# 

Pre-Reduction 
Temperature 

(K) 

Number 
average 

particle size (d 
(nm)) 

Experimentally 
observed reaction 
rate (μmol gcat-1 

min-1) 
1 623 2.55 178.58 
2 673 3.09 129.93 
3 723 3.23 97.84 
4 973 7.53 9.02 
5 1073 10.74 2.64 

 

Particle Size distribution:  

Figure 3-11 shows representative STEM images of the five catalysts that were used to determine 

the Au particle size distribution (Figure 3-12) in these samples. This technique allows for imaging 

Au nanoparticles as low as 0.3 nm in size. It was observed that reducing the catalysts under a H2 

stream at increasingly elevated temperatures resulted in increased averaged Au particle sizes, as 

reported in Table 3-6. 

Kinetic Reaction Rate Measurements: Reaction kinetic measurements were performed to obtain 

the FA decomposition rates on five catalysts under same operating conditions (T = 413 K, Total 
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inlet flow rate = 100 ml/min, Inlet feed composition = 2.5% HCOOH and 97.5% He). A monotonic 

decrease in the reaction rates with an increase in the pre-reduction temperature (and the average 

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

 

 

Figure 3-12 Histograms depicting the Au particle-/cluster-size distributions for the Au/SiC 
catalysts prereduced at 623–1073 K for 8 h. 

 

Additionally, it is observed that the number (and relative abundance) of subnanometer sized Au 

clusters decreases sharply upon increasing the calcination temperature. As a result, these reactivity 

trends provide a first indication that the number of subnanometer sized Au clusters in the catalyst 

may be correlated with the overall reaction rate. This hypothesis is consistent with the past 
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experimental studies85, 86, 130 that have postulated that this remarkable activity on supported Au 

catalysts arises from subnanometric Au clusters that are undetected in TEM micrographs. To 

quantify the contributions of different Au atoms in the catalytic particles/clusters to the overall 

reaction rate, we first classify the different kinds of Au atoms that are present in any given cluster 

into four categories: (1) Corner (C) atoms: CN = 1 to 4, (2) Perimeter (P) atoms: CN = 5 and 6, (3) 

Terrace (T) atoms: CN = 7 to 9 and (4) Bulk (B) atoms: CN ≥ 9, where CN refers to the Au-Au 

coordination number. Surface (S) atoms are defined as the sum total of the C, P, and T atoms.  

In their work on the WGS reaction on supported Au catalysts, Ribeiro and co-workers138-140 

employed physical models of Au clusters as truncated cuboctahedra to develop relations for 

determining the variation of the C, P, and T sites with the number averaged Au particle size. 

However, these relations hold true only for particles with diameter (d) > ~1.6 nm. Therefore, and 

given our TEM data, we attempted to develop physical models of Au clusters with d < 1.6 nm to 

obtain the corresponding relations that provide the dependence of the C, P, and T sites on the 

average Au particle size. For that purpose, we used the results of past computational studies which 

employed DFT to identify the most stable configurations of Aun clusters (with 2 < n < 20) in the 

gas-phase,141-144 along with our physical models. The relative abundance of the C, P and T sites is 

highly dependent on the choice of the cluster shape for d < 1.6 nm. Since there is no general 

agreement in the literature on the most stable structures for these small clusters, a computational 

methodology must be adopted to this end. This approach would involve modeling a SiC support, 

performing ab-initio molecular dynamics (AIMD)145-147 simulations to determine the most stable 

configurations of different sized Au clusters on this support under reaction conditions, and finally 

counting the number of C, P, and T sites in these configurations to develop the structure-site 

density relations for quantifying the contributions from each of these sites towards the overall 
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rates. This approach is an ongoing endeavor and will be presented in a future report. However, as 

a first approximation, we treat these sites together, since the total number/fraction of surface (S) 

atoms (i.e. C + P + T) is invariant of the actual distribution. In particular, all atoms in clusters of d 

< 1.6 nm can be assumed to be surface atoms (100% dispersion) without loss of accuracy.  

Table 3-7 Relations used to determine the fraction of different sites from the average particle size 
obtained from the STEM images. 

Type of  
Surface Site 

→ 
Particle Size ↓ 

Terrace 
(T) 

Perimet
er (P) 

Corner 
(C) 

Surface (S) 

< 1.6 nm # # # 1.0 

≥ 1.6 nm139 0.90 d-0.7 0.46 d-1.8 0.54 d-2.9 0.90 d-0.7 + 0.46 d-1.8 + 0.54 
d-2.9 

# the actual relations for C, P, and T sites for d < 1.6 nm are currently unavailable. All the relations presented here 
give the ratio of that particular site to the total Au atoms in the catalyst. For instance, for d > 1.6 nm, (Number of 
terrace atoms/Total Au atoms) = 0.90 d-0.7, and so on. 

  
Figure 3-13 FA decomposition rate normalized by (a) surface Au moles and (b) total Au moles 
(2% FA inlet feed at 413 K, 1 atm) on Au/SiC catalysts. 

The total moles of surface Au in the catalysts can then be calculated by employing the following 

relation: 

	ݑܣ	݂݁ܿܽݎݑݏ	݂݋	ݏ݈݁݋݉	݈ܽݐ݋ܶ ൌ 	ቆ
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where, f(d) is the fraction of surface atoms in the cluster of diameter d (Table 3-7), t(d) is the total 

number of atoms in that cluster, and the summation is performed over all the Au clusters that were 

identified from the STEM image of that catalyst, i.e., the full particle size distribution was used 

for each sample. The TOFs normalized to the surface Au moles and total Au moles are plotted 

against the average particle size in Figure 3-13, and these plots can be used to draw the following 

key conclusions: 

(i) A decreasing trend in the rate per surface site with average Au particle size (Figure 3-

13 (a)) indicates the heterogeneity of the surface Au sites, i.e., all surface sites do not 

contribute equally to the overall reaction rate. 

(ii) Figure 3-13(b) shows that the rate per total mole of Au catalysts varies as d-2.95, 

whereas Table 3-7 suggests that the fraction of terrace, perimeter, and corner sites vary 

as d-0.7, d-1.8, and d-2.9 respectively. Thus, the variation in FA decomposition rate per 

total mole of Au seems to correlate with the ‘corner model’, i.e., the rate per corner site 

is independent of the Au particle size, thereby implying that corner sites might be the 

dominant active sites for this reaction. As mentioned earlier, this conclusion is based 

on the assumption that the d-2.9 dependence of the corner sites will be valid over the 

entire particle size range, and further studies to confirm this for smaller clusters (d <1.6 

nm) will be needed.  

3.4 Conclusions 

Periodic, self-consistent DFT calculations were performed to determine the energetics of 13 

adsorbed intermediates for FA decomposition, as well as the activation energy barriers and pre-

exponential factors of 13 activated elementary steps on Au(111), Au(100), and Au(211) surfaces, 
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which were chosen as the representative stable model facets of Au nanoparticles on SiC support. 

The DFT results suggest that the surface species and transition states are stabilized as the Au-Au 

coordination of surface atoms decreases, and the reaction rates follow the order: Au(211) ≈ 

Au(100) > Au(111).  

A mean field microkinetic model was employed to describe the experimental rate and selectivity 

data that were collected under realistic conditions on Au/SiC. Our ‘best fitted solution’ from the 

microkinetic model shows a good description of the experimental data (R2 = 0.98), and good 

agreement between the model predicted apparent activation energy barriers and reaction orders 

with their experimental counterparts. The reaction is predicted to proceed via the formate mediated 

route. Importantly, the closed catalytic cycle that adequately describes the FA decomposition 

mechanism on Au catalysts is found to be comprised of three elementary steps: HCOOH*  

HCOO** + H*, HCOO**  CO2* + H* and 2H*  H2(g).  

A comparison of the DFT derived binding energies and activation energy barriers with the 

parameters obtained upon fitting the microkinetic model to the experimental data suggests that 

Au(111), Au(100) and Au(211) might not provide the most accurate representation of the active 

site on supported Au catalysts. Further reaction rate experiments and measurements of the Au 

particle size distribution using STEM corroborated this claim that the coordinatively unsaturated 

corner sites, with Au-Au coordination of ≤ 4, are most likely the dominant active sites for this 

reaction. Further DFT studies on Au clusters that possess atoms with Au-Au coordination number 

≤ 4 will be needed to identify the exact nature of active site for formic acid decomposition on 

supported Au nanoparticles. Also, to further enhance the catalytic activity of Au catalysts, different 

synthesis techniques should be explored that will yield supported Au catalysts with a higher 

fraction of low coordinated sites. 
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3.5 Supplementary material 

Table 3S-1 Calculated Vibrational Frequencies of Gas Phase species.  

Species  Frequencies [cm-1] 

H2  4430  

CO  2205  

CO2  2469, 1351, 629, 623  

H2O  3940, 3825, 1575  

HCOOH  3693, 2980, 1725, 1281, 1025, 996, 925, 682, 402  

 

Table 3S-2 Calculated Binding Energies (BE), with (w) and without (w/o) ZPE corrections, and Vibrational 
Frequencies of Adsorbed Species at their Preferred Adsorption Site on Au(111).  
 

Species  Adsorption 

Site  

BE / eV Frequencies [cm-1] 

W/O ZPE  W ZPE 

H*  fcc  -2.04 -1.90 879.4, 681.2, 596.5  

O*  fcc  -2.46 -2.41 394.2, 250.0, 247.5  

OH*  bridge  -1.56 -1.36 3766.3, 576.5, 546.6, 307.3, 165.7, 125.6  

H2O*  top  -0.16 -0.10 3884.4, 3773.4, 1551.2, 339.2, 260.4, 244.4, 71.0, 66.4, 59.7  

CO*  top  -0.26 -0.21 2138.5, 229.6, 222.1, 214.2, 82.2, 50.4  

CO2*  physisorbed  -0.05 -0.02 2458.8, 1349.6, 635.8, 634.3, 144.2, 117.6, 49.2, 35.5, 21.2  

HCO*  top  -1.20 -1.05 2903.5, 1814.8, 1138.2, 726.9, 458.5, 263.2, 128.4, 121.0, 97.8  

HCOO**  top-top  -1.79  -1.69  
2927.4, 1575.7, 1303.6, 1285.0, 968.5, 729.4, 289.4, 263.3, 

244.8, 107.4, 91.3, 64.6  

COOH*  top  -1.35  -1.27  
3446.8, 1824.6, 1200.6, 1104.1, 625.9, 588.6, 447.5, 268.6, 

208.7, 126.9, 106.9, 85.7  

COOHcis* top  -1.30  -1.22  
3622.3, 1765.6, 1230.1, 1042.2, 627.5, 618.6, 399.0, 267.4, 

224.9, 103.0, 96.9, 59.3  

HCOOH*  top  -0.16  -0.10  
3437.4, 3006.4, 1748.5, 1343.8, 1273.0, 1117.5, 998.4, 663.0, 

619.7, 144.3, 100.8, 88.8, 77.9, 59.3, 26.7  

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

Species  Adsorption 

Site  

BE / eV Frequencies [cm-1] 

W/O ZPE  W ZPE 

H*  bridge  -2.22  -2.06  1126.5, 1055.9, 361.0  
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O*  hollow  -2.73  -2.69  250.6, 140.9, 131.8  

OH*  bridge  -2.18  -1.96  3789.3, 727.2, 556.4, 317.8, 272.3, 138.5  

H2O*  top  -0.20  -0.14  3875.4, 3760.3, 1547.9, 348.3, 334.8, 147.2, 86.9, 63.9, 30.6 

CO*  bridge  -0.68  -0.62  1970.6, 293.5, 283.6, 257.1, 224.6, 88.4  

CO2*  physisorbed -0.05  -0.02  2455.7, 1350.7, 627.1, 612.1, 116.5, 96.9, 92.1, 65.5, 51.6  

HCO*  top  -1.41  -1.26  2868.4, 1803.2, 1167.5, 731.7, 479.6, 254.3, 130.7, 126.8, 

116.8 

HCOO**  top-top  -2.13  -2.02  
2934.5, 1584.7, 1315.2, 1303.5, 976.1, 725.9, 289.1, 281.6, 

257.0, 95.1, 87.8, 49.8  

COOH*  top  -1.58  -1.48  
3763.8, 1671.2, 1199.4, 1125.6, 665.8, 573.9, 432.3, 248.7, 

232.5, 147.3, 93.1, 55.3  

COOHcis* top  -1.57  -1.48 
3617.3, 1617.3, 1258.0, 1098.3, 652.1, 645.9, 395.5, 261.6, 

233.1, 147.1, 59.9, 57.4  

HCOOH*  top  -0.22  -0.16 
3273.3, 3014.9, 1732.3, 1342.3, 1284.7, 1131.4, 1000.6, 

702.5, 629.3, 170.2, 135.2, 90.4, 88.5, 64.2, 51.4  

 

Table 3S-4 Calculated Binding Energies (BE), with (w) and without (w/o) ZPE corrections, and Vibrational 
Frequencies of Adsorbed Species at their Preferred Adsorption Site on Au(211).  
 

Species  Adsorption 

Site  

BE / eV Frequencies [cm-1] 

W/O ZPE  W ZPE 

H*  bridge  -2.27  -2.11  1131.7, 1044.7, 393.4  

O*  bridge  -2.86  -2.80  434.9, 398.2, 132.4  

OH*  bridge  -2.29  -2.07  3804.9, 730.3, 568.7, 309.3, 262.0, 144.0  

H2O*  Off-top  -0.25  -0.20  3864.1, 3711.8, 1547.0, 414.1, 335.1, 144.2, 111.0, 71.3, 

CO*  bridge  -0.73  -0.67  1967.7, 313.5, 274.5, 250.5, 212.8, 121.2  

CO2*  physisorbed -0.06  -0.05  2454.7, 1349.5, 626.1, 622.1, 111.7, 77.2, 41.6, 35.7, 20.8  

HCO*  top  -1.53  -1.38  2876.1, 1808.7, 1176.5, 733.1, 487.3, 220.7, 97.3, 94.5, 82.2 

HCOO**  top-top  -2.29  -2.19  
2951.7, 1589.5, 1316.7, 1301.1, 971.1, 726.0, 282.8, 277.8, 

253.9, 99.4, 93.0, 87.1  

COOH*  top  -1.68  -1.58  
3764.5, 1637.8, 1209.8, 1134.0, 679.3, 578.1, 436.4, 278.5, 

222.0, 157.8, 111.6, 93.1  

COOHcis* top  -1.68  -1.59  
3604.6, 1578.9, 1268.5, 1117.7, 664.6, 660.1, 406.8, 282.9, 

234.5, 167.6, 114.8, 105.9  

HCOOH*  top  -0.28  -0.21  
3378.6, 3023.9, 1719.3, 1342.2, 1286.0, 1117.7, 998.9, 

702.7, 631.7, 179.4, 158.4, 93.9, 79.6, 58.1, 45.6  
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Table 3S-5 PW91 reaction energies (∆E), activation energy barriers (EA) for the elementary steps considered in the 
HCOOH decomposition reaction network on Au(111). All the values are relative to the infinite separation of species 
in the initial/final states. 
 

# Reaction 

Adsorbate 
Interaction / eV 

IS / FS 

∆E / eV EA / eV 

W/O 

ZPE 

W 

ZPE 

W/O 

ZPE 

W 

ZPE 

1  HCOOH + *   HCOOH* - / - -0.16 -0.10 0 - 

2  HCOOH*   HCOOHpa* - / - 0.24 0.24 0.60 0.55 

3  HCOOH* + 2*   HCOO** + H* -  / -0.06 1.02 0.86 1.46 1.29 

4  HCOOHpa* + *   COOH* + H* -  / -0.03 0.96 0.80 1.44 1.22 

5  HCOOH* + *   HCO* + OH* -  / -0.15 2.42 2.32 2.27 2.16 

6  HCOO**   CO2* + H* - / 0.00 -0.21 -0.35 0.86 0.80 

7  HCOO** + H*   H2 + CO2* + 2* -0.06 / 0.00 -0.71 -0.84 1.08 0.99 

8  COOH* + *   CO2* + H* - / 0.00 -0.39 -0.54 0.74 0.54 

9  COOH*   COOHcis* - / - 0.05 0.05 0.50 0.45 

10  COOHcis* + *   CO* + OH* - / -0.07 1.41 1.30 1.48 1.33 

11  COOHcis* + H*   CO* + H2O* -0.04 / -0.04 -0.39 -0.33 0.59 0.55 

12  HCO* + *   CO* + H* - / 0.04 0.23 0.07 0.77 0.59 

13  OH* + H*   H2O* + * -0.03 / - -1.80 -1.64 0.26 0.26 

14  2H*   H2 + 2* 0.01 / - -0.49 -0.49 0.59 0.57 

15  CO2*   CO2 + * - / - 0.05 0.02 0 - 

16  H2O*   H2O + * - / - 0.16 0.10 0 - 

17  CO*   CO + * - / - 0.26 0.21 0 - 
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Table 3S-6 PW91 reaction energies (∆E), activation energy barriers (EA) for the elementary steps considered in the 
HCOOH decomposition reaction network on Au(100). All the values are relative to the infinite separation of species 
in the initial/final states. 
 

# Reaction 
Adsorbate 

Interaction / eV 
IS / FS 

∆E / eV EA / eV 

W/O 
ZPE 

W 
ZPE 

W/O 
ZPE 

W 
ZPE 

1 HCOOH + *   HCOOH* - / - -0.22 -0.16 0 - 

2 HCOOH*   HCOOHpa* - / - 0.29 0.29 0.65 0.59 

3 HCOOH* + 2*   HCOO** + H* - / 0.01 0.56 0.42 1.09 0.87 

4 HCOOHpa* + *   COOH* + H* - / -0.01 0.56 0.44 1.02 0.83 

5 HCOOH* + *   HCO* + OH* - / -0.22 1.64 1.57 2.00 1.91 

6 HCOO**   CO2* + H* - / 0.00 -0.06 -0.17 1.02 0.84 

7 HCOO** + H*   H2 + CO2* + 2* 0.01 / - -0.19 -0.34 1.29 1.11 

8 COOH* + *   CO2* + H* - / 0.00 -0.34 -0.48 0.90 0.68 

9 COOH*   COOHcis* - / - 0.01 0.00 0.58 0.52 

10 COOHcis* + *   CO* + OH* - / -0.04 0.62 0.55 0.78 0.70 

11 COOHcis* + H*   CO* + H2O* -0.01 / -0.05 -0.41 -0.36 0.77 0.68 

12 HCO* + *   CO* + H* - / -0.01 -0.16 -0.29 0.40 0.24 

13 OH* + H*   H2O* + * -0.02 / - -1.03 -0.92 0.45 0.38 

14 2H*   H2 + 2* -0.03 / - -0.13 -0.17 0.53 0.47 

15 CO2*   CO2 + * - / - 0.05 0.02 0 - 

16 H2O*   H2O + * - / - 0.20 0.14 0 - 

17 CO*   CO + * - / - 0.68 0.62 0 - 
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Table 3S-7 PW91 reaction energies (∆E), activation energy barriers (EA) for the elementary steps considered in the 
HCOOH decomposition reaction network on Au(211). All the values are relative to the infinite separation of species 
in the initial/final states. 
 

# Reaction 
Adsorbate 

Interaction/eV 
IS / FS 

∆E / eV EA / eV 

W/O 
ZPE

W 
ZPE 

W/O 
ZPE 

W 
ZPE

1 HCOOH + *   HCOOH* - / - -0.28 -0.21 0 - 

2 HCOOH*   HCOOHpa* - / - 0.31 0.26 0.68 0.63 

3 HCOOH* + 2*   HCOO** + H* - / 0.20 0.40 0.26 1.20 0.98 

4 HCOOHpa* + *   COOH* + H* - / 0.02 0.49 0.37 1.06 0.87 

5 HCOOH* + *   HCO* + OH* - / -0.03 1.47 1.38 1.85 1.74 

6 HCOO**   CO2* + H* - / 0.00 0.04 -0.08 1.03 0.85 

7 HCOO** + H*   H2 + CO2* + 2* 0.20 / 0.00 0.02 -0.15 1.39 1.30 

8 COOH* + *   CO2* + H* - / 0.00 -0.31 -0.46 0.96 0.74 

9 COOH*    COOHcis* - / - 0.00 -0.01 0.50 0.44 

10 COOHcis* + *   CO* + OH* - / 0.15 0.58 0.51 1.10 1.00 

11 COOHcis* + H*   CO* + H2O* 0.02 / 0.02 -0.34 -0.30 0.95 0.87 

12 HCO* + *   CO* + H* - / 0.02 -0.14 -0.26 0.43 0.28 

13 OH* + H*   H2O* + * 0.08 / - -0.92 -0.81 0.69 0.61 

14 2H*   H2 + 2* -0.02 / - -0.02 -0.07 0.55 0.49 

15 CO2*   CO2 + * - / - 0.06 0.05 0 - 

16 H2O*   H2O + * - / - 0.25 0.20 0 - 

17 CO*   CO + * - / - 0.73 0.67 0 -- 
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Chapter 4 On the Nature of Active Sites for Formic Acid 
Decomposition on Au Catalysts 

4.1 Introduction 

Using an integrated method of DFT calculations, experiments and microkinetic modeling in 

Chapter 3, formic acid decomposition mechanism was elucidated to proceed via the formate 

mediated route, which is comprised of three elementary steps: HCOOH*  HCOO** + H*, 

HCOO**  CO2* + H*, and 2H*  H2(g). In terms of the active sites, the extended surfaces of 

gold ─ Au(111), Au(100) and Au(211) with coordination number (CN) of 9, 8, and 7, respectively, 

for surface atoms ─ were found not to be the active sites on SiC supported Au catalysts for formic 

acid decomposition. Further experiments conducted on different catalyst samples with a varying 

degree of Au dispersion together with relations determining the fraction of different types of Au 

sites as a function of average particle size suggested that coordinatively unsaturated corner sites 

are most likely to dominate active sites for this reaction. However, the physical models of Au 

clusters used to develop the relations between site density and particle size are truncated 

cuboctahedra, which may not represent the most stable structure of Au clusters, especially for 

subnanometric Au clusters which are postulated to have remarkable activity for this reaction based 

on the experimental studies. Thus, in the current work, the most stable configurations of 

subnanometer Au clusters (up to Au25 with a size of 0.85 nm) were investigated using ab initio 

molecular dynamic (AIMD) simulations and a full mechanistic study of the formic acid 

decomposition was performed on several optimized Au clusters identified to be the promising 

candidates of the active sties. The same integrated method of theory, experiments and microkinetic 

modeling was adopted in this work to examine the candidate Au clusters and the active site for 
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formic acid decomposition can be represented by the Au18 cluster model, on which the triangular 

Au3 site with CN=5 is where the reaction takes place. 

4.2 Computational methods 

All calculations in the current work were performed using the Vienna ab initio simulation package 

(VASP) code97, 148 based on density functional theory (DFT). The projector augmented wave 

(PAW)149, 150 potentials were used for electron−ion interactions, and the generalized gradient 

approximation (GGA−PW91)151 was used to describe the exchange-correlation functional. The 

electron wave function was expanded using plane waves with an energy cutoff of 400 eV. All 

calculations were performed in a 20×20×20 Å3 cubic cell with 3-dimensional periodic boundary 

conditions and the Brillouin zones were sampled by the gamma point only.  

To obtain the most stable configurations of the Au clusters, DFT calculations were performed in 

the framework of ab-initio molecular dynamics (AIMD)152. First, several initial guesses of cluster 

models were statically optimized to local minima, which subsequently underwent AIMD simulated 

annealing. In the simulated annealing process, the system was first equilibrated at a high 

temperature for 2 ps, then quenched to room temperature within 2 ps, and finally, the local minima 

of the quenching trajectory were statically optimized to yield final structures. From these local 

minima, the most stable one was chosen as the optimized structure. 

During the structure optimization of the adsorbates and activation energy calculations on Au 

clusters, all Au atoms were fully relaxed without any constraint. Structures were fully relaxed until 

the Hellmann−Feynman forces acting on the atoms were smaller than 0.05 eV/Å. Binding energy 

(BE) of the adsorbate was calculated with respect to the pure Au cluster and the corresponding 

adsorbate (intermediate) in the gas phase. Minimum energy paths and activation energy barriers 

of the elementary steps were calculated using the climbing image nudged elastic band method (CI-
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NEB)99. The minimum energy path for each elementary step was discretized by a total of at least 

nine images, including the initial and final state. Convergence of the NEB calculations was reached 

when the magnitude of the force on all images was less than 0.1 eV/Å, except for the hydrogen 

recombination reaction, where a stricter convergence criterion (0.05 eV/Å) was used. The 

transition states (TS) were confirmed by vibrational frequency calculations yielding a single 

imaginary frequency along the reaction coordinate. 

4.3 Results and discussion 

4.3.1 Optimized Aun (n=2-25) clusters 

 

Figure 4-1 Most stable configurations of Aun (n=2-25) clusters obtained from AIMD simulations. 
For Aun clusters with 3D structures, both the top view and side view are shown. 

Since the discovery of the extraordinary catalytic activity of dispersed gold nanoparticles toward 

CO oxidation by Haruta et al153, considerable efforts have been devoted to understand the secret 

of the catalytic properties of gold nanoparticles, especially the precise structural information of 
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small gold clusters in the range of 3-20 gold atoms has been obtained and confirmed with joint 

theoretic and experimental efforts154-168. However, most of these efforts were concentrated on 

charged Au clusters, anionic Au clusters in particular, because charged species are easily size-

selected and the experimental techniques widely used to understand the geometric properties of 

Au clusters, such as ion mobility spectrometry, photoelectron spectroscopy, and trapped ion 

electron diffraction, are all restricted to the investigation of charged species.169 Compared with the 

charged Au clusters, there is a lack of both experimental and theoretic studies for neutral Au 

clusters. 

In the current work, ab initio molecular dynamics simulations were used to obtain the most stable 

configurations of Aun (n=25) clusters, which are shown in Figure 4-1. It is found that 2-

dementional (2D) structures are preferred from Au2 to Au16, while Aun clusters with more than 16 

atoms prefer the 3D structures. Most planar structures can be obtained from truncation of a one-

layer (111) surface with the exception of Au8, which adopts a highly symmetric (D4h symmetry) 

star-shaped planar structure and represents a distinct type of site, where two squares are formed by 

the innermost and outermost four atoms with an angle of 45 degrees between their diagonals. 

Among the planar structures, Au6 also has a highly symmetric structure (D3h symmetry), but it is 

an equilateral triangle. Au20 is a tetrahedral pyramid with Td symmetry, which has also been 

suggested to be the global minimum for anionic Au20
- 166. Removal of one, two and three corner 

atoms from Au20 tetrahedron leads to a truncated trigonal pyramid Au19 with C3v symmetry, Au18 

with C2v symmetry, and Au17 also with C3v symmetry, respectively, while addition of one, two and 

three atoms on the facet on Au20 forms Au21, Au22 and Au23 with reduced symmetries. Au24 has an 

amorphous structure, while Au25 can be formed by adding another layer of Au6 triangle under the 

bottom of Au19. Among these 2D and 3D structures, the rhombus (D2h) Au4, trapezoid (C2v) Au5, 
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edge-capped triangle (Cs) Au7, four-fold edge-capped square Au8, truncated pyramid Au19 and 

pyramid Au20 have been confirmed by Fielicke and coworkers154, 163 using far-infrared multiple-

photon dissociation (FIR-MPD) spectroscopy, the only size-selective experimental technique 

available for structure determination of neutral metal clusters in the gas phase. While the 2D-to-

3D transition has been found to appear in the range of n = 12-13 for gold cluster anions Aun
- 160, 

161, it is yet to be determined experimentally for neutral Au clusters.  

 

Figure 4-2 Differential binding energy (dBE) of Au in Aun (n=2-25) clusters using isolated atomic 
Au atom as the energy reference. dBE = E(Aun) – E(Aun-1) – E(Au). 

Differential binding energy (dBE) of Au in Aun clusters is calculated as the BE of adding the last 

Au atom to the Aun clusters and is plotted in Figure 4-2. A clear odd-even oscillation exhibits in 

the differential binding energy of Au with even-numbered Au clusters being more stable than 

neighboring odd-numbered clusters, which can be understood by electron paring effect170. Based 

on the differential BE plot, Au6 and Au20 represent two most stable clusters among Aun clusters 

with no more than 25 atoms, and if using the energy of bulk Au atom as reference, they are the 

only two clusters with negative dBE values, -0.06 eV for Au6 and -0.18 eV for Au20, indicating 
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the last Au atom in the two clusters bind even more strongly than bulk Au. Differential BE plot 

using bulk Au as the energy reference can be find in the supplementary material.  

4.3.2 BEs of key intermediates of HCOOH decomposition on Aun (n=4-25) clusters 

After the structures of Aun clusters were optimized, binding energies of the key intermediates in 

HCOOH decomposition, including HCOOH, formate (HCOO), carboxyl (COOH) and H were 

calculated on Aun (n=4-25) clusters to get a first understanding of the interaction between 

intermediates and gold clusters. The most stable configurations of the four intermediates adsorbed 

on Aun clusters can be found in the supplementary material together with their binding energy 

values. Figure 4-3 plots the binding energies on Aun clusters and also compares with the 

corresponding values on Au(211) surface, as indicated by the black lines in Figure 4-3.  

 

Figure 4-3 Binding energies of (a) H and HCOOH, (b) HCOO and COOH on Aun (n=4-25) 
clusters. Black horizontal lines show the BEs of the intermediates on Au(211) surface. 

For HCOOH, it binds mildly more strongly on all Aun clusters being investigated than on Au(211) 

surface by 0.15-0.50 eV, except on Au4, a significantly stronger binding energy of -1.02 eV is 

observed compared with the -0.27 eV on Au(211) surface. In terms of binding energy, the closed-

shell HCOOH intermediate is less sensitive to the size of Aun clusters compared with the other 

three species, of which the BEs also show an odd-even alternation behavior, similar as the dBE of 

(a) (b) 
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Au. Since H, COOH, and HCOO are all species with an odd number of valence electrons, they all 

bind more strongly on the odd-numbered Aun clusters than on neighboring even-numbered clusters. 

For H, on all odd-numbered Aun clusters, it binds more strongly than on Au(211), while the even-

numbered clusters show similar binding energies as Au(211) except for Au6, Au8 and Au20 where 

a 0.3-0.5 eV weaker BE of H is seen and for Au14 with a 0.36 eV stronger BE. All Aun clusters 

bind HCOO more strongly than Au(211) except for Au6, Au8 and Au20, where a weaker BE of 

HCOO by ca. 0.2-0.4 eV is found. Similarly, COOH also binds more strongly on all Aun clusters 

than on Au(211) except for Au6 and Au20, on which COOH binds slightly less strongly by ca. 0.1-

0.2 eV. Among the Aun clusters, Au6, Au8 and Au20 are found to have a weaker interaction with 

the intermediates in general, probably due to the relatively high stabilities of these three clusters 

associated with the nice symmetries found in their structures.  

Table 4-1 Energy difference between formate (HCOO) and carboxyl (COOH) on Aun (n=4-25) 
clusters.  dE = E(HCOO/Aun) – E(COOH/Aun). 

 Au4 Au5 Au6 Au7 Au8 Au9 Au10 Au11 Au12 Au13 Au14 Au(211) 

dE(eV) -0.22 -0.63 0.02 -0.09 -0.02 -0.18 -0.35 -0.16 -0.36 -0.36 -0.25 -0.35 

 Au15 Au16 Au17 Au18 Au19 Au20 Au21 Au22 Au23 Au24 Au25  

dE(eV) -0.25 -0.39 -0.25 -0.54 -0.45 -0.09 -0.13 -0.27 -0.18 -0.67 -0.36  

 

As HCOO and COOH are isomers of each other, their relative stabilities were also compared on 

the Aun clusters with energy differences summarized in Table 4-1. It can be seen that HCOO is a 

more stable species than COOH on all Aun (n=4-25) clusters except for Au6, where HCOO is 

slightly less stable than COOH by 0.02 eV. Among the Aun (n=4-25) clusters, compared with 

COOH, HCOO is stabilized to a higher extent on Au5, Au18, Au19 and Au24 than on Au(211), 

whereas on the other clusters, stabilization of HCOO (using COOH as the energy reference) is 

reduced if it is not similar as on Au(211). The energy difference of HCOO and COOH given in 
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Table 4-1 is also the reaction energy difference for HCOO and COOH formation from HCOOH: 

HCOOH  HCOO + H and HCOOH  COOH + H. Hence, the general higher stability of HCOO 

than COOH on Aun clusters provides a first indication that HCOO mediated pathway might be 

more favorable than the COOH mediated pathway for HCOOH decomposition on gold clusters, 

which will be reexamined by performing rigorous activation energy calculations for the two 

pathways; results obtained from those calculations will be presented in the following sections.  

4.3.3 Activation energies for HCOOH dehydrogenation to HCOO on Aun (n=4-25) clusters 

Since HCOOH decomposition is found to proceed through the HCOO mediated path on extended 

Au surfaces and HCOO formation is energetically more favorable than COOH formation from 

HCOOH on Aun clusters, to a first approximation, the reaction mechanism comprised of three 

elementary steps of the HCOO pathway does not change on Aun clusters. Then the first step in 

HCOO pathway, dehydrogenation of HCOOH to HCOO was investigated on Aun (n=4-25) 

clusters, and the calculated activation energies serve as a first screen of promising active Aun 

clusters for HCOOH decomposition. As Au(211) is less active than the Au catalysts used in 

experiments by several orders of magnitude, active Aun clusters should at least have a smaller 

barrier for HCOO formation than the Au(211) surface, and ideally the active Au site will require 

an approximate decrease of 0.4-0.5 eV in HCOO formation barrier from the Au(211) value to 

advance the reaction rate by 5-6 orders of magnitude under reaction temperatures and make it 

comparable with the experimentally observed rate.  

Table 4-2 summarizes the DFT calculated activation energies for HCOO formation from HCOOH 

on Aun clusters and the transition state (TS) configurations are provided in supplementary material. 

It can be seen that Au6, Au8 and Au20 have a higher (albeit not significantly higher) activation 

energy for HCOO formation than Au(211), which is consistent with the weak interactions found 
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between these three clusters and the intermediates, leading to a first removal of the three clusters 

from the candidate pool of active Aun clusters. Aun clusters in the range n=9-16 and n=21-23 have 

a similar activation energy for HCOO formation as Au(211) surface, with differences in Ea being 

less than 0.2 eV, within the DFT calculation errors. Thus, compared with Au(211) surface, these 

clusters are expected to exhibit a similar or slightly higher reaction rate, which is far less that the 

5 or 6 orders of magnitude increase required to represent the active sites. As a result, Aun clusters 

in the range n=9-16 and n=21-23 are also ruled out from candidates of the active gold sites. Among 

the remaining Aun clusters, Au18 has the lowest activation energy for HCOO formation, implying 

that Au18, in all likelihood, is the most promising active site model. In the following section, the 

other two steps in the HCOO pathway, and in some cases steps in the COOH pathway will be 

explored on clusters characterized with low HCOO formation barriers, specifically, Au4, Au5, Au7, 

Au17, Au18 and Au19.  

Table 4-2 Activation energy (Ea) of HCOOH dehydrogenation to HCOO (HCOOH* + 2*  
HCOO** + H*) on Aun (n=4-25) clusters. Ea on Au(211) is given for comparison. 

 Au4 Au5 Au6 Au7 Au8 Au9 Au10 Au11 Au12 Au13 Au14 Au(211)

Ea(eV) 0.92 0.76 1.47 0.92 1.25 1.01 1.14 1.16 1.00 1.02 1.14 1.20 

 Au15 Au16 Au17 Au18 Au19 Au20 Au21 Au22 Au23 Au24 Au25  

Ea(eV) 1.14 1.09 0.84 0.67 0.85 1.35 1.14 1.17 1.20 0.86 0.93  

 

4.3.4 DFT results on a series of promising active site models (Au4, Au5, Au7, Au17, Au18 and 

Au19) 

Detailed reaction pathway studies were performed on the six Aun clusters identified as promising 

active site models, Au4, Au5, Au7, and Au17─Au19. The three elementary steps of the HCOO 

pathway (reactions 2-4 in Table 4-3) were calculated on all six clusters since HCOO pathway is 

expected to be the preferred pathway, while the COOH pathway was also investigated on four of 
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the clusters to obtain an unbiased and accurate understanding of the reaction mechanism for 

HCOOH decomposition. The calculated activation energies and reaction energies on the six gold 

clusters were summarized in Table 4-3.  

Table 4-3 Activation energy (Ea) and reaction energy (∆E) of key elementary steps in HCOOH 
decomposition on several Aun clusters. All values are relative to the best initial/final states and are 
reported in eV. 

 
Au4 Au5 Au7 Au17 Au18 Au19 

Ea ∆E Ea ∆E Ea ∆E Ea ∆E Ea ∆E Ea ∆E 

HCOOH(g) + *  HCOOH*  -1.02  -0.58  -0.65  -0.50  -0.54  -0.42

HCOOH* + 2*  HCOO** + H* 0.92 -0.50 0.76 -0.16 0.92 -0.08 0.84 -0.12 0.67 -0.18 0.85 0.15

HCOO**  CO2(g) + H* + * 1.09 0.15 1.44 0.27 0.93 -0.44 1.15 -0.03 1.04 0.27 1.07 0.22

2H*  H2* + 2* 0.26 0.17 0.49 0.28 0.74 0.48 0.83 0.41 0.87 0.66 0.50 0.07

HCOOH* + *  COOH* + H* -- -- 1.06 0.13 1.15 0.27 -- -- 1.22 0.33 1.36 0.59

COOH*  CO2(g) + H* -- -- 0.98 -0.36 1.04 -0.53 -- -- 1.19 -0.27 1.10 -0.22

COOH* + *  CO* + OH* -- -- 0.35 -2.78 0.84 -3.00 -- -- 0.53 -2.61 0.56 -3.22

OH* + H*  H2O* + * -- -- 1.19 -0.41 0.86 -0.32 -- -- -- -- 0.63 -0.71

CO*  CO(g) + *  1.74  1.27  1.24  1.15  1.11  0.87

H2O*  H2O(g) + *  --  0.41  0.44  --  --  0.25

H2*  H2(g) + *  0.70  0.29  0.30  0.12  0  0 

 

On Au4, an exceptionally strong BE of HCOOH is found, -1.02 eV; along with the adsorption of 

HCOOH, Au4 undergoes a structural change from the most stable rhombus structure (Figure 4-1) 

to a ‘Y-shaped’ structure (Figure 4-4). Dehydrogenation of HCOOH to HCOO and H on Au4 

induces further structural change of Au4 back to the rhombus structure, with the final product 

HCOO bound to one side of the rhombus and H sitting at a nearby bridge site and the shared Au 

tom between the two being the one at the end of the longer diagonal. HCOOH dehydrogenation to 

co-adsorbed HCOO and H is an exothermic reaction with a barrier of 0.92 eV. On Au4, co-

adsorbed HCOO and H species exhibit a significantly attractive interaction with an energy of 1.17 
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eV is required to move the two species to infinite separation. Further dehydrogenation of HCOO 

involves flipping and rotation of HCOO to first break one O-Au bond and forms a structure of 

which the C-H bond is pointing towards the cluster and is readily broken in a subsequent close-to-

spontaneous step. The overall barrier required for HCOO decomposition is 1.09 eV on Au4. 

Combination of two co-adsorbed and attractively interacted H atoms (by 0.64 eV) forms a 

molecularly adsorbed hydrogen, with a quite strong binding energy of -0.70 eV.  

 

Figure 4-4 Potential energy surface of HCOOH decomposition through the HCOO path on Au4. 
PES for Au(211) is shown in black line for comparison. Insets show configurations of the most 
favorable adsorbed states and transition states on Au4, with Au, C, O and H atoms are represented 
by yellow, grey, red and white circles. ‘|’ indicates infinite separation, while ‘+’ means the 
intermediates are co-adsorbed on the surface. The same notation is adopted throughout this 
chapter. 

Figure 4-4 plots the potential energy surface of the abovementioned HCOO pathway on Au4, and 

compares with the corresponding PES on Au(211) surface. It can be seen that, the TSs of the three 

elementary steps in the HCOO pathway are substantially stabilized on Au4 compared with the 

Au(211) surface, primarily because the adsorbed states are significantly stabilized on Au4. What 
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seems to be particularly noteworthy is that when HCOO (or H) is co-adsorbed with another H on 

the Au4 cluster, the co-adsorption state is stabilized by 1.17 eV (or 0.64 eV) compared with the 

infinite-separation counterpart, forming a deep potential well which implies a partially covered 

cluster site with HCOO and (or) H species.  Furthermore, desorption of molecular hydrogen is a 

difficult step characterized by the 0.7 eV desorption energy, while its dissociation into atomic 

hydrogens is fairly easy with a negligible barrier of 0.09 eV, which provides further indication of 

a H-covered site environment.  

 

Figure 4-5 Potential energy surface of HCOOH decomposition through the HCOO path (red line), 
COOH path leading to CO2 formation (COOH-CO2 path; green line) and COOH path leading to 
CO formation (COOH-CO path; blue line) on Au5. PES for Au(211) is shown in black line for 
comparison. 

Potential energy surface for HCOOH decomposition through both the HCOO pathway and COOH 

pathway which can lead to either CO2 (COOH-CO2 path) or CO (COOH-CO path) formation is 

plotted for Au5 in Figure 4-5. It is seen that COOH formation is less favorable than HCOO 

formation from HCOOH, and COOH decomposition to CO2 also has a higher TS energy than 

HCOO decomposition on Au5. Hence, the COOH-CO2 path is less preferred compared with the 
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HCOO path. For the COOH-CO path, COOH decomposition to CO with a barrier of 0.35 eV, is 

much easier than HCOO decomposition, nevertheless, water formation in the COOH-CO path is 

associated with a high-lying TS with an energy of more than 0.6 eV higher than the highest TS in 

the HCOO pathway and may represent the rate limiting step (RLS). Due to the extremely high TS 

energy in the likely rate limiting step, COOH pathway leading to CO formation should be expected 

to carry a minor reaction flux compared with the HCOO pathway.  

HCOOH adsorbs on the shorter parallel side of the Au5 trapezoid (Figure 4-6) with a BE of -0.58 

eV and its dehydrogenation has a modest barrier of 0.76 eV, forming HCOO adsorbed on two sites 

of the longer parallel side and H sitting on the bridge site at the nearby side. On contrary to Au4, 

on Au5 strong repulsive interaction between co-adsorbed HCOO and H is observed, which leads 

to a deep potential well for the two adsorbed species at infinite separation. Though subsequent 

HCOO decomposition has a high barrier of 1.44 eV, the TS lies below the other two TSs in the 

HCOO pathway due to the low-lying initial state. H2 formation needs to first overcome the 

repulsion (of 1.34 eV) between two hydrogen atoms and then comes across a barrier of 0.49 eV to 

form the H-H bond at vertex of the shorter parallel edge. Thus, an overall barrier 1.84 eV is 

associated with H2 formation on Au5, which may represent the RLS and implies a H-covered site 

environment. 

Compared with Au(211) surface, the PES for HCOOH decomposition through the HCOO path on 

Au5 (Figure 4-6) is significantly shifted towards a lower energy, due to stabilization of 

intermediates (HCOOH, HCOO and H), especially when they bind to different Au5 clusters. The 

strong and repulsive interaction between HCOO and H on Au5 allows for fast redistribution of the 

two species to two different Au5 clusters upon their formation from HCOOH if diffusion barriers 

are low, which is not a bad assumption under reaction temperatures. The isolated HCOO species 
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can decompose easily to H with CO2 being released to the gas phase, leaving Au5 clusters each 

occupied by a H atom, and the repulsive H-H interaction inhibits the transfer of H atoms sitting on 

different gold clusters to the same cluster, resulting in a very difficult H2 production process, which 

may take place at the interface between two loosely attached gold clusters, each donating one H to 

participate in the product formation reaction.  

 

Figure 4-6 Potential energy surface of HCOOH decomposition through the HCOO path on Au5. 
PES for Au(211) is shown in black line for comparison. 

On Au7, similar trends (see Figure 4-7) can be found for the relative contributions of three 

alternative reaction paths as those shown on Au5: COOH-CO2 path is less favorable than the 

HCOO path due to the higher dehydrogenation TSs for the former; COOH-CO path should carry 

a smaller reaction flux than the HCOO path, resulting from the high TS in water formation. So 

HCOO path is also the most favorable decomposition route for HCOOH on Au7. Most stable 

favorable configurations of the adsorbed and transition states along the HCOO path are shown in 

Figure 4-8; it can be seen that Au7 undergoes geometric reconstruction upon HCOO adsorption or 
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co-adsorption of two H species. Though the specific numbers of activation energies and reaction 

energies on Au7 are different from those on Au5, the general trend stays the same. On Au7, highly 

repulsive H-HCOO and H-H interactions (Table 4-4) are also seen, and the hypothesis made for 

the reaction processes on Au5 also holds true here with hydrogen recombination being the obstacle 

to achieve a higher reaction rate.  

Table 4-4 Interaction energy between H and HCOO, H and H in their best co-adsorbed states on 
several promising Aun clusters. 

Interaction energy (eV) Au4 Au5 Au7 Au17 Au18 Au19 

H HCOO -1.17 1.33 0.81 0.18 -0.23 0.69 

HH -0.64 1.34 1.29 0.44 -0.31 0.81 

 

 

Figure 4-7 Potential energy surface of HCOOH decomposition through the HCOO path (red line), 
COOH path leading to CO2 formation (COOH-CO2 path; green line) and COOH path leading to 
CO formation (COOH-CO path; blue line) on Au7. PES for Au(211) is shown in black line for 
comparison.  

Table 4-4 summarizes the interaction energy between H and HCOO or H on Au4, Au5, Au7, Au17-

Au19. Due to electron pairing effect, odd-numbered clusters exhibit strong repulsive interaction 
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between co-adsorbed H and HCOO or H, while even-numbered clusters show strong attractive 

interaction. The interaction between H and HCOO or H on Au17 and Au18 has a modest strength of 

ca. 0.2-0.4 eV (either repulsive or attractive), which is much weaker than on the other four clusters.  

 

Figure 4-8 Potential energy surface of HCOOH decomposition through the HCOO path on Au7. 
PES for Au(211) is shown in black line for comparison. 

On Au17, only the HCOO pathway was explored (Figure 4-9). Though Au17 is also an odd-

numbered cluster, same as Au5 and Au7, due to the weaker interaction of H with HCOO, TS of the 

HCOO decomposition is not significantly stabilized as on Au5 and Au7, thus the hypothesis made 

about the reaction process on Au5 and Au7 based on the easy HCOO decomposition and difficult 

hydrogen recombination is no longer true for Au17. On Au17, it is hard to determine the RLS only 

from DFT based analysis since the three steps have similar TS energies. But due to the strong 

binding of the intermediates and the consequent stabilization of the TSs on Au17, it is still a more 

active model for HCOOH decomposition than Au(211). On Au17, all three reactions in the HCOO 

pathway take place on a triangular Au3 site with coordinate number (CN) of 5 for every Au atom 
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on this particular site. This site preference is seen also in Au18 and Au19, and will be further 

discussed in the following sections. 

 

Figure 4-9 Potential energy surface of HCOOH decomposition through the HCOO path on Au17. 
PES for Au(211) is shown in black line for comparison. 

 

Figure 4-10 Potential energy surface of HCOOH decomposition through the HCOO path (red 
line), COOH path leading to CO2 formation (COOH-CO2 path; green line) and COOH path leading 
to CO formation (COOH-CO path; blue line) on Au18. PES for Au(211) is shown in black line for 
comparison.  
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On Au18, COOH formation from HCOOH has a barrier of more than 0.5 eV higher than the barrier 

for HCOO formation. Subsequent dehydrogenation of COOH also has a slightly higher (ca. 0.15 

eV) than HCOO dehydrogenation, combining this with the fact that COOH is less stale than HCOO 

by 0.54 eV on Au18, the TS for COOH dehydrogenation lies much higher (by ca. 0.7 eV) above 

that for HCOO decomposition (see Figure 4-10) on the same PES diagram. Thus, COOH-CO2 is 

an unfavorable decomposition path on Au18.  Though with a small barrier of 0.53 eV, COOH 

decomposition to CO provides an alternative reaction path for COOH, its formation from HCOOH 

is very difficult at the first place. As a result, HCOOH preferentially decomposes through the 

HCOO intermediate.  

 

Figure 4-11 Potential energy surface of HCOOH decomposition through the HCOO path on Au18. 
PES for Au(211) is shown in black line for comparison. 

On Au18, since it is an even-numbered gold cluster, there is modest attractive interaction between 

co-adsorbed HCOO and H, and co-adsorbed H atoms. And similar as all the other clusters that 

have been discussed, Au18 is a more active model than Au(211) for HCOOH decomposition due 
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to the low-lying PES compared with Au(211). Au18 exposes two Au3 sites with CN of 5, which 

are also the preferred sites for adsorption and reaction on Au18 (see Figure 4-11).  

 

Figure 4-12 Potential energy surface of HCOOH decomposition through the HCOO path (red 
line), COOH path leading to CO2 formation (COOH-CO2 path; green line) and COOH path leading 
to CO formation (COOH-CO path; blue line) on Au19. PES for Au(211) is shown in black line for 
comparison.  

On Au19, similar as on Au18, due to the difficulty in COOH formation from HCOOH (Figure 4-

12), which has a barrier of 0.51 eV higher than the alternative decomposition of HCOOH to HCOO, 

HCOO pathway is the preferred decomposition path for HCOOH.  Au19 is more active than Au(211) 

for HCOOH decomposition, and the active site on Au19 is the triangular Au3 site (see Figure 4-13) 

with CN of 5, similar as on Au17 and Au18.  

From the above discussions, all six gold clusters (Au4, Au5, Au7, Au17-Au19) on which the complete 

catalytic cycle of HCOOH decomposition is examined are more active than Au(211) for the 

reaction, which proceeds preferentially through the HCOO-mediated pathway, same as on 
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extended surfaces of Au (Au(111), Au(100) and Au(211)). But to determine which of the clusters 

represent the active site of Au catalysts used in experiments for HCOOH decomposition, a 

microkinetic analysis is needed to compare the DFT results with the experimental results, which 

will be presented in the next section. 

 

Figure 4-13 Potential energy surface of HCOOH decomposition through the HCOO path on Au19. 
PES for Au(211) is shown in black line for comparison. 

4.3.5 Microkinetic modeling results 

The experimental data to be fitted in the model is the same set as that given in Chapter 3. DFT 

results on each of the six clusters just discussed serve as the input to the microkinetic model. By 

making adjustments to the DFT obtained results, we could get a good fit with the experimental 

results (with mean absolute errors less than 15%). Adjustments needed on the six clusters are 

summarized in Table 4-5 together with the surface coverage predicted from the model after 

adopting these adjustments. 
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In general, destabilization in H binding is needed in all clusters except for Au18 to obtain a good 

fit with the experimental results, especially on Au5 and Au7, where H has to be destabilized by 

0.62 eV and 0.81 eV (representing the largest adjustment needed on the two clusters), which 

confirms our earlier hypothesis that a H-covered surface is expected for Au5 and Au7, with H 

recombination being the rate limiting step. On Au4, H has to be destabilized by 0.41 eV, while the 

TS of HCOO decomposition is stabilized by 0.51 eV, which is the largest adjustment needed on 

Au4. On Au17 ─ Au19, a stabilization of ca. 0.1-0.4 eV is required for the TSs of the three 

elementary steps to obtain a good fit and the adjustments required are much smaller than those 

needed the three smaller clusters Au4, Au5 and Au7, which are less likely to be the active site for 

HCOOH decomposition as a result. On all clusters, the surface is expected to be covered by up to 

0.58 ML of HCOO except for Au4, which is covered by 0.04-0.40 ML of HCOOH resulting from 

the particularly strong binding of HCOOH (BE is -1.02 eV). H is predicted to occupy less than 

0.01 ML of the surface sites on all clusters.  

Table 4-5 Adjustments needed in DFT derived BE (∆BE) of the intermediates and transition state 
energy (∆ETS) of the elementary steps on Au4, Au5, Au7 and Au17-Au19 corresponding to the best 
fit and the model predicted surface coverage. 

Adjustments (eV) Au4 Au5 Au7 Au17 Au18 Au19 

∆BE(HCOOH) 0.10  0.57    

∆BE(HCOO) -0.15  -0.02 -0.09 -0.10 -0.10 

∆BE(H) 0.41 0.62 0.81 0.22  0.32 

∆ETS(HCOOHHCOO+H)  -0.15 -0.28 -0.36 -0.16 -0.33 
∆ETS(HCOOCO2+H) -0.51 -0.32  -0.41 -0.29 -0.21 
∆ETS(H+HH2)  -0.21  -0.21 -0.05 -0.43 

Surface coverage (ML)       

θ(H) 0.00 <0.01 <0.01 <0.01 0.00 <0.01 

θ(HCOO) 0.00 0.10-0.58 0.11-0.50 0.06-0.34 0-0.1 0.1-0.5 

θ(HCOOH) 0.04-0.40 0.00 0.00 0.00 0.00 0.00 
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Among the six Au clusters, Au18 seems to be the most promising cluster model for the active sites 

of HCOOH decomposition, seen from the smallest adjustment required to obtain a good fit. On 

Au18, the largest adjustment needed is for the TS of HCOO decomposition, which is stabilized by 

0.29 eV, while all the other adjustments made are smaller than 0.2 eV and can be attributed to the 

errors in our DFT calculations. While the 0.29 eV stabilization on the TS of HCOO decomposition 

outreaches the error bar in DFT calculations, van der Waals’ interactions is overlooked the current 

calculations. We further calculated the BE of HCOO on Au18 by including van der Waals’ 

interactions, and found a stronger binding by 0.22 eV, which will bring a stabilization of about the 

same amount to the TS of HCOO decomposition. Thus, by taking into account the van der Waals’ 

interactions, TS of HCOO decomposition only requires a stabilization of 0.07 eV, which can now 

be attributed to the DFT errors. Same arguments might be made also on Au17 and Au19 for the TSs 

since the adjustment needed for these two clusters are close to those on Au18, but on these two 

clusters H binding should be weakened by 0.2-0.3 eV, whereas van der Waals’ interactions will 

contribute to a stronger binding of H (by 0.17 eV on Au18, and similar values are expected on Au17 

and Au19), which leads to an even larger adjustment required for the H binding.   

 

 

Figure 4-14 Schematic illustration of the HCOOH 
decomposition process on Au18. Au, C, O and H atoms are 
represented by the yellow, grey, red and white circles. The 
triangular Au3 site on Au18 is indicated by the pink circles. 

 

 

Thus, based on the microkinetic modeling results, Au18 is found to be the active site for HCOOH 

decomposition as a good fit to the experimental results can be obtained by adjusting the DFT 
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derived results by small amounts, which can be attributed to errors in our DFT calculations. On 

Au18, HCOOH decomposes through the HCOO intermediate at the triangular Au3 site where CN=5 

is found for the Au atoms (Figure 4-14). Au17 and Au19, though have the similar Au3 site, are not 

accurate representations of the active site based on the fitting results from the microkinetic model.  

4.4 Conclusions 

Ab initio molecular dynamics simulations were performed for sub-nanometer gold clusters (up to 

Au25 with a size of 0.85 nm) to determine their most stable structures, on which the formic acid 

decomposition reaction was systematically studied using DFT calculations and compared with the 

experimental results in a microkinetic modeling analysis to identify the active site for this reaction.  

The DFT results suggest that planar structures are preferred for small-sized gold particles and the 

2D-to-3D transition takes place at Au17. An odd-even oscillation feature is seen for the differential 

binding energy of Au in Aun clusters and also the binding energies of intermediates which are not 

closed-shell species, such as H and HCOO, as a result of the electron pairing effect. Odd-numbered 

Au clusters binds these two intermediates more strongly than their neighboring even-numbered 

Au clusters. As a result, strongly repulsive interactions between H and HCOO (or H) are observed 

on odd-numbered Au clusters while the interactions are attractive on even-numbered clusters. All 

the clusters being investigated show a stronger binding for the intermediates than Au(211), except 

a few, Au6, Au8 and Au20, due to the high stabilities resulted from the nice symmetries seen in their 

structures. This is a first indication that sub-nanometer gold clusters might be more active than 

Au(211) and hence the active site for HCOOH decomposition. 

HCOOH dehydrogenation, as the first step in formic acid decomposition, was studied on Au4-Au25. 

Based on the comparison of the activation energies of this step with that on Au(211) surface, a 
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subset of the clusters were screened out for further studies, namely Au4, Au5, Au7 and Au17-Au19. 

A comprehensive investigation of the elementary reactions on these six clusters was then 

conducted, including not only the HCOO mediated route suggested as the preferred pathway by 

previous studies, but also the COOH mediated route. It turned out that on all six clusters, HCOO 

pathway is much more favorable than the COOH pathway.  

A mean-field microkinetic model was used to fit the DFT derived BEs of the intermediates and 

activation energies of the elementary steps on the six gold clusters to obtain the same reaction rate 

as that measured in experiments. The fitting results suggest that among the six gold clusters, Au18 

is the most accurate representation of the active site for HCOOH decomposition, since only small 

adjustments within the DFT calculation errors are required for the DFT derived parameter values 

on Au18 in order to obtain a good fit with the experimental data. On Au18, the reaction proceeds 

via the HCOO intermediate on a triangular Au3 site with a coordination number of 5 for the Au 

atoms. Although the same Au3 site also presents at Au17 and Au19, the large adjustments needed in 

fitting the experimental rates imply they are not active site models for the reaction. Hence, we 

show an atom-by-atom size-sensitivity of the catalytic properties of sub-nanometer gold particles 

for HCOOH decomposition.  
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4.5 Supplementary material 

 
Figure 4S-1 Differential binding energy (dBE) of Au in Aun (n=2-25) clusters using Au atom in the bulk as the energy 
reference. dBE = E(Aun) – E(Aun-1) – E(Aubulk).  

Table 4S-1 Binding energies of H, COOH, HCOO and HCOOH on Aun (n=2-25) clusters. 

 BE(H) BE(COOH) BE(HCOO) BE(HCOOH) 
Au4 -2.39 -2.11 -2.72 -1.02 

Au5 -3.23 -2.58 -3.61 -0.58 

Au6 -1.77 -1.55 -1.92 -0.54 

Au7 -3.31 -2.52 -3.00 -0.65 

Au8 -1.93 -1.68 -2.10 -0.58 

Au9 -2.90 -2.59 -3.16 -0.60 

Au10 -2.23 -1.73 -2.47 -0.47 

Au11 -2.76 -2.45 -3.00 -0.57 

Au12 -2.23 -1.73 -2.49 -0.43 

Au13 -2.80 -2.26 -3.01 -0.47 

Au14 -2.38 -1.85 -2.49 -0.62 

Au15 -2.77 -2.22 -2.87 -0.46 

Au16 -2.62 -1.93 -2.71 -0.57 

Au17 -2.76 -2.18 -2.82 -0.50 

Au18 -2.45 -1.87 -2.81 -0.54 

Au19 -2.71 -2.19 -3.03 -0.42 

Au20 -1.74 -1.47 -1.95 -0.42 

Au21 -2.85 -2.42 -2.94 -0.44 

Au22 -2.41 -2.04 -2.71 -0.42 

Au23 -2.94 -2.68 -3.25 -0.71 

Au24 -2.19 -1.68 -2.74 -0.49 

Au25 -2.74 -2.04 -2.78 -0.46 
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Au(211) -2.26 -1.63 -2.31 -0.27 
 

 

 

Figure 4S-2 Most stable configurations of H, HCOO, COOH and HCOOH on Aun (n=4-25) clusters. 
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Figure 4S-3 Transition state configurations found in the minimum energy path for HCOOH dehydrogenation to 
HCOO on Aun (n=4-25) clusters.  
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Chapter 5 Formic Acid Decomposition on Pd Catalysts† 

5.1 Introduction 

Formic acid (HCOOH) is an equimolar byproduct during the conversion of 5-hydroxy-methyl 

furfural (HMF) to levulinic acid and catalytic decomposition of HCOOH into hydrogen is an 

attractive method of utilizing this byproduct and also providing in-situ hydrogen for further 

hydrogenation processes in biomass upgrading.15, 17 In addition, as an energy source, HCOOH has 

been used in direct formic acid fuel cells (DFAFC).66, 171, 172 Obtaining a fundamental mechanistic 

understanding of HCOOH decomposition on transition metal surfaces would also shed light on the 

electro-oxidation of HCOOH.  

Palladium is one the most active transition metals for gas-phase HCOOH decomposition and it is 

also widely employed as the anode material in DFAFC.173-175 Despite the large amount of 

experimental49, 176-181 and theoretical176, 182-186 studies of this reaction on Pd catalysts, there is still 

a lack of consensus about the reaction mechanism, including the most favorable reaction pathway, 

active surface intermediates and their coverages on the surface, as well as the active site. Though 

the formate187 188(HCOO) intermediate has been identified on oxygen-dosed Pd(100) and clean 

Pd(111) surface, decomposition through the carboxyl (COOH) intermediate is still possible 

because the selectivity to H2 and CO2 is not 100% in all experimental studies and there is some 

amount of CO produced, indicating the contributions from the COOH pathway since as we will 

show in this study that COOH is the only source possible source for CO production. CO once 

formed, becomes a poison species to Pd catalysts. In this study, DFT calculations were performed 

on both (100) and (111) facets of Pd by examining a complete reaction network comprising of 29 

†, Calculations on clean Pd(111) and Pd(100) were performed by J. Scaranto; calculations on CO-covered Pd(100) 
were performed by S. Rangarajan. 
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elementary steps and 13 surface intermediates to evaluate the structure sensitivity of the reaction 

and determine the most favorable decomposition path among this large reaction network. As CO 

is a poisoning species to Pd catalysts, CO coverage effects on the reaction energetics and reaction 

pathway were also studied by repeating the calculations on 5/9 ML of CO covered Pd(111) and 

Pd(100) surfaces. 

5.2 Computational methods 

All DFT calculations were performed with DACAPO code. Pd(111) surface was modeled by a 3-

atomic layers slab using a (3 × 3) unit cell, while Pd(100) surface was modeled with by a 4-atomic 

layers slab with a (3 × 3) unit cell, corresponding to a surface coverage of 1/9 ML for each 

adsorbate. All three layers in the (111) slab were fixed during the calculations, while the two layers 

of the (100) slab were allowed to relax during the calculations. Surface Brillouin zone of the (111) 

slab was sampled at 6 special Chadi-Cohen k-points, while that for the (100) slab was sampled 

using a 4×4×1 Monkhorst-Pack k-point mesh. Other computational details are the same as those 

used for the studies on Au catalysts, and can be found in Chapter 3. 

5.3 Results and discussion 

We studied formic acid decomposition on the (111) and (100) facets of Pd catalysts. Dependence 

of the reaction pathways and energetics on the surface structure was explored by comparing the 

results obtained on the two facets. Since the Pd catalysts used in experiments are found to be 

covered by CO, CO coverage effects on the BE of key intermediates (COOH, HCOO, CO and H) 

were investigated and the reaction was also studied CO covered Pd catalysts, using 5/9ML of CO 

covered Pd(111) and Pd(100) as the model surfaces. Effect of spectator CO molecules on the 
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reaction pathways and energetics was discussed from comparison of the clean surfaces with the 

CO-covered surfaces.  

5.3.1 Results on clean Pd(111) surface 

 

Figure 5-1 Side and top views of the most stable configurations of intermediates on Pd(111). 
Palladium, carbon, hydrogen and oxygen atoms are indicated in dark green, dark grey, blue and 
red, respectively. 

 
For the clean Pd(111) surface, a reaction network comprised of 29 elementary steps and 13 

intermediates was proposed for investigation. The most stable configurations of the adsorbates on 

clean Pd(111) surface were shown in Figure 5-1, with their corresponding binding energies (BE) 

given in Table 5-1.  

On Pd(111), formic acid (HCOOH, by default denotes the most stable perpendicular formic acid) 

prefers a trans-perpendicular configuration, which binds through its carbonyl O atom on the top 

site while the O-H bond is pointing down towards a bridge site on the surface and the C-H bond is 

pointing upward. The molecular plane of HCOOH is perpendicular to the surface with a BE of -
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0.41 eV. A less stable configuration of formic acid is the cis-parallel one, where the molecular 

plane is almost parallel to the surface, and it binds through the HCO fragment with a very weak 

binding energy of -0.03 eV.  

Table 5-1 Calculated PW91 binding energies (BE) at their preferred adsorption site on Pd(111) 
and Pd(100). 

Species Pd(111) Pd(100) 

adsorption site BE / eV adsorption site BE / eV 

HCOOH* top-bridge -0.41 top-hollow -0.50 

HCOOHpa* top-bridge -0.03 top-top -0.19 

HCOO* top-top -2.34 top-top -2.54 

mo-HCOO* top-top -1.59 top-top -1.76 

COOH* top-top -2.22 bridge-bridge -2.50 

CO* fcc -1.99 bridge -2.03 

OH* fcc -2.16 hollow -2.54 

O* fcc -3.73 hollow -3.88 

H* fcc -2.83 hollow -2.78 

HCO* bridge -2.25 bridge-bridge -2.63 

H2O* top -0.31 top -0.23 

CO2* physisorbed -0.05 physisorbed -0.07 

HCOOCO* top-bridge-top -2.47 -- -- 

 

Formate (HCOO, by default indicates the bidentate formate) prefers a bidentate structure with both 

O atoms bound to surface on two top sites and the C-H bond is pointing upward; BE of HCOO is 

-2.34 eV. A less stable configuration of formate binds the surface through one O atom and the CH 

group on two top sites, and the C-H bond is pointing towards the surface; mo-HCOO will be used 

to represent this configuration. With a BE of -1.59 eV, mo-HCOO is much less stable than 

bidentate formate, by 0.75 eV. Being an isomer of formate, carboxyl (COOH) binds to the top-top 

site of the surface through its C and O atom, with O-H bond pointing downward; BE of COOH is 

-2.22 eV. 
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Carbon monoxide (CO), hydroxyl (OH), oxygen (O) and hydrogen (H) all bind strongly to the fcc 

site, while formyl (HCO) prefers the bridge site and H2O binds weakly on the top site with a BE 

of -0.31 eV. CO2 is physisorbed on the surface with the same linear geometry in the gas phase; BE 

of CO2 is -0.05 eV. HCOOCO binds through its carbonyl C atom and the O atom from the HCO 

end to two top sites; it has a BE of -2.47 eV.  

 
Table 5-2 PW91 reaction energies (∆E) and activation energy barriers (Ea) for the elementary 
steps considered in the HCOOH decomposition reaction network on Pd(111) and Pd(100) . All the 
values are relative to the infinite separation initial/final state. 

# Reaction Pd(111) Pd(100) 

Ea / eV ∆E / eV Ea / eV ∆E / eV 

1 HCOOH + *   HCOOH*  -0.41  -0.50 

2 HCOOH* + *   HCOO* + H* 0.60 -0.08 0.63 -0.14 

3 HCOOH*   HCOOHpa* 0.71 0.38 0.84 0.31 

4 HCOOHpa* + *   COOH* + H* 0.34 -0.60 0.11 -0.67 

5 HCOOHpa* + *   HCO* + OH* 0.93 0.62 0.76 0.04 

6 HCOO*   mo-HCOO* 0.93 0.76 0.81 0.78 

7 mo-HCOO* + *   CO2* + H* 0.00 -1.21 0.00 -1.00 

8 HCOO* + O*   CO2* + OH* 1.44 -0.66 -- -- 

9 HCOO* + OH*   CO2* + H2O* 1.24 -1.00 -- -- 

10 HCOO* + H*   H2 + CO2* + * 1.66 0.64 1.59 0.78 

11 HCOO* + CO*   HCOOCO* + * 1.61 1.51 -- -- 

12 HCOOCO* + *   HCO* + CO2* 0.08 -0.72 -- -- 

13 HCOO* + *   HCO* + O* 1.95 1.30 -- 0.97 

14 COOH* + *   CO2* + H* 0.70 -0.31 0.89 0.00 

15 COOH* + *   CO* + OH* 0.80 -0.02 0.66 -0.15 

16a COOH* + O*   CO2* + OH* -0.08 -0.53 0.32 -0.48 

17a COOH* + OH*   CO2* + H2O* -0.12 -0.86 -0.43 -0.14 

18 COOH* + H*   CO* + H2O* 1.40 -0.56 1.27 -0.29 

19 COOH* + CO*   HCO* + CO2* 1.54 0.93 -- 0.86 

20 HCOO* + COOH*   HCOOHpa* + CO2* 0.44 -0.23 0.49 0.14 

21 HCO* + *   CO* + H* 0.14 -1.24 0.24 -0.86 

22 CO* + O*   CO2* + * 1.42 -0.51 0.71 -0.34 
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23 OH* + *   O* + H* 1.42 0.21 1.11 0.48 

24a 2OH*   H2O* + O* -0.15 -0.34 0.16 0.34 

25 OH* + H*   H2O* + * 0.59 -0.55 0.65 -0.14 

26 2H*   H2 + 2* 1.09 1.09 1.00 1.00 

27 CO2*   CO2 + *  0.05  0.07 

28 H2O*   H2O + *  0.31  0.23 

29 CO*   CO + *  1.99  2.03 

a, these reactions have negative Ea or Ea values that are less positive than the ∆Es, this is because 
the initial sate used is the adsorbates at infinite separation state, and when they are coadsorbed 
on the surface, an attractive interaction is observed.  

 

Activation energies and reaction energies of the 29 elementary steps explored on Pd(111) are 

summarized in Table 5-2. HCOOH can decompose via three routes ─ HCOO route, COOH route 

and HCO route ─ through reactions 2-5 in Table 5-2. HCOOH decomposition to HCOO starts 

from the most stable configuration of formic acid, and it is a slightly exothermic reaction (∆E = -

0.08 eV) with a barrier of 0.60 eV. HCOOH decomposition to COOH is a two-step reaction, during 

which HCOOH first goes through a transformation step and forms HCOOHpa, and then breaks 

the C-H bond. The first step is endothermic by 0.38 eV with a barrier of 0.71 eV, while the second 

step is exothermic by 0.60 eV with a barrier of 0.34 eV. So the overall barrier for COOH formation 

from HCOOH is 0.72 eV, which is 0.12 eV higher than HCOO formation from HCOOH. HCOOH 

decomposition to HCO is also a two-step reaction which requires the same transformation step in 

COOH formation and an additional C-O bond breaking step. The C-O bond breaking step in 

HCOOHpa is an endothermic reaction with an activation energy of 0.93 eV. So the overall 

activation energy for HCO formation from HCOOH is 1.31 eV, which is 0.71 eV and 0.59 eV 

higher than the barrier required for HCOO and COOH formation from HCOOH, respectively. Due 

to the huge activation energy required for HCO formation, HCOOH is not likely to go through the 

HCO route.  
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Further decomposition of HCOO and COOH can proceed directly by breaking the C-H, O-H or C-

O bond, or by reacting with other adsorbates on the surface, such as CO, OH, O and H. For HCOO, 

since the C-H bond is pointing upward, breaking the C-H bond requires HCOO first transforms to 

mo-HOO, which has a configuration that the C-H bond is readily broken. Transformation of 

HCOO has a barrier of 0.93 eV, while the bond breaking step in moHCOO is spontaneous. C-O 

bond breaking in HCOO forms HCO and O, it is a highly endothermic reaction (∆E=1.30 eV) with 

and activation energy of 1.95 eV, which is 1.02 eV higher than the barrier required for C-H bond 

breaking in HCOO. Thus for the direct decomposition of HCOO, it will preferentially go through 

the dehydrogenation route and form CO2 and H. The reactions of HCOO with other adsorbates 

(reactions 8-12 in Table 5-2) all have a much higher activation energy than the direct 

decomposition of HCOO to CO2. OH-assisted HCOO decomposition has the lowest activation 

energy among these reactions, 1.24 eV, which is still 0.31 eV higher than the direct decomposition 

to CO2, leading to a lower reaction rate by 3-4 orders of magnitude under a reaction temperature 

of 100 °C. So HCOO prefers to decompose directly to form CO2 and H, rather than react with 

other adsorbates, such as O, OH, O and CO.  

 Direct decomposition of COOH forms CO2 and H or CO and OH. CO2 and H formation from 

COOH has an activation energy of 0.70 eV, which is 0.10 eV lower than the activation energy for 

CO and OH formation. H- and CO-assisted COOH decomposition are energetically more difficult 

than the direct decomposition of COOH, while O- and OH-assisted COOH decomposition are 

spontaneous on Pd(111). The reaction of COOH and HCOO is also an easy step with a barrier of 

0.44 eV, forming HCOOHpa and CO2.  

In the current reaction network, HCO can be formed from several reactions: C-O bond breaking 

in HCOOH, C-O bond breaking in HCOO, CO-assisted HCOO decomposition, and CO-assisted 
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COOH decomposition. But due to the huge reaction barriers, all these reactions are far less 

favorable than their alternatives, thus HCO is less likely to be formed during HCOOH 

decomposition, which will proceed through either the COOH pathway or the HCOO pathway.  In 

Figure 5-2, the potential energy surface for the COOH and HCOO pathways comprised of only 

direct decomposition steps is drawn. 

 

Figure 5-2 Potential energy surface of HCOOH decomposition on Pd(111). Red line is the HCOO 
pathway, green line is the COOH pathway leading to CO2 formation (COOH-CO2 pathway) and 
blue line is the COOH pathway leading to CO formation (COOH-CO pathway). 

It can be seen from Figure 5-2 that COOH formation is slightly more difficult than HCOO 

formation, while COOH decomposition is more favorable than HCOO decomposition. The highest 

TS in HCOO pathway is 0.13 eV higher in energy than the highest TS in COOH pathway, leading 

to slightly higher contribution of the COOH pathway to the overall reaction based on the DFT 

results only. And the formed COOH preferentially decomposes to CO2 rather than CO.  

 



81 
 

5.3.2 Results on clean Pd(100) surface 

The most stable configurations of the intermediates on clean Pd(100) surface are shown in Figure 

5-3 with the corresponding BEs summarized in Table 5-1. On clean Pd(100) surface, HCOOH, 

HCOOHpa, HCOO and mo-HCOO have similar adsorption configurations as those on clean 

Pd(111) surface, but binding of these species on the open facet is generally 0.1-0.2 eV stronger 

than that on the closed facet. COOH and HCO bind through their C and O atoms on the bridge-

bridge site, with BEs of -2.50 eV and -2.63 eV, respectively. CO prefers the bridge site with a BE 

of -2.03 eV, while OH, O and H bind preferentially to the hollow site. H2O prefers the top site with 

a BE of -0.23 eV, which is 0.08 eV weaker than its binding on the closed facet. Similar as on 

Pd(111), CO2 is also physisorbed on Pd(100) with a BE of -0.07 eV.  

 

 
Figure 5-3 Side and top views of the most stable configurations of intermediates on Pd(100). 
Palladium, carbon, hydrogen and oxygen atoms are indicated in dark green, dark grey, blue and 
red, respectively. 
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Comparing the BEs of the intermediates on the two facets, we can find that except for H and H2O, 

all the other species bind more strongly on the open (100) facet than on the closed (111) facet of 

Pd(111), with OH and HCO being two species that are most sensitive to the surface structure with 

0.38 eV of stabilization on the open facet. 

HCOOH decomposition to HCOO on Pd(100) surface has a barrier of 0.63 eV, similar to the 

barrier 0.60 eV on Pd(111) surface. HCOOH decomposition to COOH and HCO also require a 

first transformation step of HCOOH which has an activation energy of 0.84 eV and a reaction 

energy of 0.31eV, before breaking the C-H or C-O bond with an activation energy of 0.11 eV and 

0.76 eV, respectively. Thus HCOOHpa will preferentially decompose to COOH rather than HCO 

since a barrier of 0.65 eV higher is required for HCO formation. The overall reaction barrier of 

COOH is 0.84 eV, which is 0.21 eV higher than the barrier for HCOO formation from HCOOH.  

HCOO decomposition to CO2 proceeds through a first transformation of HCOO to moHCOO with 

an activation energy of 0.81 eV, followed by a spontaneous H-C bond breaking step in moHCOO, 

which forms CO2 and H. The activation energy for HCOO transformation on Pd(100) is 0.12 eV 

lower than that on Pd(111). Due to the high activation energies, other decomposition paths for 

HCOO explored on Pd(111) were not investigated on Pd(100), except for H-assisted HCOO 

decomposition, which has a barrier of 1.59 eV on Pd(100), much more difficult than the direct 

decomposition of HCOO to CO2. 

COOH decomposition to CO2 has a barrier of 0.89 eV, which is less favorable than its 

decomposition to CO with a barrier of 0.66 eV on Pd(100). The barrier of the former reaction is 

0.19 eV higher than that on Pd(111), while that for the latter reaction is 0.14 eV lower than the 

barrier on Pd(111) surface. OH and O could facilitate COOH decomposition with barriers of 0 and 

0.32 eV, respectively. H-assisted COOH decomposition, similar as the H-assisted HCOO 
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decomposition, is also a very difficult reaction with a barrier of 1.27 eV on Pd(100). The reaction 

of COOH and HCOO which forms HCOOH and CO2 requires a similar barrier as on Pd(111), 0.49 

eV.  

 

Figure 5-4 Potential energy surface of HCOOH decomposition on Pd(100). Red line is the HCOO 
pathway, green line is the COOH pathway leading to CO2 formation (COOH-CO2 pathway) and 
blue line is the COOH pathway leading to CO formation (COOH-CO pathway). 

Figure 5-4 plots the PES of HCOOH decomposition on Pd(100) through the COOH and HCOO 

intermediates. It is seen that COOH formation is more difficult than HCOO decomposition, due to 

the higher barrier needed for the formation of the precursor of COOH formation HCOOHpa, than 

the O-H bond breaking step of HCOOH which forms HCOO. COOH decomposition, however, is 

more favorable than HCOO decomposition. And COOH decomposition to CO2 is more favorable 

than its decomposition to CO on Pd(100) surface, on contrary to that on Pd(111) surface. The 

highest TS in the COOH pathway is the transformation of HCOOH to HCOOHpa, which is about 

0.17 eV higher in energy than the highest TS in the HCOO pathway, HCOO dehydrogenation. 
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Thus, based on DFT analysis only, on Pd(100) surface contribution of the HCOO pathway to the 

overall reaction should be higher than the COOH pathway, which is on contrary to that on Pd(111). 

Figure 5-5 compares the COOH and HCOO pathway of HCOOH decomposition on the two facets 

of Pd. It is seen that except for the transformation of HCOOHpa, which has a TS that is 0.06 eV 

higher on Pd(100) than on Pd(111), TSs of all other steps are stabilized on Pd(100) compared with 

their corresponding states on Pd(111). Thus Pd(100) should be more active than Pd(111) for 

HCOOH decomposition. 

 

   

Figure 5-5 Comparison of the PESs for (a) the HCOO pathway, and (b) the COOH pathway of 
HCOOH decomposition on Pd(100) and Pd(111). Solid lines are for Pd(111) while dashed lines 
are for Pd(100). Red color indicates the HCOO pathway, green color indicates the COOH leading 
to CO2 formation, blue line indicates the COOH pathway leading to CO formation. 

5.3.3 CO coverage effects on the BEs of key intermediates HCOO, COOH, CO and H 

As the Pd catalysts used in the experiments are found to be covered by CO, the CO coverage 

effects (up to 2/3 ML of CO) on the BE of the key intermediates HCOO, COOH, CO and H were 

investigated on Pd(111) and Pd(100), and the results are shown in Figure 5-6 and Table 5-3. CO 

coverage used its binding energy calculations is the total coverage of CO on the surface, including 

the spectator CO molecules and the one being treated as the adsorbate; BE of CO is calculated in 

(a)  (b)
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a differential manner. Pd(100) binds the intermediates more strongly than Pd(111) at all coverages, 

except for H at CO coverage of 1/9, 5/9 and 2/3 ML, where Pd(111) binds H more strongly than 

Pd(100) by 0.03 eV, 0.09 eV and 0.06 eV, respectively. For the other intermediates, HCOO, 

COOH and CO, Pd(100) binds them more strongly than Pd(111) by 0-0.25 eV, 0.10-0.40 eV and 

0-0.45 eV, respectively, at CO coverages being explored.  

Figure 5-6 Binding energy (BE) of (a) HCOO, (b) COOH, (c) CO and (d) H as a function of 
surface coverage of CO. Blue bars indicate BEs on Pd(111) while red bars indicate BEs on 
Pd(100). 

Up to CO coverage of 1/3 ML, there is little variance (less than 0.25 eV) in the binding energies 

of the three species on both facets, further increase of the CO coverage leads to more dramatic 

‐3.00

‐2.50

‐2.00

‐1.50

‐1.00

‐0.50

0.00

 1/9  2/9  1/3  4/9  5/9

B
E(
H
C
O
O
) 
/e
V

CO coverage (ML)

BE(HCOO) ~ θ(CO)

Pd(111)
Pd(100)

‐3.00

‐2.50

‐2.00

‐1.50

‐1.00

‐0.50

0.00

 1/9  2/9  1/3  4/9  5/9

B
E(
C
O
O
H
) 
/e
V

CO coverage (ML)

BE(COOH) ~ θ(CO)

Pd(111)
Pd(100)

‐2.50

‐2.00

‐1.50

‐1.00

‐0.50

0.00

 1/9  2/9  1/3  4/9  5/9

B
E(
C
O
) 
/e
V

CO coverage (ML)

BE(CO) ~ θ(CO)

Pd(111)

Pd(100)

‐3.00

‐2.80

‐2.60

‐2.40

‐2.20

‐2.00

 1/9  2/9  1/3  4/9  5/9

B
E(
H
) 
/e
V

CO coverage (ML)

BE(H) ~ θ(CO)

Pd(111)
Pd(100)

(a)  (b) 

(c)  (d) 



86 
 

change in BEs of the intermediates. When CO coverage is increased from 1/3 to 4/9 ML, BE of 

HCOO decreases by 0.16 eV on Pd(111) and 0.29 eV on Pd(100), which further decreases 

significantly by 0.55 eV and 0.45 eV on Pd(111) and Pd(100), respectively, when CO coverage is 

increased to 2/3 ML. For COOH, when CO coverage is increased from 1/3 to 4/9 ML, there is a 

decrease in its BE of 0.18 eV and 0.32 eV on Pd(111) and Pd(100), respectively, and another 

significant decrease of 0.53 eV and 0.45 eV on Pd(111) and Pd(100) when CO coverage is 

increased to 5/9 ML, followed by a further decrease of 0.64 eV and 0.42 eV on Pd(111) and 

Pd(100), respectively, as CO coverage is increased by another 1/9 ML. For CO, its BE decreases 

by 0.48 eV and 0.35 eV on Pd(111) and Pd(100), respectively, when CO coverage is increased 

from 1/3 to 5/9 ML, followed by another 0.49 eV and 0.35 eV on Pd(111) and Pd(100) as CO 

coverage is increased to 2/3 ML. For H, the change in its BE as a function of CO coverage is more 

gradual compared with other species, with a total decrease in its BE of 0.36 eV and 0.39 eV on 

Pd(111) and Pd(100) as CO coverage is increased from 0 to 2/3 ML. 

Table 5-3 Binding energies (BEs) of HCOO, COOH, CO and H on Pd111) and Pd(100) at CO 
coverage of 1/9~2/3 ML with an increment of 1/9ML. 

CO coverage 
(ML) 

BE(HCOO) BE(COOH) BE(CO) BE(H) 

 Pd(111) Pd(100)  Pd(111) Pd(100)  Pd(111) Pd(100)  Pd(111) Pd(100) 

1/9 -2.40 -2.53 -2.23 -2.50 -1.99 -2.03 -2.83 -2.80 

2/9 -2.45 -2.51 -2.23 -2.44 -1.98 -2.00 -2.76 -2.83 

1/3 -2.18 -2.40 -2.04 -2.28 -1.83 -1.98 -2.69 -2.75 

4/9 -2.02 -2.11 -1.86 -1.96 -1.57 -1.74 -2.63 -2.68 

5/9 -1.47 -1.66 -1.34 -1.51 -1.35 -1.63 -2.56 -2.47 

2/3 -0.43  -0.70 -1.09 -0.86 -1.28 -2.47 -2.41 

As we see, there is a dramatic change in the BEs of COOH, HCOO and CO during CO coverage 

of 4/9-2/3 ML, so in the following sections, we will investigate the CO coverage effects on the 

HCOOH decomposition chemistry by studying the reaction at CO coverage of 5/9 ML. 
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5.3.4 Results on 5/9 ML of CO covered Pd(111) surface 

Figure 5-7 shows the most stable configurations of the intermediates on 5/9 ML of CO covered 

Pd(111) surface with their corresponding binding energies being summarized in Table 5-4.  

 

Figure 5-7 Side and top views of the most stable configurations of intermediates on 5/9 ML of 
CO covered Pd(111). Palladium, carbon, hydrogen and oxygen atoms are indicated in dark green, 
dark grey, blue and red, respectively. 

On 5/9 ML of CO covered Pd(111) surface, formic acid (HCOOH) prefers a trans-perpendicular 

configuration where the O-H bond is pointing towards a nearby preadsorbed CO, forming a weak 

hydrogen bonding with a O-H bond length of 2.0 Å. BE of HCOOH is -0.30 eV, which is more 

stable than another configuration of formic acid serves as the precursor of COOH formation, 

HCOOHpa, by 0.45 eV. Formate still prefers the bidentate structure on the top-top site of the 

surface with a BE of -1.47 eV. Carboxyl (COOH, by default indicates then trans carboxyl) prefers 

a trans configuration which binds through its C and carbonyl O atom on the top and bridge site, 

respectively, with a BE of -1.34 eV. There is also hydrogen bonding between the hydroxyl group 
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in COOH and the nearby CO with a O-H bond length of 1.8 Å. Another less stable configuration 

of carboxyl being explored is the one with a cis structure (cisCOOH), which has a BE of -1.05 eV 

and binds on the bridge and top site through its C and hydroxyl O atom.  

Table 5-4 Calculated PW91 binding energies (BE) at their preferred adsorption site on 5/9 ML of 
CO covered Pd(111) and Pd(100). 

Species 
5/9 ML of CO covered 

Pd(111)
5/9 ML of CO covered 

Pd(100)
 adsorption site BE / eV  adsorption site BE / eV 

HCOOH* top ‐0.30 bridge ‐0.20 
HCOOHpa* top 0.15 bridge-top 0.13 
HCOO* top-top ‐1.47 bridge-top ‐1.66 
COOH* top-bridge ‐1.34 top-top ‐1.51 
cisCOOH* bridge-top ‐1.05 top-top ‐1.51 
CO* fcc/top ‐0.86 bridge ‐1.28 
OH* top ‐1.58 bridge ‐1.96 
O* fcc ‐2.79 hollow ‐2.86 
H* fcc ‐2.56 hollow ‐2.47 
HCO* top ‐1.53 bridge-bridge ‐1.71 
H2O* top ‐0.31 top ‐0.18 
CO2* physisorbed ‐0.08 physisorbed ‐0.10 
COH* hcp ‐3.44 hollow ‐3.73 
HCOH* top ‐2.40 bridge ‐2.62 

 

At low coverage, the three-fold sites on Pd(111) is the most favorable site for CO, while at CO 

coverage of 5/9 ML, top site is the secondary preferred site where there is 1/9 ML of CO. Hydroxyl 

(OH), formyl (HCO), hydroxymethylene (HCOH) all prefer the top site, while oxygen, hydrogen 

and hydroxymethylidyne (COH) prefer the three-fold site on CO covered Pd(111) surface. COH 

and HCOH are two new intermediates being explored on CO covered Pd(111) surface, and there 

is also hydrogen bonding seen in COH and HCOH with preadsorbed CO in their vicinity with a 

O-H bond length of 1.7 Å and 1.6 Å, respectively.  
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While CO coverage effects on binding energies of HCOO, COOH, CO and H have been discussed 

in the previous section, OH and HCO are destabilized by 0.6-0.7 eV and O is destabilized by about 

1 eV with the presence of 5/9 ML of CO on Pd(111). A less dramatic destabilization effect, 

however, is seen on the closed-shell species HCOOH, H2O and CO2, by only less than 0.2 eV. 

On 5/9 ML of CO covered Pd(111) surface, steps related to HCO formation were not investigated 

since relatively high barriers are found to be required for these reactions on clean Pd(111). The 

reactions of HCOO and COOH with other adsorbates were also not explored on a crowded Pd(111) 

surface with CO coverage of 5/9 ML, however, at high CO coverage, reactions of the intermediates  

with preadsorbed CO species, which are H transfer reactions from the intermediates to CO 

(reactions 15-20 in Table 5-5), could occur and were also calculated. In total, 26 elementary steps 

were investigated on 5/9 ML of CO covered Pd(111) surface, and their reaction energies and 

activation energies are summarized in Table 5-5.  

On 5/9 ML CO covered Pd(111) surface, HCOOH decomposition to HCOO is an endothermic 

reaction with a reaction energy 0.96 eV and an activation energy of 1.39 eV. HCOOH 

decomposition to COOH on CO covered Pd(111) also takes two steps with a barrier of 0.46 eV 

for the transformation step and a barrier of 1.11 eV for the C-H bond breaking step. The overall 

reaction barrier for COOH formation is 1.56 eV, which is 0.17 eV higher than the barrier for 

HCOO formation. Compared with the clean Pd(111) surface, at CO coverage of 5/9 ML, 

transformation of HCOOH has a barrier of 0.25 eV lower, while the bond breaking steps (either 

O-H bond breaking forming HCOO or C-H bond breaking forming COOH) of HCOOH has a 

barrier of 0.7-0.8 eV higher.  

At CO coverage of 5/9 ML, HCOO decomposition to CO2 on Pd(111) has a barrier of 1.67 eV, 

which is 0.53 eV higher than the barrier for COOH decomposition to CO2. COOH decomposition  
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Table 5-5 PW91 reaction energies (∆E) and activation energy barriers (Ea) for the elementary 
steps considered in the HCOOH decomposition reaction network on 5/9 ML of CO covered 
Pd(111) and Pd(100) surface . All the values are relative to the infinite separation initial/final state. 

# Reaction  
5/9 ML of CO covered 

Pd(111)
5/9 ML of CO covered 

Pd(100) 
E

a
 / eV  / eV E

a
 / eV  / eV

1 HCOOH + *   HCOOH*   ‐0.30   ‐0.20

2 HCOOH* + *   HCOO* + H* 1.39 0.96 1.07 0.76

3 HCOOH*   HCOOHpa* 0.46 0.45 0.74 0.32

4a HCOOHpa* + *   COOH* + H* 1.11 0.37 1.25 0.65

5 HCOO* + *   CO
2
* + H* 1.67 ‐1.08 0.96 ‐0.83

6 COOH* + *   CO
2
* + H* 1.14 ‐0.94 0.71 ‐0.71

7 COOH*   cisCOOH* 0.40 0.30 0.30 0.00

8 cisCOOH* + *   CO* + OH* 0.56 0.52 1.07 0.18

9 HCO* + *   CO* + H* 0.49 ‐0.56 0.09 ‐0.72

10 CO* + O*   CO
2
* + * 0.49 ‐2.60 0.44 ‐2.13

11 OH* + *   O* + H*  1.90 0.84 1.55 1.24

12b 2OH*   H
2
O* + O* ‐0.46 ‐0.57 0.19 0.25

13 OH* + H*   H
2
O* + * 0.31 0.00 0.58 ‐0.99

14 2H*   H
2
 + 2* 0.97 0.55 0.69 0.37

15c,d HCOOH* + CO*   COH* + HCOO* 1.46 1.37 0.47 0.47

16c HCOO* + CO*   COH* + CO
2
* 0.74 ‐0.67 ‐‐ ‐0.38

17c COOH* + CO*   COH* + CO
2
* 0.60 ‐0.53 0.79 ‐0.26

18c HCO* + CO*   COH* + CO* 0.91 ‐0.15 0.91 ‐0.27

19c OH* + CO*   HCO* + O* 1.53 1.25 ‐‐ ‐‐

20c OH* + CO*   COH* + O* 2.84 1.40 ‐‐ ‐‐

21 COH* + *   CO* + H* 1.36 ‐0.41 1.09 ‐0.45

22 COH* + H*   HCOH* + * 1.06 0.16 0.80 0.14

23 HCOH* + *   HCO* + H* 0.79 ‐0.01 1.02 0.12

24 CO
2
*   CO

2 
+

 
*  0.08  0.10

25 H
2
O*   H

2
O

 
+

 
*  0.31  0.18

26 CO*   CO + *  0.86  1.28

a, this reaction on CO covered Pd(100) starts with HCOOH instead of HCOOHpa. 
b, Ea of this reaction is are less positive than the ∆E, this is because the initial sate used is 
the adsorbates at infinite separation state, and when they are coadsorbed on the surface, an 
attractive interaction is observed. 
c, CO* in red color indicates the preadsorbed CO molecule. 
d, this reaction starts with HCOOHpa instead of HCOOH on CO covered Pd(100). 
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to CO first goes through a transformation step to cisCOOH, then breaks the C-O bond forming CO 

and OH. Transformation of COOH is endothermic by 0.30 eV with an activation energy of 0.40 

eV, while the C-O bond breaking step of COOH has a barrier of 0.56 eV. The overall barrier 

required for COOH decomposition to CO is 0.86 eV, which is much lower than the barrier required 

for COOH decomposition to CO2. Thus, COOH preferentially decomposes to CO on 5/9 ML of 

CO covered Pd(111) surface, which is on contrary to the clean Pd(111) surface. Compared with 

the clean Pd(111) surface, at CO coverage of 5/9 ML, CO formation from COOH requires a similar 

barrier, while the barrier for CO2 formation from HCOO and COOH is 0.74 eV and 0.44 eV higher, 

respectively. 

 

Figure 5-8 Potential energy surface of HCOOH decomposition on 5/9 ML of CO covered Pd(111). 
Red line is the HCOO pathway, green line is the COOH pathway leading to CO2 formation 
(COOH-CO2 pathway) and blue line is the COOH pathway leading to CO formation (COOH-CO 
pathway). 

Figure 5-8 plots the HCOO and COOH pathway of HCOOH decomposition we just discussed on 

the same PES diagram. From the plot, we can see that COOH formation is more difficult than 

HCOO formation, while COOH decomposition is much easier than HCOO decomposition, the TS 
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of COOH decomposition to CO2 is lower in energy than the TS of HCOO decomposition by 0.67 

eV. Based on the DFT analysis, the COOH pathway seems to be more favorable than the HCOO 

pathway for HCOOH decomposition on 5/9 ML of CO covered Pd(111), however, formation of 

COOH needs to go through a metastable state HCOOHpa, which easily desorbs from the surface, 

thus the relative favorability of the COOH and HCOO pathway will depend on the competition 

between HCOOHpa desorption with its decomposition. COOH preferentially decomposes to CO 

on CO covered Pd(111) surface.  

Comparing HCOOH decomposition on clean Pd(111) surface and on 5/9 ML of CO covered 

Pd(111) surface (Figure 5-9), one can find that all TSs and adsorption state related to the HCOO 

and COOH pathway are all destabilized at high CO coverage, leading to a lower reactivity of 

HCOOH decomposition at high CO coverage. 

 

Figure 5-9 Comparison of the HCOO pathway, COOH-CO2 pathway and COOH-CO pathway of 
HCOOH decomposition on clean Pd(111) surface with 5/9 ML of CO covered Pd(111) surface. 
Red line is the HCOO pathway, green line is the COOH pathway leading to CO2 formation, blue 
line is the COOH pathway leading to CO formation. Solid line indicates the CO covered Pd(111) 
surface, while dotted line indicates the clean Pd(111) surface. 
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Besides the direct decomposition through the HCOO and COOH intermediates, HCOOH can also 

decompose through the H transfer reactions to preadsorbed CO species on 5/9 ML of CO covered 

Pd(111) surface. The precursor CO species work as a H reservoir, which stores the H atoms being 

transferred in the form of COH that can decompose and form CO and H again. Transfer of the 

hydroxyl H in HCOOH to a precursor CO forming HCOO and COH is an endothermic reaction 

with a barrier of 1.46 eV, which is only 0.07 eV higher than the barrier for the direct decomposition 

to HCOO. Transfer of the H in HCOO to a precursor CO requires a barrier of 0.74 eV, which is 

0.93 eV lower than the barrier required for the direct decomposition to CO2, while the H transfer 

from COOH to CO has a barrier that is 0.54 eV lower than the direct decomposition of COOH. 

Although the CO-assisted decomposition of the intermediates are generally more favorable than 

their direct decomposition reactions, subsequent decomposition of COH is quite difficult. The 

direct decomposition of COH has a barrier of 1.36 eV, while a barrier of 1.06 eV is required for 

its direct transformation to HCO or its transformation to HCO through the HCOH intermediate, 

further decomposition of HCO is relatively easy with a barrier of 0.49 eV.  

By plotting the CO-assisted decomposition routes with the direct decomposition routes on the same 

PES diagram (Figure 5-10), it is found the most favorable reaction route includes direct 

decomposition of HCOOH to either COOH or HCOO followed by the CO-assisted decomposition 

of either COOH or HCOO, which forms a COH species that can decompose through a first 

transformation to HCO followed by a dehydrogenation step: HCOOH  COOH/HCOO + H  

CO2 + COH + H CO2 + HCO + H  CO2 + 2H. The COOH pathway is energetically more 

favorable than the HCOO pathway, of which the highest TS is 0.15 eV higher in energy than the 

highest TS in the COOH pathway. But as discussed earlier, the relative contributions of the two 
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pathways will depend on the competition between HCOOHpa desorption and HCOOHpa 

decomposition to COOH.  

 

Figure 5-10 Potential energy surface of HCOOH decomposition through HCOO and COOH 
pathway including CO assisted decomposition routes on 5/9 ML of CO covered Pd(111) surface. 
Solid red line is the HCOO pathway, solid green line is the COOH pathway leading to CO2 
formation, and dash dotted lines indicate various CO assisted decomposition routes. Whenever a 
COH/HCO is formed, the CO coverage on Pd(111) becomes 4/9 ML, as indicated by ‘+4CO’. 

5.3.5 Results on 5/9 ML of CO covered Pd(100) surface 

On 5/9 ML of CO covered Pd(100) surface, formic acid prefers the trans-perpendicular 

configuration which binds the surface through it O atom to the bridge site and the O-H bond is 

pointing towards a nearby CO forming a weak hydrogen bonding with a bond length of 1.9 Å 

between the hydroxyl H in HCOOH and O in the nearby CO; BE of HCOOH is -0.20 eV. The 

precursor for COOH formation adopts a cis-perpendicular configuration which binds the surface 

through the two O atoms on the top site and the second nearest bridge site; for the ease of 

comparison with other surfaces, this configuration is still denoted as HCOOHpa, which has a 

positive BE value on CO covered Pd(100). Unlike other surfaces, formate binds to the top site and 
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a second nearest bridge site through the two O atoms on CO covered Pd(100), with a BE of -1.66 

eV. Both COOH and cisCOOH prefer to adsorb on the top-top site their C and carbonyl O atom; 

the two configurations of carboxyl have the same BE -1.51 eV. CO, OH and HCOH all prefer the 

bridge site, while O, H and COH prefer the four-fold hollow site, and HCO prefers to bind to a 

bridge site and a second nearest bridge site through its C and O atom. The hydrogen bonding exists 

between both COH and HCOH with CO species in vicinity; bond length between H in 

COH/HCOH and O in CO is 1.9 Å.  

 

Figure 5-11 Side and top views of the most stable configurations of intermediates on 5/9 ML of 
CO covered Pd(100). Palladium, carbon, hydrogen and oxygen atoms are indicated in dark green, 
dark grey, blue and red, respectively. 

 
While CO coverage effects on the BEs of HCOO, COOH, CO and H on Pd(100) surface have been 

discussed, OH is destabilized by around 0.6 eV and O and HCO are destabilized by 0.9-1.0 eV 

with the presence of 5/9 ML of CO on Pd(100). The closed-shell species HCOOH, H2O and CO2 

are less affected by the 5/9 ML of CO coverage, at which a destabilization of 0-0.3 eV is seen.  
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At CO coverage of 5/9 ML, Pd(100) binds the intermediates more strongly than Pd(111) except 

for H and H2O, of which a stronger BE is observed on Pd(111) by 0.09 eV and 0.12 eV, 

respectively. For the other species, at CO coverage of 5/9 ML, there is a stabilization of 0.4-0.5 

eV for cisCOOH, CO and OH on Pd(100) than on Pd(111), while the stabilization effect for the 

rest of the intermediates is less dramatic, ca. 0-0.3 eV.   

On 5/9 ML of CO covered Pd(100) surface, HCOOH decomposition to HCOO has a barrier of 

1.07 eV, while HCOOH decomposition to COOH can proceed directly without going through the 

transformation step to HCOOHpa, the barrier required for COOH formation is 1.25 eV. The 

barriers for HCOO and COOH formation on CO covered Pd(100) surface are ca. 0.3 eV lower 

compared with the corresponding barriers on CO covered Pd(111) surface, and about 0.4-0.5 eV 

higher compared with the barriers on the clean Pd(100) surface.  

At CO coverage of 5/9 ML, on Pd(100), HCOO decomposition has a barrier of 0.96 eV, which is 

higher than the barrier required for COOH decomposition to CO2, 0.71 eV. The corresponding 

barriers on Pd(111) at the same CO coverage are about 0.7 eV and 0.4 eV higher for HCOO and 

COOH dehydrogenation, respectively. COOH decomposition to CO proceeds through a first 

transformation to cisCOOH with a barrier of 0.30 eV, followed by the C-O bond breaking in 

cisCOOH with a barrier of 1.07 eV, which is more difficult than the O-H bond breaking in COOH 

forming CO2. Unlike COOH decomposition to CO2, cisCOOH decomposition to CO has a barrier 

of more than 0.5 eV higher on Pd(100) than on Pd(111) at CO coverage of 5/9 ML. Compared 

with the clean Pd(100) surface, the barrier for HCOO decomposition and COOH decomposition 

to CO are about 0.1 and 0.4 eV higher on 5/9 ML of CO covered Pd(100) surface, while COOH 

decomposition to CO2 has a barrier of about 0.2 eV lower on CO covered Pd(100) surface.  
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The potential energy surface for HCOOH decomposition on 5/9 ML of CO covered Pd(100) 

surface including only direct decomposition routes through COOH and HCOO is shown in Figure 

5-12. It can be seen that COOH formation from HCOOH is more difficult than HCOO formation, 

while COOH dehydrogenation is easier than HCOO dehydrogenation, which has the highest TS 

in HCOO pathway with an energy of 0.36 eV higher than the highest TS in the COOH pathway. 

Thus, COOH pathway is energetically more favorable than the HCOO pathway for HCOOH 

decomposition on CO covered Pd(100) surface.  

 

Figure 5-12 Potential energy surface of HCOOH decomposition on 5/9 ML of CO covered 
Pd(100). Red line is the HCOO pathway, green line is the COOH pathway leading to CO2 
formation (COOH-CO2 pathway) and blue line is the COOH pathway leading to CO formation 
(COOH-CO pathway). 

Comparing HCOOH decomposition on clean Pd(100) surface with that on 5/9 ML of CO covered 

Pd(100) surface (Figure 5-13), it is found that all TSs and adsorption states related to the HCOO 

and COOH pathway are all destabilized with presence of 5/9 ML of CO on the surface, leading to 

a lower reactivity of HCOOH decomposition on Pd(100) at high CO coverage. 
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Comparing with HCOOH decomposition on 5/9 ML of CO covered Pd(111) surface, on 5/9 ML 

of CO covered Pd(100) surface, it is found that all TSs in the COOH and HCOO pathways are 

stabilized except for the TS of COOH decomposition to CO, which is destabilized on Pd(100) 

compared with Pd(111) at CO coverage of 5/9 ML. Thus, at CO coverage of 5/9 ML, Pd(100) is 

more active than Pd(111) for HCOOH decomposition, and Pd(100) also has a higher selectivity to 

CO2 compared with Pd(111).  

 

Figure 5-13 Comparison of the HCOO pathway, COOH-CO2 pathway and COOH-CO pathway 
of HCOOH decomposition on clean Pd(100) surface with 5/9 ML of CO covered Pd(100) surface. 
Red line is the HCOO pathway, green line is the COOH pathway leading to CO2 formation, blue 
line is the COOH pathway leading to CO formation. Solid line indicates the CO covered Pd(100) 
surface, while dotted line indicates the clean Pd(100) surface. 

Besides the direct decomposition routes through the COOH and HCOO intermediates that are 

discussed above, HCOOH can also decompose through H transfer reactions to preadsorbed CO 

species. H transfer from HCOOH to CO is a two-step reaction, during which HCOOH first 

transforms to HCOOHpa with a reaction energy 0.32 eV and an activation energy of 0.74 eV, 

followed by the H transfer from HCOOHpa to a nearby CO with a barrier of 0.47 eV. Thus the 
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overall barrier for H transfer from HCOOH to CO forming HCOO and COH is 0.79 eV, which is 

0.28 eV lower than the barrier of direct decomposition of HCOOH to HCOO. COOH 

decomposition through the H transfer to CO requires a barrier of 0.79 eV, which is only 0.08 eV 

higher than the barrier of direct decomposition to COOH. COH formed from the H transfer 

reactions prefer to decompose directly with a barrier of 1.09 eV, rather than decompose through 

its transformation to HCO and further decomposition of HCO or hydrogenation to HCOH followed 

by dehydrogenation steps through HCO.  

 

   
Figure 5-14 Comparison of the PESs for (a) the HCOO pathway, and (b) the COOH pathway of 
HCOOH decomposition on 5/9 ML of CO covered Pd(100) and Pd(111). Solid lines are for CO 
covered Pd(111) while dashed lines are for CO covered Pd(100). Red color indicates the HCOO 
pathway, green color indicates the COOH pathway leading to CO2 formation, blue line indicates 
the COOH pathway leading to CO formation. 

Figure 5-15 compares the direct decomposition routes with the CO-assisted decomposition routes 

on 5/9 ML of CO covered Pd(100) surface. It can be found that the most favorable decomposition 

path does not include the CO assisted decomposition steps. CO assisted COOH decomposition is 

less favorable than direct decomposition to CO2 (dash dotted green line in Figure 5-15). While 

CO-assisted HCOOH decomposition is more favorable than its direct decomposition to HCOO, 

(a)                                                                                                  (b)
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further dehydrogenation of the COH formed generating the CO assumed in the previous step has 

a very high TS, thus the overall reaction of CO assisted HCOOH decomposition to HCOO is less 

favorable than the direct decomposition of HCOOH to HCOO. As a result, CO-assisted 

decomposition steps are not relevant for HCOOH decomposition on 5/9 ML of CO covered Pd(100) 

surface, on contrary to that on CO covered Pd(111) surface. 

 

 

Figure 5-15 Potential energy surface of HCOOH decomposition through HCOO and COOH 
pathway including CO-assisted decomposition routes on 5/9 ML of CO covered Pd(100) surface. 
Solid red line is the HCOO pathway, solid green line is the COOH pathway leading to CO2 
formation, and dash dotted lines indicate various CO assisted decomposition routes. Whenever a 
COH/HCO is formed, the CO coverage on Pd(111) becomes 4/9 ML, as indicated by ‘+4CO’. 

5.4 Conclusions 

Using DFT calculations, formic acid decomposition was investigated on both (111) and (100) 

facets of Pd to explore the structure sensitivity of this reaction, and the reaction was also studied 

on the two facets at CO coverage of 5/9 ML to explore the CO coverage effects on the reaction 

energetics as well as the reaction pathways. 
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 On clean surfaces, HCOOH decomposition through the HCO intermediate is far less favorable 

than its decomposition through either COOH or HCOO intermediate. On both clean Pd(111) and 

Pd(100) surfaces, COOH formation is more difficult than HCOO formation, while COOH 

decomposition is more favorable than HCOO decomposition. On clean Pd(111), COOH 

preferentially decomposes to CO2, while CO formation is more favorable than CO2 formation from 

COOH on clean Pd(100).  

Binding of the key intermediates in HCOOH decomposition, HCOO, COOH and CO are 

significantly weakened when the Pd surface is exposed to a CO coverage of more than 4/9 ML. At 

CO coverage of 5/9 ML of CO, all TSs in HCOOH decomposition are also destabilized on both 

(111) and (100) facets of Pd, leading to a lower reactivity for HCOOH decomposition at high CO 

coverage. At CO coverage of 5/9 ML, COOH formation is also more difficult than HCOO 

formation, while COOH decomposition is more favorable than HCOO decomposition. But 

compared with the results on clean surfaces, the relative favorability of COOH decomposition to 

CO2 and CO is reversed at CO coverage of 5/9 ML for both facets of Pd.  

On 5/9 ML of CO covered Pd(100) surface, COOH can form from the most stable HCOOH directly, 

while on all the other surfaces being explored, a transformation step is required for HCOOH to its 

isomer HCOOHpa, which desorbs easily from the surface, especially on CO covered Pd(111) 

surface, where adsorbed HCOOHpa is a metastable state. Thus, on all surfaces except for the CO 

covered Pd(100) surface, contribution of the COOH pathway to the overall reaction depends on 

the relative easiness of HCOOHpa decomposition compared with HCOOHpa desorption, while on 

5/9 ML of CO covered Pd(100), COOH pathway is more favorable than the HCOO pathway.  
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On 5/9 ML of CO covered Pd(111) surface, CO-assisted COOH and HCOO decomposition are 

more favorable than their direct decomposition, while the CO-assisted decomposition steps are not 

relevant on 5/9 ML of CO covered Pd(100) surface.  

These findings are based on the DFT analysis only, for a more accurate analysis, these DFT results 

should be compared with the experimental results in a microkinetic model to obtain a true 

understanding of the reaction mechanism.  
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Chapter 6 Fundamental Mechanistic Studies of Formic Acid 
Decomposition on Pt Catalysts: Structure Sensitivity and 

CO Coverage Effects† 

6.1 Introduction 

Similar as Pd catalysts, Pt is also among the most active transition metals for gas-phase HCOOH 

decomposition and a commonly used anode material for direct formic acid fuel cells (DFAFC).21, 

171, 173-175 However, experimental43, 50, 86, 189-192 and theoretical studies182, 184, 185, 193-195 exist in 

literature lead to controversial conclusions about the reaction mechanism on Pt catalysts, including 

the reactive intermediates. Experimental studies on Pt only observed the HCOO intermediate196-

198, whereas theoretical studies have proposed that CO can be possibly formed from the COOH 

intermediate, which implies the contribution of the COOH pathway to the overall reaction since 

CO production has been found in experimental studies, though its selectivity is low. So the relative 

favorabilities of the HCOO and COOH pathway and their relative contributions to the overall 

reaction are still not resolved. CO poisoning has been a well-known problem for Pt catalysts. But 

how CO is formed in the HCOOH decomposition reaction and affects the reaction energetics are 

not clear.  

Here we report a detailed study of gas-phase HCOOH decomposition on (111) and (100) facets of 

Pt catalysts using plane wave density functional theory (DFT-PW91), aiming to evaluate the 

structure sensitivity of this reaction and provide some insights into the reaction mechanism and 

the active sites. CO poisoning effects were also investigated by comparing the results on clean 

surfaces of Pt with that obtained from the CO-covered Pt surfaces at a coverage of 4/9 ML.  

†, Calculations on clean Pt(100) were performed by J. Scaranto. 
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6.2 Computational methods 

All DFT calculations were performed with DACAPO code. Pt(111) surface was modeled by a 3-

atomic layers slab using a (3 × 3) unit cell, while Pt(100) surface was modeled with by a 4-atomic 

layers slab with a (3 × 3) unit cell, corresponding to a surface coverage of 1/9 ML for each 

adsorbate. Surface Brillouin zone of the (111) slab was sampled at 6 special Chadi-Cohen k-points, 

while that for the (100) slab was sampled using a 4×4×1 Monkhorst-Pack k-point mesh. Other 

computational details are the same as those used for the studies on Au and Pd catalysts, and can 

be found in previous chapters. 

6.3 Results and discussion 

We studied formic acid decomposition on the (111) and (100) facets of Pt catalysts. Dependence 

of the reaction pathways and energetics on the surface structure was explored by comparing the 

results obtained on the two facets. Since the Pt catalysts used in experiments are expected to be 

covered by CO, CO coverage effects on the binding of key intermediates (COOH, HCOO, CO) 

were investigated and the reaction was also studied on CO-covered Pt catalysts, using 4/9ML of 

CO covered Pt(111) and Pt(100) as the model surfaces. Effect of spectator CO on the reaction 

pathways and energetics was discussed from comparison of the clean surfaces with the CO-

covered surfaces.  

6.3.1 Results on clean Pt(111) and Pt(100) surface 

Scaranto199 did mechanistic studies of HCOOH decomposition on Pt(111) surface using a reaction 

network comprised of 21 elementary steps and 10 surface intermediates. Key conclusions from 

her work include: (1) HCOO formation from HCOOH is more favorable than COOH formation, 

which requires a transformation step of HCOOH from a perpendicular trans-configuration to a 



105 
 

parallel cis-configuration, and  HCO formation is far less favorable than either HCOO or COOH 

formation from HCOOH; (2) HCOO decomposition requires a much higher activation energy 

barrier than COOH decomposition so that CO2 is generated primarily through the COOH 

intermediate; (3) CO is possibly produced from the COOH intermediate, but its formation is less 

favorable than CO2 production from COOH; (4) co-absorbed O and OH species could facilitate 

COOH decomposition. The potential energy surface (PES) of HCOOH decomposition on Pt(111) 

surface is shown in Figure 6-1, from which the abovementioned conclusions can be deduced.  

 
Figure 6-1 Potential energy surface of HCOOH decomposition on Pt(111). Red line is the HCOO 
pathway, green line is the COOH pathway leading to CO2 formation, blue line is the COOH 
pathway leading to CO formation, purple line is the HCO pathway while orange line shows the 
HCO formation from HCOO. PES is reproduced using data reported in Ref 199. 

A reduced reaction network was used for studies on Pt(100), where non-relevant reactions found 

on Pt(111) were removed from the reaction network, such as CO and H assisted decomposition of 

COOH, H/O/OH assisted HCOO decomposition, and HCO formation from HCOO/HCOOH. 

Table 6-1 and 6-2 summarize the binding energy values of the intermediates and reaction energies 
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and activation energies of elementary reactions on Pt(100), results reported in Scaranto’s work 

were also provided for comparison. 

Table 6-1 Calculated PW91 binding energies (BE) at their preferred adsorption site on Pt(111) 
and Pt(100). 

Species 
Pt(111)a Pt(100) 

 adsorption site BE / eV  adsorption site BE / eV 
HCOOH* top-bridge -0.38 top-bridge -0.52 
HCOO* top-top -2.33 top-top -2.58 
mo-HCOO* top -1.63 top-top -1.85 
COOH* top -2.40 top-top -2.74 
CO* fcc -1.81 bridge -2.18 
OH* bridge -2.03 bridge -2.71 
O* fcc -3.74 bridge -3.89 
H* top -2.71 bridge -2.91 
HCO* top -2.35 top -2.52 
H2O* top -0.30 top -0.35 
CO2* physisorbed -0.06 physisorbed -0.07 
a, BE values are cited from Ref 199. 

It is found that Pt(100) binds the intermediates more strongly than the Pt(111) surface by 0.1-0.7 

eV, which is expected since Pt(100) is a more open facet than Pt(111). Hydroxyl (OH) is the 

species has the most dramatic stabilization on Pt(100) compared with Pt(111), with a BE increase 

of 0.68 eV. The most stable adsorption configurations of the intermediates on Pt(100) are shown 

in Figure 6-2. Carbon monoxide (CO), hydroxyl, oxygen atom and hydrogen atom all prefer the 

bridge site on Pt(100). Monodentate formate (mo-HCOO) binds through one of its oxygen atoms 

and the hydrogen atom on two top sites of Pt(100), with C-H bond pointing down towards the 

surface. Carboxyl (COOH) also binds to two top sites of the surface through its O atom and C 

atom. Similar as on Pt(111), bidendate formate (HCOO) still prefers to bind to two adjacent top 

sites through its two O atoms on Pt(100). The cis-parallel configuration of formic acid (HCOOHpa) 

is also given in Figure 6-2; the DFT calculated BE of HCOOHpa is a slightly positive number 



107 
 

(0.03 eV on Pt(100)), indicating HCOOHpa is very likely to desorb from the surface, especially 

when a high barrier is required for the subsequent decomposition reactions. The trans-

perpendicular configuration of formic acid (HCOOH, by default, indicates the most stable 

perpendicular configuration) is more stable than its parallel counterpart by 0.56 eV on Pt(100). 

Table 6-2 PW91 reaction energies (∆E) and activation energy barriers (Ea) for the elementary 
steps considered in the HCOOH decomposition reaction network on Pt(111) and Pt(100) . All the 
values are relative to the best initial/final state. 

# Reaction  
Pt(111)a Pt(100)

Ea / eV ∆E / eV Ea / eV ∆E / eV
1 HCOOH + *   HCOOH*  -0.38  -0.52 
2 HCOOH* + *   HCOO* + H* 0.53 0.03 0.70 -0.06 
3 HCOOH*   HCOOHpa* 0.73 0.41 0.89 0.56 
4 HCOOHpa* + *   COOH* + H* 0.39 -0.71 0.09 -1.03 
5 HCOOHpa* + *   HCO* + OH* 0.70 0.29 -- -- 
6 HCOO*   mo-HCOO*  1.00 0.71 1.08 0.73 
7 mo-HCOO* + *   CO2* + H* 0.00 -1.04 0.00 -1.05 
8 HCOO* + O*   CO2* + OH*  2.02 -0.65 -- -- 
9 HCOO* + OH*   CO2* + H2O*  1.13 -1.06 -- -- 
10 HCOO* + H*   H2 + CO2* + * 1.42 0.46 2.04 0.88 
11 HCOO* + CO*   HCOOCO* + * 1.23 1.16 -- -- 
12 HCOOCO* + *   HCO* + CO2* 0.25 -0.69 -- -- 
13 HCOO* + *   HCO* + O* 1.82 1.16 -- -- 
14 COOH* + *   CO2* + H* 0.67 -0.01 0.91 0.11 
15 COOH* + *   CO* + OH* 0.79 0.40 0.57 0.34 
16 COOH* + O*   CO2* + OH*  0.22 -0.23 0.00 -0.30 
17 COOH* + OH*   CO2* + H2O* 0.14 -0.77 0.10 -0.18 
18 COOH* + H*   CO* + H2O* 0.78 -0.39 -- -- 
19 COOH* + CO*   HCO* + CO2* 1.10 0.45 -- -- 
20 HCOO* + COOH*   HCOOHpa* + CO2* 0.70 0.52 0.46 0.39 
21 HCO* + *   CO* + H* 0.23 -0.74 0.09 -1.31 
22 CO* + O*   CO2* + * 0.83 -0.78 0.50 -0.13 
23 O* + H*   OH* + *  0.79 -0.20 0.47 -0.53 
24 2OH*   H2O* + O* 0.04 -0.17 0.42 0.38 
25 OH* + H*   H2O* + * 0.19 -0.71 0.76 -0.11 
26 2H*   H2 + 2* 0.85 0.85 1.25 1.25 
27 CO2*   CO2 + *  0.06  0.07 
28 H2O*   H2O + *  0.30  0.35 
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29 CO*   CO + *  1.81  2.18 
a,  Ea and ∆E values are cited from Ref 199. 

 
 

 
Figure 6-2 Side and top views of the most stable configurations of intermediates on Pt(100). 
Platinum, carbon, hydrogen and oxygen atoms are indicated in silver, dark grey, blue and red, 
respectively. 

 
On Pt(100), HCOO formation from HCOOH is an exothermic (-0.06 eV) reaction with an 

activation barrier of 0.70 eV, which is slightly smaller than the barrier of transformation of 

HCOOH to its cis-parallel configuration (HCOOHpa) 0.89 eV. The subsequent decomposition of 

HCOOHpa to COOH, however, is fairly easy on Pt(100) with a negligible barrier of 0.09 eV. 

Similar as on Pt(111), HCOO decomposition is also a two-step reaction going through its isomer 

mo-HCOO, though the second step (decomposition of mo-HCOO) is a spontaneous reaction. 

Transformation of formate from the bidentate to the monodentate structure requires a barrier of 

1.08 eV. COOH preferentially decomposes to CO rather than CO2 on Pt(100), with a barrier of 
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0.57 eV for the former and 0.91 eV for the latter. O- or OH-assisted COOH decomposition is even 

easier on Pt(100) with the former reaction being spontaneous and the latter has a negligible barrier 

of 0.10 eV, while H-assisted HCOO decomposition is very difficult on Pt(100) with a large 

activation energy of 2.04 eV. 

 
Figure 6-3 Potential energy surface of HCOOH decomposition on Pt(100). Red line is the HCOO 
pathway, green line is the COOH pathway leading to CO2 formation, blue line is the COOH 
pathway leading to CO formation. 

Most bond-breaking steps on Pt(100) have a larger activation energy barrier than those on Pt(111), 

presumably due to the more endothermic nature of these reactions on Pt(100), except for the 

decomposition of HCOOHpa to COOH and COOH decomposition to CO, which are more 

exothermic on Pt(100) facet and consequently require a smaller barrier. Figure 6-3 shows the PES 

of HCOOH decomposition on Pt(100). It can be found that on Pt(100) surface, COOH formation 

is more difficult (by 0.19 eV) than HCOO formation due to higher barrier of formic acid 

transformation during COOH formation, however, COOH decomposition is much easier (by more 
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than 0.5 eV) than HCOO decomposition, primarily because COOH is more stable than HCOO by 

0.42 eV on Pt(100); this trend is similar as on Pt(111) surface. COOH is also the main source for 

CO2 production on Pt(100). On contrary to the closed facet, COOH preferentially decomposes to 

CO on Pt(100) rather than CO2.  

 
Figure 6-4 Comparison of the PESs of HCOOH decomposition on Pt(100) and Pt(111). Solid lines 
are for Pt(111) while dashed lines are for Pt(100). Red color indicates the HCOO pathway, green 
color indicates the COOH pathway leading to CO2 formation, and blue line indicates the COOH 
pathway leading to CO formation. 

Figure 6-4 compares the PESs on the two facets Pt(100) and Pt(111). It is clear that although most 

decomposition steps have a higher activation energy on Pt(100) than on Pt(111), due the 

stabilization of intermediates on Pt(100), the transition states (TS) are also stabilized on Pt(100), 

especially for the TS of the second dehydrogenation step. Another noteworthy point is that 

HCOOHpa decomposition has a negligible barrier (0.09 eV) on Pt(100), while the corresponding 

barrier on Pt(111) is a modest value 0.39eV, as we mentioned earlier that HCOOHpa desorbs 

easily from the surface, there is a higher potential for HCOOHpa to leave the surface of Pt(111) 
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than Pt(100). And since HCOOHpa is the precursor for COOH formation, which provides the main 

source for CO2 production, Pt(100) should be more active than Pt(111) for HCOOH decomposition. 

But, Pt(100) is more prone to CO poisoning than Pt(111) first because Pt(100) binds CO more 

strongly than Pt(111) by 0.37 eV, and also because CO formation is a favorable decomposition 

path for COOH.  

6.3.2 CO coverage effects on the BEs of key intermediates HCOO, COOH and CO 

 
 

Figure 6-5 Binding energy (BE) of (a) CO, (b) COOH and (c) HCOO as a function of surface 
coverage of CO. Blue bars indicate BEs on Pt(111) while red bars indicate BEs on Pt(100). 
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Since the Pt catalysts used in HCOOH decomposition experiments are expected to be covered by 

CO, we also investigated the CO coverage effects on the binding energies of the key intermediates 

HCOO, COOH and also CO itself on Pt(111) and Pt(100). BEs of the three intermediates were 

calculated on the two surfaces with different CO coverages (up to 5/9 monolayer (ML)) and results 

are shown in Figure 6-5 and Table 6-3. CO coverage used in its binding energy calculations is the 

total coverage of CO on the surface, including the spectator CO molecules and the one being 

treated as the adsorbate; BE of CO is calculated in a differential manner. Clearly, Pt(100) binds 

the three intermediates more strongly than the Pt(111) surface, except for HCOO at CO coverage 

of 5/9 ML, where Pt(111) binds HCOO slightly more strongly than Pt(100) by 0.07 eV. At CO 

coverage lower than 5/9 ML, Pt(100) binds HCOO more strongly than Pt(111) by 0.05-0.25 eV. 

Among the three intermediates, the largest BE difference between the two facets is seen on CO, of 

which the BE is increased by 0.35-0.50 eV going from Pt(111) to Pt(100), indicating that binding 

of CO is very sensitive to the surface structure. In terms of BE, COOH has the intermediate 

structure sensitivity among the three species, with BE difference between the two facets ranges 

from 0.15 eV to 0.35 eV.  

Table 6-3 Binding energies (BEs) of CO, COOH and HCOO on Pt(111) and Pt(100) at CO 
coverage of 1/9~5/9 ML with an increment of 1/9ML. 

 
 
 
 
 
 
 
 
 

Up to CO coverage of 1/3 ML, there is little variance (ca. 0.1 eV) in the binding energies of the 

three species on both facets. For CO, its binding energy does not change much with increasing CO 

CO coverage 
(ML) 

BE(CO) BE(COOH) BE(HCOO) 

Pt(111) Pt(100) Pt(111) Pt(100) Pt(111) Pt(100)
1/9 -1.81 -2.18 -2.45 -2.74 -2.39 -2.58 
2/9 -1.76 -2.17 -2.39 -2.68 -2.47 -2.53 
3/9 -1.70 -2.09 -2.42 -2.67 -2.40 -2.51 
4/9 -1.71 -2.07 -2.05 -2.39 -2.07 -2.30 
5/9 -1.16 -1.62 -1.96 -2.13 -2.01 -1.94 
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coverage until 4/9 ML, with another increase of 1/9 ML in CO coverage, its binding energy 

decreases by 0.55 eV and 0.45 eV on Pt(111) and Pt(100), respectively. For COOH, when CO 

coverage is increased from 1/3 ML to 4/9 ML, there is a decrease of 0.37 eV in its BE on Pt(111) 

and 0.28 eV on Pt(100); further increase of the CO coverage to 5/9 ML leads to a further decrease 

in the BE of COOH by 0.09 eV and 0.26 eV on Pt(111) and Pt(100), respectively. On Pt(111), BE 

of HCOO decreases from -2.40 eV to -2.07 eV when surface CO coverage is increased from 1/3 

ML to 4.9 ML, and further increase in CO coverage to 5/9 ML does not affect the BE of HCOO 

much; there is a total decrease of 0.38 eV in BE of HCOO when Pt(111) surface is exposed to 5/9 

ML of CO. On Pt(100), BE of HCOO decreases by 0.21 eV when CO coverage is increased from 

1/3 ML to 4/9 ML, and further increase of CO coverage to 5/9 ML result in another decrease of 

0.36 eV in BE of HCOO. The total decrease in BE of HCOO on Pt(100) when 5/9 ML of CO is 

introduced into the system is 0.64 eV, much higher than the corresponding value on Pt(111). Thus 

the CO coverage effect on the BE of HCOO is more dramatic on Pt(100) than on Pt(111), 

especially when CO coverage is high. 

Since there is a noticeable change in the binding energies of the key intermediates in formic acid 

decomposition, namely, CO, COOH and HCOO, when CO coverage is around 4/9~5/9 ML, further 

calculations were conducted on 4/9 ML of CO-covered Pt(111) and Pt(100) surfaces for HCOOH 

decomposition to investigate the CO coverage effects on the reaction pathways and the reaction 

energetics. Results will be discussed in the following sections. 

6.3.3 Results on 4/9 ML of CO covered Pt(111)  

The most stable configurations of the intermediates on 4/9 ML of CO covered Pt(111) are shown 

in Figure 6-6 and their BEs are summarized in Table 6-4. The most stable configuration of formic 

acid is still the trans-perpendicular configuration, similar as on the clean surfaces, with a BE of -
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0.22 eV. The precursor for COOH formation is a cis-perpendicular configuration of formic acid 

(Figure 6-6 (b)), unlike all the other configurations of formic acid have been discussed where the 

molecule binds through its O atom with the C-H bond pointing away from the surface, the C-H 

bond the cis-perpendicular formic acid is pointing down towards the surface, but for the ease of 

comparison with other surfaces, the same denotation HCOOHpa is used for this cis-perpendicular 

formic acid. There is weak hydrogen bonding between the hydroxyl H in HCOOHpa and a nearby 

CO with a O-H bond length of 1.9 Å; even with the hydrogen bonding, BE of HCOOHpa is still 

calculated to be a positive value 0.30 eV, indicating easy desorption of HCOOHpa from the surface. 

 

 
Figure 6-6 Side and top views of the most stable configurations of intermediates on 4/9 ML of 
CO covered Pt(111). Platinum, carbon, hydrogen and oxygen atoms are indicated in silver, dark 
grey, blue and red, respectively. 

 
Formate (HCOO) still prefers the bindentate configuration where two O atoms bind to two 

adjacent top sites; it has a BE of -2.07 eV. On CO covered Pt(111) surface, two configurations of 

carboxyl were explored: trans carboxyl (COOH, by default, indicates the trans carboxyl) and cis 
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carboxyl (cisCOOH). They both bind through the C and O atom to two adjacent top sites, the only 

difference is that O-H bond in trans carboxyl is pointing down towards the surface while in cis 

carboxyl the O-H bond is pointing away from the surface. Trans carboxyl is slightly more stable 

than cis carboxyl with a BE of -2.05 eV for the former and -1.97 eV for the latter. Carbon monoxide, 

oxygen atom and hydrogen atom all prefer the three-fold fcc site, with BEs of -1.16 eV, -3.20 eV 

and -2.59 eV, respectively. Hydroxyl (OH), formyl (HCO) and water all prefer the top site, with 

BEs of -1.92 eV, -2.00 eV and -0.36 eV, respectively. Carbon dioxide is physisorbed on the surface 

with a BE of -0.08 eV. 

Table 6-4 Calculated PW91 binding energies (BE) of intermediates at their preferred adsorption 
site on 4/9 ML of CO covered Pt(111) and Pt(100). 

Species 
4/9 ML of CO covered 

Pt(111)
4/9 ML of CO covered 

Pt(100) 
 adsorption site BE / eV  adsorption site BE / eV 

HCOOH* top-bridge -0.22 top-hollow -0.43 
HCOOHpa* top 0.30 top -0.16 
HCOO* top-top -2.07 top-top -2.30 
COOH* top-top -2.05 top-top -2.39 
cisCOOH* top-top -1.97 top-top -2.35 
CO* fcc/hcp -1.16 bridge -1.62 
OH* top -1.92 bridge -2.43 
O* fcc -3.20 bridge -3.38 
H* fcc -2.59 bridge -2.77 
HCO* top -2.00 top-top -2.33 
H2O* top -0.36 hollow -0.23 
CO2* physisorbed -0.08 physisorbed -0.13 
COH* fcc -4.17 bridge -4.43 
HCOH* top -3.08 bridge -3.53 

 

Two additional intermediates were explored on CO covered Pt(111) surface: hydroxymethylidyne 

(COH) and hydroxymethylene (HCOH). COH binds through its C atom to the 3-fold fcc site with 

C-O bond being perpendicular to the surface and an angel of 112 degree for C-O-H. COH has a 
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BE of -4.17 eV and it is more stable than its isomer HCO by 0.41 eV. HCOH prefers the top site 

with C-H bond pointing upward and O-H bond pointing downward. There is a clear hydrogen 

bonding between the hydroxyl H in HCOH and a nearby CO, with the H-O bond length being 1.5 

Å; BE of HCOH is -3.08 eV.  

Table 6-5 PW91 reaction energies(∆E) and activation energy barriers (Ea) for the elementary steps 
considered in the HCOOH decomposition reaction network on 4/9 ML of CO covered Pt(111) and 
Pt(100) . All the values are relative to the infinite separation initial/final state. 

# Reaction  
4/9 ML of CO 

covered Pt(111)
4/9 ML of CO 

covered Pt(100)
Ea / eV ∆E / eV Ea / eV ∆E / eV 

1 HCOOH + *   HCOOH*  -0.22  -0.43 
2 HCOOH* + *   HCOO* + H* 0.85 0.24 0.73 0.04 
3 HCOOH*   HCOOHpa* 0.62 0.52 0.34 0.26 
4a HCOOHpa* + *   COOH* + H* 0.50 -0.51 0.43 -0.54 
5 HCOO* + *   CO2* + H* 1.26 -0.51 1.25 -0.52 
6 COOH* + *   CO2* + H* 1.04 -0.27 1.20 -0.17 
7 COOH*   cisCOOH* 0.49 0.08 0.45 0.04 
8 cisCOOH* + *   CO* + OH* 0.71 0.57 0.84 0.22 
9 COOH* + O*   CO2* + OH*  0.64 -1.00 0.59 -1.05 
10 COOH* + OH*   CO2* + H2O* 0.34 -1.36 0.28 -0.43 
11 HCOO* + COOH*   HCOOHpa* + CO2* 0.89 -0.52 1.08 -0.21 
12 HCO* + *   CO* + H* 0.63 -0.42 0.65 -0.73 
13 CO* + O*   CO2* + * 0.52 -1.89 0.28 -1.30 
14 O* + H*   OH* + *  0.71 -0.73 0.40 -0.88 
15 2OH*   H2O* + O* -0.17 -0.36 0.48 0.62 
16 OH* + H*   H2O* + * 0.30 -1.09 0.68 -0.26 
17 2H*   H2 + 2* 1.02 0.61 1.04 0.98 
18 HCOOH* + 2CO*   2COH* + CO2* 2.31 -0.26 -- -- 
19 HCOOH* + CO*   COH* + HCOO* 1.03 0.25 -- -- 
20 HCOO* + CO*   COH* + CO2* 2.04 -0.50 2.44 -0.13 
21 COOH* + CO*   COH* + CO2* 0.94 -0.27 1.26 0.22 
22 HCO* + CO*   COH* + CO* 0.96 -0.41 1.02 -0.35 
23 OH* + CO*   HCO* + O* 1.63 1.15 2.61 1.61 
24 OH* + CO*   COH* + O* 1.36 0.74 1.60 1.27 
25 COH* + *   CO* + H* 1.41 -0.01 1.17 -0.39 
26 COH* + H*   HCOH* + * 1.10 0.25 1.16 0.25 
27 HCOH* + *   HCO* + H* 0.68 0.16 0.73 0.10 
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28 HCOH* + 2*   CO* + 2H* 1.23 -0.26 -- -- 
29 CO2*   CO2 + *  0.08  0.13 
30 H2O*   H2O + *  0.36  0.23 
31 CO*   CO + *  1.16  1.62 
CO* in red color indicates the preadsorbed CO molecule. 
a, this reaction forms cisCOOH on 4/9ML of CO covered Pt(100). 

 

CO coverage effects on the BEs of COOH, HCOO and CO have been discussed in the previous 

section. Destabilization of other intermediates at high CO coverage is also found by comparing 

the BEs on clean Pt(111) and 4/9 ML of CO covered Pt(111). It is found that O is destabilized by 

0.54 eV and HCO is destabilized by 0.35 eV with the presence of 4/9 ML of CO on Pt(111) surface, 

while for the rest of the species the stabilization is around 0.10 eV.  

 
At CO coverage of 4/9 ML, the reaction network we proposed for HCOOH decomposition is 

comprised of 31 elementary steps. The first 17 steps were also investigated on the clean surfaces, 

while the rest are H transfer reactions between adsorbates and preadsorbed molecules and reactions 

related to the new intermediates COH and HCOH, which are unique reactions only occur on CO 

covered surfaces.  

On 4/9 ML of CO covered Pt(111) surface, HCOOH needs to come across a barrier of 0.85 eV to 

decompose to HCOO, which directly decomposes to CO2 and H without going through its 

monodentate isomer; the barrier of the second dehydrogenation step is 1.26 eV. Hydrogen 

recombination is endothermic by 0.61 eV with a barrier of 1.02 eV; unlike the clean Pt(111) surface, 

the reverse reaction (H2 decomposition) is no longer spontaneous on CO covered Pt(111) surface. 

For the three steps in HCOO pathway, the activation energy is increased by 0.15-0.35 eV with the 

presence of 4/9 ML of CO on the Pt(111) surface. 
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COOH formation from HCOOH is a three-step reaction on CO covered Pt(111) surface. The most 

stable trans-perpendicular configuration of HCOOH (Figure 6-6 (a)) first transforms to a tilted cis 

configuration (HCOOHt, inset in Figure 6-7 (a)) with a barrier of 0.63 eV, then further transforms 

to HCOOHpa (Figure 6-6 (b)) with a barrier of 0.43 eV; the last C-H bond breaking step from 

HCOOHpa requires another barrier of 0.50 eV to form COOH and H. The first two transformation 

step is combined as reaction 3 in Table 6-5, which reports the Ea calculated from the higher TS 

among the two and the overall reaction energy. Decomposition of COOH to CO2 and H is 

exothermic by -0.27 eV with an activation energy of 1.04 eV. Comparing with the energetics on 

clean Pt(111), we found that similar barriers are required for COOH formation on CO covered 

Pt(111), while COOH decomposition to CO2 at high CO coverage needs to come across a barrier 

of 0.37 eV higher. 

COOH decomposition to CO is a two-step reaction at CO coverage of 4/9 ML on Pt(111). The 

most stable trans carboxyl first transforms to its isomer cisCOOH with a barrier of 0.49 eV, which 

then breaks the C-O bond with a barrier of 0.71 eV. The high CO coverage does not affect the 

activation energy barrier for COOH decomposition and a similar barrier of 0.79 eV is found on 

the clean Pt(111) surface, except that the reaction goes through an additional transformation step 

at high CO coverage. 

Figure 6-7 (a) plots the abovementioned three pathways on the same PES diagram. It is clear that 

on 4/9 ML of CO covered Pt(111) surface, COOH formation is slightly more difficult than HCOO 

formation, as the highest TS in COOH formation is 0.17 eV higher than the TS for HCOO 

formation, while HCOO decomposition has a TS that is 0.46 eV higher than the TS for COOH 

decomposition to CO2. And COOH preferentially decomposes to CO rather than CO2, which is on 

contrary to the case on clean Pt(111). Although the COOH pathway is energetically more favorable  



119 
 

 

 

 
Figure 6-7 (a) Potential energy surface of HCOOH decomposition on 4/9 ML of CO covered 
Pt(111), and comparison of (b) the HCOO pathway, (c) COOH-CO2 pathway and (d) COOH-CO 
pathway on clean Pt(111) with CO covered Pt(111). Red line is the HCOO pathway, green line is 
the COOH pathway leading to CO2 formation, blue line is the COOH pathway leading to CO 
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formation. Solid line indicates the CO covered Pt(111) surface, while dotted line indicates the 
clean Pt(111) surface. 

than HCOO pathway, which has a very high TS for HCOO decomposition, COOH formation needs 

to go through a metastable state HCOOHpa which desorbs from the surface very easily; if 

desorption of HCOOHpa happens, subsequent COOH formation and decomposition will not take 

place, and reaction has to proceed through the HCOO pathway. The relative favorability of the 

HCOO and COOH pathways will depend on the competition between desorption and 

decomposition of HCOOHpa under reaction environments. Figure 6-7 (b), (c) and (d) compare 

the three pathways on clean Pt(111) and 4/9 ML of CO covered Pt(111) surface. It can be seen that 

although the difference in absolute activation energy barriers on the two surfaces is not big (at 

most 0.37 eV), due to the destabilization of the intermediates with CO presence, the TSs in all 

three pathways are significantly destabilized on CO covered Pt(111), leading to a lower reactivity 

for HCOOH decomposition at high CO coverage. 

Besides the three pathways we just discussed, formic acid decomposition could also proceed 

through H transfer reactions (reactions 18-24 in Table 6-5) to preadsorbed CO molecules, forming 

COH or HCO, which can either decompose directly or through the HCOH intermediate. However, 

the H transfer reactions are found to be very difficult, e.g. transfer of the two hydrogens in HCOOH 

simultaneously to two nearby CO molecules forming two COH species requires a barrier of 2.31 

eV, while transfer of one hydrogen in HCOOH to one nearby CO forming HCOO and COH 

requires a lower barrier of 1.03 eV, which is still 0.18 eV higher than the barrier for the direct 

decomposition of HCOO. Similar for HCOO, COOH and HCO, the H transfer reactions of which 

are also more difficult that their direct decomposition by 0.3-0.8 eV. Furthermore, decomposition 

of COH formed from the H transfer reactions, either the direct decomposition or decomposition 
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through the HCOH intermediate are also very difficult, with barriers more than 1 eV. Thus the 

hydrogen transfer reactions on 4/9 ML of CO covered Pt(111) surface are not relevant for HCOOH 

decomposition. 

6.3.4 Results on 4/9 ML of CO covered Pt(100) 

  

 
Figure 6-8 Side and top views of the most stable configurations of intermediates on 4/9 ML of 
CO covered Pt(100). Platinum, carbon, hydrogen and oxygen atoms are indicated in silver, dark 
grey, blue and red, respectively. 

 
The most stable configurations of the intermediates on 4/9 ML of CO covered Pt(100) surface are 

summarized in Figure 6-8. For formic acid, the trans-perpendicular configuration is the most 

stable configuration with a BE of -0.43 eV, which is 0.27 eV more stable than the trans-parallel 

configuration HCOOHpa. Formate (HCOO) binds through the two oxygen atoms to the top-top 

site on the surface, with a BE of -2.30 eV. Carboxyl (COOH), cis carboxyl (cisCOOH) and formyl 

(HCO) all bind through their C and O atoms to the top-top site on the surface, with BEs of -2.39 
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eV, -2.35 eV and -2.33 eV, respectively. H2O prefers the hollow site with a weak BE of -0.23. CO2 

is also physisorbed on the surface with a BE of -0.13 eV. For all the other intermediates (CO, OH, 

O, H, COH and HCOH), bridge site is the most favorable adsorption site.  

CO coverage effects on the BE of COOH, HCOO and CO on the (100) facet of Pt have been 

discussed in section 6.3.2. Destabilization of other intermediates at high CO coverage is also found 

on Pt(100), epically for OH and O, which are destabilized by 0.28 eV and 0.51 eV with the 

presence of 4/9 ML of CO. For the other species, the destabilization at high CO coverage is 

generally between 0.1 and 0.2 eV.  

 

 
Figure 6-9 Potential energy surface of HCOOH decomposition on 4/9 ML of CO covered Pt(100). 
Red line is the HCOO pathway, green line is the COOH pathway leading to CO2 formation, blue 
line is the COOH pathway leading to CO formation. 

At CO coverage of 4/9 ML, compared with Pt(111), Pt(100) binds the intermediates more strongly 

by ca. 0.2-0.5 eV. Similar as on clean surfaces, OH is also the species most sensitive to surface 
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structure at CO coverage of 4/9 ML, where it is stabilized by 0.51 eV on Pt(100) compared with 

Pt(111). 

On 4/9 ML of CO covered Pt(100) surface, HCOOH need to come across a barrier of 0.73 eV to 

break the O-H bond and form HCOO, which further goes through another dehydrogenation step 

with a barrier of 1.25 eV to form CO2. The two hydrogen atoms formed from the two 

dehydrogenation steps recombine to a H2 molecule with a barrier of 1.04 eV. Small differences in 

activation energies of the three steps are found between the clean Pt(100) surface and 4/9 ML of 

CO covered Pt(100) surface, around 0-0.2 eV.   

For the COOH pathway on 4/9 ML of CO covered Pt(100) surface, HCOOH needs to go through 

a transformation step first with a barrier of 0.34 eV, and then breaks the C-H bond forming COOH 

with a barrier of 0.43 eV. Further decomposition of COOH to CO2 is an exothermic reaction with 

a barrier of 1.20 eV. At CO coverage of 4/9 ML, the transformation step of formic acid has a 

barrier of 0.55 eV lower than that on clean Pt(100), while the C-H bond breaking in HCOOH and 

O-H bond breaking in COOH have a barrier of 0.34 eV and 0.29 eV higher than that on clean 

Pt(100).  

On CO covered Pt(100) surface, COOH decomposition to CO proceeds through a transformation 

step to cisCOOH with a barrier of 0.45 eV, followed by the C-O bond breaking step with a barrier 

of 0.84 eV, which is 0.27 eV higher than the barrier on clean Pt(100) surface. 

Figure 6-9 plots the three pathways we just discussed on the same PES diagram. It can be seen 

than on 4/9 ML of CO covered Pt(100) surface, the COOH pathway is more favorable than the 

HCOO pathway, TSs of which are much higher in energy than those in the COOH pathway. CO 

covered Pt(100) is the only surface on which the COOH formation is easier than HCOO formation 

from HCOOH, among the four surfaces we have discussed. And unlike the other three surfaces, 
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the precursor for COOH formation, HCOOHpa, on CO covered Pt(100) surface is a stable 

intermediate with a BE of -0.16 eV. Further decomposition of COOH preferentially forms CO 

rather than CO2.  

For the H transfer reactions of COOH, HCOO, HCO and OH, the barriers are much higher than 

the direct decomposition these intermediates by 0.3-1.2 eV, and further decomposition of the 

product formed from the H transfer reactions, COH, is also very difficult with barriers of more 

than 1 eV. Thus the hydrogen transfer reactions are not relevant for HCOOH decomposition on 

4/9 ML of CO covered Pt(100) surface. 

 

   
Figure 6-10 Comparison of (a) the COOH-CO2 pathway and (b) the COOH-CO pathway on clean 
Pt(100) and 4/9 ML of CO covered Pt(100) surface. Solid line indicates the CO covered Pt(100) 
surface, while dotted line indicates the clean Pt(100) surface. 

 
Since COOH pathway is more favorable than the HCOO pathway on 4/9 ML of CO covered Pt(100) 

surface, Figure 6-10 compares the COOH pathway on the CO covered Pt(100) surface with that 

on the clean Pt(100) surface. It can be seen that transformation of formic acid is slightly easier on 

CO covered Pt(100) surface than on the clean Pt(100) surface, while HCOOH decomposition to 

COOH and COOH decomposition to CO2 or CO has much higher TS energies on CO covered 
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Pt(100) surface than on clean Pt(100), leading to more difficult decomposition of COOH at high 

CO coverage.   

At CO coverage of 4/9 ML, although the differences in absolute activation energies of the three 

pathways between Pt(111) and Pt(100) are very small, less than 0.3 eV, due to the stabilization of 

the intermediates on the more open facet by ca. 0.2-0.5 eV, the TSs are significantly stabilized on 

CO covered Pt(100) surface (Figure 6-11), leading to much higher reactivity for HCOOH 

decomposition on Pt(100) than Pt(111) at high CO coverage.  

 

  
Figure 6-11 Comparison of (a) the HCOO pathway, (b) COOH-CO2 pathway, and (c) COOH-CO 
pathway on Pt(111) and Pt(100) at CO coverage of 4/9 ML. Solid line indicates the CO covered 
Pt(111) surface, while dashed line indicates the CO covered Pt(100) surface. 
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6. 4 Conclusions 

Using DFT calculations, the structure sensitivity of formic acid decomposition on Pt catalysts was 

investigated by comparing results on (111) and (100) facets of Pt, and the CO coverage effects 

were explored by comparing results on clean and 4/9 ML of CO covered Pt(111) and Pt(100). It is 

found that Pt(100) binds the intermediates more strongly by 0.1-0.5 eV than Pt(111), both on the 

clean surface and at CO coverage of 4/9 ML. And Pt(100) also has a high activity for formic acid 

decomposition than Pt(111), both for the clean surface and 4/9 ML of CO covered surface. 

Three reaction pathways were explored: HCOO pathway, COOH pathway leading to CO2 

formation, and COOH pathway leading to CO formation.  It is found that on all surfaces being 

examined, COOH formation is more difficult than HCOO formation except for the CO covered 

Pt(100) surface where the reverse trend is true, while COOH decomposition is much easier than 

HCOO decomposition. And except on clean Pt(111), COOH preferentially decomposes to CO. 

The precursor for COOH formation, HCOOHpa, is a metastable intermediate which desorbs easily 

on all surfaces being examined except for CO covered Pt(100). So the contribution of the COOH 

pathway to the overall reaction and also the selectivity to CO2 and H2 will depend on the easiness 

of decomposition of HCOOHpa compared with its desorption under reaction conditions. CO 

covered Pt(100) surface has the highest possibility for the COOH pathway to contribute to the 

overall reaction, since HCOOHpa binds more strongly on CO covered Pt(100) than on the other 

surfaces. Since COOH decomposition leads to CO formation on CO covered Pt(100), the 

selectivity to CO is also higher than on the other surface being examined.  

At high CO coverage, hydrogen transfer reaction between the adsorbates and the preadsorbed CO 

molecules were also explored, and it is found that these reactions are not relevant for HCOOH 

decomposition due to the high activation energy barriers. 
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At high CO coverage, all intermediates are destabilized by 0.1-0.7 eV. All transition states except 

for transformation of formic acid are also destabilized significantly, partly due to the 

destabilization of intermediates, leading to a lower reactivity for formic acid decomposition at high 

CO coverage on Pt catalysts. 
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Chapter 7 On the Structure Sensitivity of Formic Acid 
Decomposition on Cu Catalysts† 

7.1 Introduction 

Decomposition of formic acid (HCOOH) is an important process since HCOOH is a by-product 

produced in large quantities in the formation of levulinic acid from hydroxyl-methyl-

furfural (HMF) during the production of fuels from biomass resources 9. The in-situ catalytic 

dehydrogenation of HCOOH may provide hydrogen, which is necessary to hydrogenate levulinic 

acid to gamma-valerolactone (GVL) 14. GVL is a valuable platform molecule with potential for 

producing both renewable fuels and chemicals. Also, HCOOH may be used directly as a fuel in 

direct formic acid fuel cells 19, 20, 65, 68 or as a hydrogen carrier 35, 36, 38 with a closed carbon cycle 

for other hydrogenation reactions. 

The vapor-phase decomposition of HCOOH has been widely used to test the catalytic properties 

of various metals 43-45, 47, metal oxides 56, 57, 59 and alloys since the 1960s as HCOOH is one of the 

simplest organic molecules and carboxylic acids. HCOOH can decompose on metal surfaces 

through dehydrogenation or dehydration processes: the dehydrogenation leads to carbon dioxide 

(CO2) and hydrogen (H2) formation, while dehydration leads to production of water (H2O) and 

carbon monoxide (CO), which is a poisoning species for noble metal catalysts such as Pt and Pd. 

Dehydrogenation products have been reported as the only products for HCOOH decomposition on 

Cu catalysts 200. Spectroscopic studies of this reaction on Cu catalysts show the presence of a stable 

formate (HCOO) intermediate 201 on the catalyst surface that results from dissociation of the acidic 

hydrogen from HCOOH. Formate has also been proposed as a surface intermediate in several key 

catalytic reactions, including the water-gas shift (WGS) reaction 64, 103 and methanol synthesis 202.  

†, Calculations on Cu(100) were performed by J. Scaranto. 
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Despite the large amount of experimental work concerning HCOOH decomposition on Cu 

catalysts, there is still an ongoing debate on the reaction mechanism and its structure sensitivity. 

Iglesia and Boudart 200 measured similar activation energies (94.5-100 kJ/mol) for HCOOH 

decomposition on Cu catalysts with various supports. These were also similar to those measured 

on different preferentially oriented and polycrystalline Cu catalysts by other researchers 203-205. 

Based on these findings together with the observed insensitivity of the turnover rates to the particle 

size and to the nature of the catalyst support, they argued that HCOOH decomposition on Cu was 

structure insensitive. In contrast, Nakamura and coworkers 206 claimed that HCOOH 

decomposition on Cu catalysts was structure sensitive with dramatically different activation 

energies for dehydrogenation of HCOO on Cu(111) and Cu(110), although formate formation from 

CO2 was structure insensitive when comparing these two Cu surfaces . Hu and Boyd 207 also found 

a strong dependence of the adsorption energy of HCOO on the surface structure of Cu; the 

adsorption energy of HCOO decreases in the order Cu(110) > Cu(100) > Cu(111). Bowker and 

other researchers 208, 209 reported that HCOOH deprotonates to HCOO on the clean Cu(110) and 

Cu(100) surfaces, but not on the clean Cu(111) surface where the presence of atomic oxygen is 

critical for formate to be formed.  

A first-principles investigation of vapor-phase HCOOH decomposition on different Cu facets can 

help elucidate the reaction mechanism as well as to enable a better understanding of the behavior 

of Cu catalysts in terms of activity and structure sensitivity. In contrast to the abundant 

experimental studies, there is a lack of systematic theoretical studies for HCOOH decomposition 

on Cu surfaces. However, several elementary steps involved in the process are common to 

methanol synthesis and WGS reactions and have been investigated theoretically. In terms of shared 

reaction intermediates, prior work combining DFT, experimental kinetic studies, and microkinetic 
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modeling showed that HCOO formed on the surface of Cu 64 and Pt 103 catalysts during the WGS 

reaction but that intermediate is only a spectator species, whereas the reaction proceeds via a 

carboxyl (COOH)-mediated pathway. COOH is also a possible intermediate in the course of the 

HCOOH decomposition reaction through dissociation of the carbonic hydrogen from HCOOH. In 

a previous study of CO/CO2 hydrogenation to methanol on Cu,  Grabow and Mavrikakis 102 found 

that HCOOH is a relevant reactive intermediate and it prefers to decompose through the HCOO-

mediated route on Cu(111). In this work, density functional theory (DFT) calculations were 

performed on two additional Cu model surfaces (Cu(100)  and Cu(211)), exploring both COOH- 

and HCOO-mediated pathways and comparing with the previous results on Cu(111) to elucidate 

the reaction mechanism and its structure sensitivity of these Cu surfaces. 

7.2 Computational methods  

Periodic, self-consistent density functional theory calculations were performed with PW91-GGA 

95, 151 exchange correlation functional using the DACAPO 88, 89 total energy code. Results on 

Cu(111) surface are taken from a previous work 102. The methods used are restated here for clarity. 

The Cu(111) surface was modeled by a three-layer slab using a (3 × 3) unit cell, repeated in a super 

cell geometry with five equivalent layers of vacuum (~10.6 Å) between two successive metal slabs. 

Since the surface relaxation effects have been shown to be negligible for similar systems 210, 211, 

Cu atoms on Cu(111) surface were fixed in their bulk truncated positions during the calculation. 

The Cu(100) surface was modeled by a four-layer slab using a (3 × 3) unit cell with 11.0 Å of 

vacuum spacing separating the periodic slabs and the optimization was carried out by relaxing the 

top two layers. The Cu(211) slab was constructed using a (1 × 3) unit cell and consisted of nine 

Cu layers (having a terrace three atoms deep and three atoms wide). Successive slabs were 

separated by a vacuum equivalent to 12 Cu layers (~ 12.1 Å) and the top four layers of the slab 
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were allowed to relax during the calculation. The surface Brillouin zone was sampled at 54 Chadi-

Cohen 92 k-points for Cu(111) and using a (4 × 4 × 1) Monkhorst-Pack grid 93 for Cu(100) and 

Cu(211) surfaces. Ultrasoft Vanderbilt pseudopotentials 94 were utilized to describe core electron 

interactions, and the Kohn-Sham one-electron valence states were expanded on the basis of plane 

waves with kinetic energy below 25 Ry. 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 the Pulay mixing of the resulting electronic density. 97 All total energies were 

extrapolated to kBT = 0 eV. Adsorption was permitted on only one of the two exposed surfaces, 

and the electrostatic potential 91 was adjusted accordingly. Structures were fully relaxed until the 

Hellmann−Feynman forces acting on the atoms were smaller than 0.05 eV/Å. We calculated a 

lattice constant of 3.66 Å for bulk Cu, in good agreement with the experimental value 3.61 Å 212. 

Binding energy (BE) of a surface intermediate was calculated with respect to the clean slab and 

the corresponding adsorbate (intermediate) in the gas phase. All the BE values, activation energies 

and heats of reactions in this work were reported with zero point energy (ZPE) corrections that 

were calculated by assuming a quantum harmonic oscillator possessing the calculated vibrational 

frequencies. The vibrational frequencies were calculated by numerical differentiation of forces 

using a second-order finite difference approach with a step-size of 0.015 Å. 101 Binding energies, 

activation energies and reaction energies without ZPE corrections can be found in the 

Supplementary Material. All activation energy barriers and reaction energies reported were 

relative to the reactant and product states at infinite separation. Minimum energy paths and 

activation energy barriers for all elementary steps were calculated using the climbing image 

nudged elastic band method (CI-NEB) 99. The minimum energy path for each elementary step was 

discretized by a total of seven images, including the initial and final state. Convergence of the NEB 
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calculations was reached when the magnitude of the force on all images was less than 0.1 eV/Å, 

except for the hydrogen recombination reaction, where a stricter convergence criterion (0.05 eV/Å) 

was used. The transition states (TS) were confirmed by vibrational frequency calculations yielding 

a single imaginary frequency along the reaction coordinate.  

7.3 Results and discussion 

 

Scheme 7-1. Reaction pathways of HCOOH decomposition on Cu catalysts. Red arrows represent 
the HCOO pathway; green arrows represent the COOH pathway; blue arrow represents the HCO 
pathway. The shared elementary step (recombinative desorption of H2) for HCOO and COOH 
pathways is indicated by the black arrow.  
 
In a previous publication 213, a comprehensive reaction network consisting of seventeen elementary 

steps was proposed for HCOOH decomposition on Au catalysts. Three pathways were explored: 

HCOO pathway, COOH pathway and HCO (formyl) pathway; see Scheme 7-1. The HCO 

intermediate is obtained from dehydroxylation of HCOOH, which is found to have a significantly 

higher activation energy compared with the formation of the other two intermediates HCOO and 

COOH on low-index Au surfaces. The same conclusion can also be reached for Cu(111), based on 

the results from our previous work 102 on methanol synthesis. For this reason, this HCO pathway 

was neglected in the present study, and a reduced reaction network with five intermediates (Table 
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7-1) and seven key elementary steps (Table 7-2) was explored on Cu(100) and Cu(211) surfaces. 

For the Cu(111) surface, BE values of intermediates, activation energies and reaction energies of 

elementary steps have been reported in  the previous methanol synthesis work 102 and were 

corrected using the ZPE in this study ─ summarized in Tables 7-1 and 7-2 together with the newly 

calculated results on Cu(100) and Cu(211).  

7.3.1 Structure and adsorption energetics of reaction intermediates 

 

Figure 7-1 Most stable adsorption configurations of all reaction intermediates on clean Cu(111) 
101, Cu(100) and Cu(211) facets. For each intermediate, both cross-section (left) and atop (right) 
views are shown. Cu, C, O and H atoms are represented by pink, grey, red and blue spheres.   

 

The most stable adsorption configurations of the five intermediates studied on the three Cu facets 

are shown in Figure 7-1.  Atomic hydrogen preferentially binds at the three fold fcc site of Cu(111) 

with a binding energy of -2.26 eV. Similar binding energy of H (-2.27 eV) is found on Cu(100) at 
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its most favorable fourfold hollow site. The threefold fcc site, closest to the step edge, is the 

preferred adsorption site for H on Cu(211); the binding strength is slightly stronger than that on 

Cu(111) and Cu(100) at -2.38 eV. Carbon dioxide exhibits no site preference on all three Cu 

surfaces and retains its gas-phase linear geometry with weak binding energies (weaker than -0.1 

eV), suggesting only physisorption on Cu.  

Table 7-1 ZPE-corrected binding energies (BEs) on clean Cu(111), Cu(100) and Cu(211) facets 

 Cu(111)a Cu(100) Cu(211) 
Species Adsorption 

Site 
BE / eV Adsorption 

Site 
BE / eV Adsorption Site BE / eV

H Fcc -2.26 Hollow -2.27 Fcc, terrace -2.38 
CO2 Physisorbed -0.06 Physisorbed -0.05 Physisorbed -0.09 

HCOO Top-Top -2.57 Top-Top -2.95 Top-Top, edge -3.17 
COOH Top-Top -1.44 Bridge-Bridge -1.74 Top-Top, edge -1.90 

HCOOH Top -0.16 Top -0.32 Top, edge -0.47 
a: BEs on Cu(111) are taken from ref.  102, but were corrected with ZPEs here. 

Carboxyl binds to two Cu atoms on the Cu(111) surface through its C and O atoms with the C-O 

bond almost parallel to the surface and O-H bond pointing towards the surface; the BE is calculated 

to be -1.44 eV. A similar adsorption configuration is found on the Cu(211) surface at the step edge. 

On Cu(100), however, COOH binds to two opposite bridge sites in a square encompassing a 

hollow site. COOH binds more strongly on Cu(100) and Cu(211) than on Cu(111) by 0.30 eV and 

0.46 eV, respectively. On all three surfaces, formate binds in a bidentate configuration with both 

of its O atoms bound to adjacent top sites; step-edge top sites are preferred for HCOO on Cu(211). 

The calculated BEs of HCOO are -2.57 eV, -2.95 eV, and -3.17 eV on Cu(111), Cu(100), and 

Cu(211), respectively. The most stable configuration for formic acid binds to the top site on all 

three surfaces through its O atom with the C-H bond pointing away from the surface, and the O-H 

bond pointing towards the surface. On Cu(211), HCOOH binds to the top site on the step edge and 

the O-H bond is pointing towards the step foot atoms on the terrace. The binding strength of 
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HCOOH increases in the order Cu(111) < Cu(100) < Cu(211), with BE values of -0.16 eV, -0.32 

eV, and -0.47 eV on the three Cu surfaces respectively. 

With the exception of CO2, which is physisorbed on all three surfaces, all intermediates prefer to 

bind to sites on the step edge of Cu(211). The magnitudes of the BEs of reaction intermediates on 

the three Cu surfaces are observed to decrease in the order Cu(211) > Cu(100) > Cu(111), in 

agreement with the general notion that adsorbates tend to exhibit stronger binding to more open 

facets. 

Table 7-2 ZPE-corrected reaction energies (∆E) and activation energies (Ea) on clean 
Cu(111), Cu(100) and Cu(211) facets. 

 

7.3.2 Elementary steps: reaction energies and activation energies   

In this section, we will describe the characteristics of the minimum energy path identified for each 

of the elementary steps considered in this study. The configurations of the transition states in each 

minimum energy path are shown in Figure 7-2, and the respective reaction energies and activation 

energies are summarized in Table 7-2. HCO formation from dehydroxylation of HCOOH on 

Cu(111) has a reaction energy of 1.10 eV 102 and an activation energy of 1.52 eV 102, which is more 

# Reaction 
Cu(111)a Cu(100)  Cu(211) 

∆E / 
eV 

Ea / eV ∆E / eV Ea / eV ∆E / eV Ea / eV

1 
HCOOH(g) + *   
HCOOH* 

-0.16 - -0.32 - 
 -0.47 - 

2 
HCOOH* + 2*   HCOO** 
+ H* 

-0.33 0.48 -0.57 0.42 
 -0.74 0.41 

3 
HCOOH* + 2*   COOH** 
+ H* 

0.49 1.13 0.35 0.94 
 0.22 1.06 

4 HCOO**   CO2* + H* 0.15 0.95 0.52 1.21  0.60 1.47 
5 COOH**   CO2* + H* -0.68 0.98 -0.39 1.12  -0.36 1.08 
6 2H*   H2(g) + 2* 0.23 0.74 0.25 0.72  0.47 0.97 
7 CO2*   CO2(g) + * 0.06 - 0.05 -  0.09 - 

a: Reaction energies and activation energies on Cu(111) are taken from ref.  102, but were corrected with ZPEs 
here. 
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than three times higher than the activation energy of HCOO formation from HCOOH and 0.39 eV 

higher than COOH formation from HCOOH on Cu(111).  Thus HCOOH is not likely to 

decompose through the HCO intermediate. Furthermore, decomposition of HCO would lead to 

CO production while there is experimental evidence 200 that CO2 and H2 are the only products of 

HCOOH decomposition on Cu catalysts. Therefore, HCO pathway may not contribute to the 

overall reaction and was not studied on Cu(100) and Cu(211).  

 

Figure 7-2 Cross-section (left) and atop (right) views of the transition state configurations for the 
elementary steps on Cu(111), Cu(100) and Cu(211) surfaces. Cu, C, O and H atoms site are 
represented by pink, grey, red and blue spheres. 

 

HCOOH* + 2*  HCOO** + H* 



137 
 

HCOOH decomposition to HCOO proceeds from the most stable configuration of HCOOH with 

O-H bond-breaking taking place over a bridge site on Cu(111) and Cu(100), and an off-top site on 

the step edge of the Cu(211) surface. This reaction is exothermic on all three Cu surfaces with 

reaction energies -0.33 eV, -0.57 eV and -0.74 eV, increasing in magnitude in the order Cu(111) 

< Cu(100) < Cu(211), due to the much stronger binding of  reaction product HCOO on the more 

open facets. Similar activation energies in the range of 0.41 eV to 0.48 eV, however, are found on 

all three Cu surfaces, indicating a rather weak structure-sensitivity of the O-H activation in 

HCOOH on the three Cu surfaces, further evidenced by the similar configurations of the transition 

states on the three surfaces.  

HCOOH* + 2*  COOH** + H* 

C-H bond-breaking in HCOOH, yielding adsorbed COOH and atomic hydrogen, involves rotation 

of the molecule such that the C-H bond is pointing towards the surface. At the transition state, C-

H bond scission occurs over a top site where the product COOH readily adsorbs through its C atom 

after the reaction and the produced H atom adsorbs on the nearest fcc or bridge sites on Cu(111) 

and Cu(100), respectively. On the Cu(211) surface, the C-H bond is broken over the top site on 

the step edge; after the reaction, COOH adsorbs on the adjacent top sites of the step edge while H 

adsorbs on the hollow site at the step. In contrast to the HCOOH decomposition to HCOO, COOH 

formation from HCOOH is an endothermic reaction on all three surfaces, presumably because of 

the higher energy of adsorbed COOH than adsorbed HCOO. The activation energy of this reaction 

step varies slightly across the three surfaces, being 1.13 eV, 0.94 eV and 1.06 eV on Cu(111), 

Cu(100) and Cu(211), respectively. As COOH formation has a much higher (more than 0.5 eV 

higher) activation energy than HCOO formation from HCOOH, Cu will preferentially break the 

O-H bond in HCOOH to form HCOO on all three surfaces.  
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HCOO**  CO2* + H* 

Similarly to the C-H scission in HCOOH, C-H bond scission in HCOO also involves a rotation of 

the molecule such that the C-H bond moves closer towards the surface. One Cu-O bond is already 

broken at the transition state, with the C-H bond-breaking taking place over a bridge site on Cu(111) 

and Cu(100), and the bridge site on the step of Cu(211). This reaction is endothermic on all three 

surfaces with reaction energies being 0.15 eV, 0.52 eV and 0.60 eV on Cu(111), Cu(100) and 

Cu(211), respectively. Both reaction energy (all, endothermic) and activation energy increase in 

the order Cu(111) < Cu(100) < Cu(211), indicating that this is a structure sensitive reaction on Cu 

surfaces. There is an increase of ~0.26 eV in the activation energy of HCOO decomposition each 

time we go from Cu(111) (0.95eV) to Cu(100) (1.21 eV) and to Cu(211) (1.47 eV), presumably 

because of the stronger binding of HCOO, the reactant, on the more open facets. The structure-

sensitive character found for this reaction step is in agreement with Nakamura’s findings that 

HCOO dehydrogenation has notably different activation energies on Cu(111) and Cu(110) 206. On 

Cu(111), the activation energy of HCOO decomposition measured by Nakamura is 108 kJ/mol 206 

(~1.12 eV), comparable to our calculated value 0.95 eV. The activation energy of this step is much 

higher than that of the HCOO formation, indicating HCOO decomposition is probably the rate 

limiting step in the HCOO-mediated pathway for HCOOH decomposition.  

COOH**  CO2* + H* 

As the O-H bond in COOH points towards the surface in its lowest-energy configuration, COOH 

decomposition proceeds directly from the most stable configuration with the O-H bond-breaking 

taking place over the bridge site of all three Cu surfaces. This reaction is exothermic, and activation 

energy barriers are slightly different on the three surfaces, with values of 0.98 eV, 1.12 eV and 

1.08 eV on Cu(111), Cu(100) and Cu(211), respectively. The similar activation energies of this 
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reaction on the three Cu surfaces are probably due to the similar transition states seen on these 

surfaces, as shown in Figure 7-2. COOH decomposition has comparable barriers as HCOO 

decomposition on Cu(111) and Cu(100) surfaces while it is much easier than HCOO 

decomposition on Cu(211), 1.08 eV versus 1.47 eV, respectively. 

H* + H*  H2(g) + 2* 

H2 recombinative desorption starts with two H atoms adsorbed on adjacent fcc and hcp sites on 

the Cu(111) surface with H-H bond formation taking place over the bridge site, while the reaction 

starts with two H atoms adsorbed on two adjacent bridge sites on Cu(100) and Cu(211) with H-H 

bond formation over the off-top and top sites, respectively. Cu(111) and Cu(100) have similar 

activation energies, 0.74 eV and 0.72 eV, and reaction energies (0.23 eV and 0.25 eV on Cu(111) 

and Cu(100), respectively) for H2 recombination, while both energy values are higher on the 

Cu(211) surface (Ea=0.97 eV; ∆E=0.47 eV). This difference is entirely due to the difference in the 

binding strength of H, the reactant, on different surfaces, as the activation energy of the reverse 

reaction (H2 dissociation) is practically the same on all three surfaces at ca. 0.5 eV.  

7.3.3 Potential energy surfaces (PES)  

The thermochemistry and activation energy barriers of the elementary steps described in the 

previous sections were used to plot the potential energy surfaces (PESs) for the three Cu facets, 

see Figure 7-3. The PESs shown in Figure 7-3 (a)-(c) compare the HCOO- and COOH-mediated 

pathways on the three Cu facets respectively. It is clear from the PESs that the HCOO-mediated 

pathway is more favorable than the COOH-mediated pathway for HCOOH decomposition on 

Cu(111), Cu(100) and Cu(211), due to the substantially lower TS energies in the HCOO-mediated 

path. Figure 7-3(d) compares the most favorable HCOO-mediated pathway on the three Cu facets. 
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On all three Cu facets, HCOO decomposition has a higher TS energy and also a higher activation 

energy than HCOO formation from HCOOH in the HCOO-mediated pathway. Though HCOO 

decomposition has a similar TS energy to that for hydrogen recombination, its activation energy 

is much higher than hydrogen recombination (by ca. 0.2-0.5 eV). Thus, HCOO decomposition is 

likely to be the rate limiting step for HCOOH decomposition.  

 

Figure 7-3 PESs of HCOOH decomposition reaction via the HCOO- and COOH-mediated 
pathways on Cu(111) (a), Cu(100) (b), and Cu(211) (c), and a comparison of the most favorable 
HCOO-mediated pathway on all three facets (d). 

 

The PES of the HCOO-mediated pathway decreases in energy in the order Cu(111) > Cu(100) > 

Cu(211). For the HCOO-mediated pathway, Cu(100) and Cu(211) show similar TS energies 

(within ca. 0.2 eV) which are lower than that on Cu(111). Cu(211) binds intermediates more 

strongly than the Cu(100) surface, and accordingly shows lower energies for the adsorbed states 
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and subsequently higher activation energy barriers than those on Cu(100). Since HCOO 

decomposition is likely the rate limiting step among the three catalytic steps, and Cu(211) has a 

similar TS energy for HCOO decomposition as on Cu(100) but much higher activation energy, it 

is likely that Cu(211) surface is less active than Cu(100) for HCOOH decomposition. On the PES, 

coadsorbed HCOO and H represents the most stable state, and the subsequent decomposition 

reaction of HCOO has the highest activation energy among the three catalytic steps. Therefore, 

these surfaces are likely to be partially covered by HCOO, especially on the Cu(100) and Cu(211) 

surfaces, which bind HCOO more strongly than Cu(111) by 0.38 eV and 0.60 eV, respectively. As 

a result, HCOOH decomposition may take place more readily on the terraces of the Cu catalysts, 

while the under-coordinated step sites and defect sites may be blocked by strongly adsorbed 

HCOO. The Cu catalysts used in Iglesia and Boudart’s study 200 contain relatively big 

nanoparticles with sizes 5-40 nm, within which range small fraction of under-coordinated sites is 

predicted and is potentially occupied by the HCOO intermediate; hence, the activity of Cu catalysts 

might come from the unoccupied terrace sites entirely. Accordingly, similar activation energies 

were observed for different particle-size catalysts. Their findings cannot differentiate the 

contributions from different types of sites (such as terrace, step, corner, defect sites) on Cu. To 

evaluate the contribution of under-coordinated sites to this chemistry, experiments should be 

conducted on Cu single crystals or smaller copper nanoparticles, where perimeter/corner/defect 

sites are present at a substantial percentage. It would also be necessary to substantiate these 

predictions from the DFT calculations using an experimentally validated microkinetic model, 

which is an ongoing endeavor and will be presented in a future report. 
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7.4 Conclusions 

HCOOH decomposition was investigated using self-consistent, periodic DFT calculations on three 

Cu model surfaces ─ Cu(111), Cu(100) and Cu(211) ─ by exploring both HCOO-mediated and 

COOH-mediated routes. It is found that the HCOO-mediated route is energetically more favorable 

than the COOH-mediated route on all three Cu surfaces. For the HCOO-mediated route, HCOO 

decomposition is likely to be the rate determining step due to the fact that it has the highest TS 

energy as well as the highest activation energy barrier among the three catalytic steps. Cu(100) 

and Cu(211) show similar TS energies in the HCOO pathway, which are lower than those on 

Cu(111). While Cu(211) has similar TS energies as Cu(100), it binds the intermediates more 

strongly and has a higher activation energy for the likely rate limiting step (HCOO decomposition); 

hence, Cu(211) might be less active than the Cu(100) facet for HCOOH decomposition. 

Coadsorbed HCOO and H represents the most stable state on the PES, implying a surface partially 

covered with HCOO intermediate, especially at the under-coordinated step and defect sites. As a 

result, under realistic reaction conditions, HCOOH decomposition may be most facile on the 

terraces of the Cu catalysts and may show an invariance in turn-over-frequency as a function of 

nanoparticle size, as always under-coordinated step/defect sites might be poisoned by HCOO. Yet, 

we showed here that HCOOH decomposition reaction on Cu surfaces is highly structure sensitive 

at the atomic scale level. We are currently exploring this reaction using a combined DFT, 

experiments and microkinetic modeling approach to corroborate our tentative conclusions 

regarding the decreased, due to poisoning, importance of under-coordinated step or defect sites in 

HCOOH decomposition on Cu catalysts. 
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7.5 Supplementary material  

Table 7S-1 Binding energies (BEs) on clean Cu(111), Cu(100) and Cu(211) facets with (W) and without (W/O) 
ZPE corrections. 

 Cu(111) Cu(100) Cu(211) 

Species 
Adsorption 

Site 

BE / eV 
Adsorption 

Site 

BE / eV 
Adsorption  

Site 

BE / eV 
W 

ZPE 
W/O  
ZPEa 

W  
ZPE 

W/O 
ZPE

W 
 ZPE 

W/O 
ZPE 

H Fcc -2.26 -2.43 Hollow -2.27 -2.37 Fcc, terrace -2.38 -2.55 
CO2 Physisorbed -0.06 -0.08 Physisorbed -0.05 -0.07 Physisorbed -0.09 -0.11 

HCOO Top-Top -2.57 -2.68 Top-Top -2.95 -3.07 Top-Top, edge -3.17 -3.29 
COOH Top-Top -1.44 -1.52 Bridge-Bridge -1.74 -1.82 Top-Top, edge -1.90 -2.00 

HCOOH Top -0.16 -0.22 Top -0.32 -0.37 Top, edge -0.47 -0.53 
a: Non-ZPE corrected BEs on Cu(111) are taken from ref.  102. 

 

Table 7S-2 Reaction energies (∆E) and activation energies (Ea) on clean Cu(111), Cu(100) and Cu(211) 
facets with (W) and without (W/O) ZPE corrections. 

# Reaction 

Cu(111) Cu(100)  Cu(211) 

∆E / eV Ea / eV ∆E / eV Ea / eV  ∆E / eV Ea / eV 

W  
ZPE 

W/O  
ZPE a

W 
ZPE

W/O 
ZPE a

W 
ZPE

W/O  
ZPE

W 
ZPE

W/O 
ZPE

 
W  

ZPE 
W/O  
ZPE 

W  
ZPE

W/O 
ZPE

1 HCOOH(g) + *   HCOOH* -0.16 -0.22 - - -0.32 -0.37 - -  -0.47 -0.53 -  

2 
HCOOH* + 2*   HCOO** + 
H* 

-0.33 -0.23 0.48 0.68 -0.57 -0.39 0.42 0.62  -0.74 -0.63 0.41 0.60

3 
HCOOH* + 2*   COOH** + 
H* 

0.49 0.59 1.13 1.32 0.35 0.52 0.94 1.10  0.22 0.33 1.06 1.23

4 HCOO**   CO2* + H* 0.15 0.25 0.95 1.12 0.52 0.71 1.21 1.40  0.60 0.73 1.47 1.58

5 COOH**   CO2* + H* -0.68 -0.55 0.98 1.23 -0.39 -0.20 1.12 1.37  -0.36 -0.23 1.08 1.31

6 2H*   H2(g) + 2* 0.23 0.29 0.74 0.82 0.25 0.17 0.72 0.66  0.47 0.53 0.97 1.02

7 CO2*   CO2(g) + * 0.06 0.08 - - 0.05 0.07 - -  0.09 0.11 - - 

a: Non-ZPE corrected reaction energies and activation energies on Cu(111) are taken from ref.  102. 
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Chapter 8 Formic Acid Decomposition on Cu catalysts: Self-
consistent Solutions from DFT, Microkinetic Modeling, and 

Experiments 

8.1 Introduction 

Formic Acid (FA) decomposition on transition metal catalysts is a very well-studied system, both 

in heterogeneous catalysis and fundamental surface science. It is of applied interest because of 

FA’s potential as a liquid hydrogen carrier214 with a high hydrogen-to-carbon ratio and a closed 

carbon cycle.41, 214-218 FA is used as a fuel in fuel cells that operate at low temperatures and have 

been shown to exhibit better efficiency than alcohol fuel cells.219, 220 It is also an equimolar 

byproduct in the production of levulinic acid from biomass,15, 17 and can be utilized in situ to 

provide molecular hydrogen for the subsequent hydrogenation of levulinic acid to gamma-

valerolactone.42, 221 Moreover, being the simplest carboxylic acid, FA has been widely used to 

probe the catalytic properties of metals49, 56, 86, 115, 222-224, metal oxides57-59, 61, metal carbides53-55, 

and alloys.  

Early work for FA decomposition on Cu catalysts examined infrared spectroscopy, the kinetic 

isotope effect, and decomposition rate measurements, and served to shed some light on the 

mechanistic aspect of this reaction.200, 222, 225-228 Subsequently, Madix and coworkers, in their 

pioneering work on Cu single crystals55, 229-231, demonstrated the key role of a very stable formate 

(HCOO) species in this reaction; this work resulted in a series of studies on Cu single crystals that 

continue to date.201, 208, 209, 231-235 Despite the abundance of experimental studies for FA 

decomposition on Cu catalysts, there is a general lack of consensus regarding the reaction 

 

 

† S. Singh contributed to the microkinetic analysis in this study; calculations on clean Cu(100) surface were 
performed by J. Scaranto; kinetic experiments were conducted by BJ. O’Neill.
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mechanism and the nature of the active site. Iglesia and Boudart200, 222, 225, 228 observed that the 

turnover rates for this reaction were insensitive to the particle size and to the nature of the support. 

Their results, together with other studies that reported similar activation energy barriers for this 

reaction on different preferentially oriented and polycrystalline Cu catalysts,203-205, 236-240 suggested 

that this reaction was structure insensitive. Additionally, they proposed that the catalytic FA 

decomposition was a bimolecular process, in which the HCOO decomposition was assisted by 

adsorbed FA molecules.200  

In contrast to these findings, Bowker and coworkers201, 208, 209, 231, 233-235, 241 reported that FA did 

not undergo dissociation on clean Cu(111), and that the presence of pre-dosed oxygen was required 

for this surface to exhibit any appreciable reaction rates; under similar conditions, clean Cu(100) 

and Cu(110) were shown to be active for this reaction. More recently, Nakamura and coworkers206, 

242 claimed that FA decomposition on Cu catalysts was in fact a structure sensitive reaction, with 

notably different activation energy barriers for H abstraction from HCOO species on Cu(111) as 

compared to Cu(100); they also demonstrated a strong promotional effect of H2 co-feed on the rate 

of this reaction on Cu(111), and showed that HCOO decomposition was enhanced 17 times in the 

presence of H2 on Cu(111), but not on Cu(100) facet. 

This study aims to provide a comprehensive description of the supported Cu catalyst surface under 

operating conditions by elucidating the nature of active sites for FA decomposition using reaction 

kinetics measurements, DFT calculations, and an iterative and rigorous microkinetic modeling 

based approach.  

The importance and contemporary relevance of microkinetic modeling as a tool for performing 

comparisons between experimental observations and DFT-derived predictions has been 

highlighted in several recent reports.7, 64, 102, 103 Since parameter optimization using microkinetic 
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modeling is often a non-convex optimization problem,243 the final solutions, and the ensuing 

conclusions that are drawn from these solutions, depend on the initial guesses for the 

thermodynamics and kinetics parameters that are obtained from DFT calculations on 

representative model surfaces. Hence, the importance of ensuring the accuracy of these DFT 

derived parameters to obtain reliable conclusions and inferences from the microkinetic model 

cannot be overstated. The two primary sources of errors in these parameters are (a) the inherent 

errors associated with DFT calculations, and (b) the errors that arise when the model surfaces used 

in DFT calculations do not accurately represent the active site and/or the surface environment 

under reaction conditions. While the recent advances in computational techniques have contributed 

towards quantifying and minimizing the former, it is the inconsistency between the surface 

environment (surface coverages of most abundant surface species) predicted by the model and that 

employed in the DFT calculations that is overlooked and can cause misleading conclusions. This 

study employs an iterative approach for microkinetic modeling that ensures self-consistency 

between the surface environment employed in the DFT calculations and that predicted by the 

model, and discusses the possible ramifications that this might have on the final conclusions 

regarding the active sites on a catalyst.  

Hence, the objective of this work is two-fold, to (1) demonstrate a generally applicable, yet 

rigorous and iterative microkinetic modeling-based methodology that yields holistically self-

consistent solutions, and (2) employ this method to settle the unsatisfying status quo that exists 

regarding the reaction mechanism, nature of active sites, and structure sensitivity for FA 

decomposition reaction on Cu catalysts. 
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8.2 Methods  

8.2.1 DFT calculations 

Several key elementary steps in the FA decomposition reaction network on Cu(111) were studied 

and reported in our earlier work, as part of the methanol synthesis reaction network.102 For 

consistency, the same setup that was employed in that study is utilized for the calculations reported 

in this study. All calculations were performed using the DACAPO total energy code.88, 89 The 

Cu(111) surface was modeled by a three-layer slab with a p(3×3) unit cell with all surface atoms 

being fixed in their bulk truncated positions, while the Cu(100) facet was modeled by a p(3x3) 

unit cell with four layers of metal atoms, the top two of which were allowed to relax. The surface 

Brillouin zone of (111) slabs was sampled at 54 special Chadi-Cohen92 k points, while that for the 

(100) slabs was sampled by using a 4×4×1 Monkhorst-Pack93 k-point mesh. The exchange-

correlation energy and potential were described self-consistently using the generalized gradient 

approximation (GGA-PW91).95, 96 The binding energies (BEs) were calculated with respect to the 

total energy of the clean slabs (Eslab) and the corresponding adsorbates in the gas phase (Eadsorbate, 

gas-phase), i.e., BEadsorbate = Etotal – Eslab - Eadsorbate, gas-phase. In the discussion of the DFT results, we 

refer to electronic energy values including the zero point energy (ZPE) corrections, unless 

otherwise noted. Throughout the text, (g) stands for ‘gas phase species’ and each '*' represents a 

single surface site occupied by the corresponding adsorbate. Our calculations do not take into 

account the long-range interactions, such as van der Waals forces,104, 105 which may contribute an 

additional stabilization of ~ 0.1 eV – 0.2 eV per carbon atom.The minimum energy pathways and 

activation energy barriers for all elementary steps were determined using the climbing image 

nudged elastic band (CI-NEB) method.99, 244, 245. More detailed computational methods, 
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experimental synthesis protocols (of the Cu/γ-Al2O3 catalysts) and kinetic measurement could be 

found in SI.  

8.2.2 Microkinetic modeling 

Mean-field microkinetic modeling was employed to describe the experimentally measured FA 

conversions, apparent activation energy barrier, and reaction orders apropos of all gaseous 

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

Reaction Network  

All the steps included in Table 8-2 were explicitly considered in the microkinetic model for the 

clean Cu(111) and Cu(100) surfaces, while an abridged version of this reaction network showing 

in Table 8-4 was implemented for the ‘high-coverage’ models. 

Model Inputs   

(1) DFT derived parameters: The microkinetic model was parameterized in terms of the Shomate 

parameters of the gas phase reactants and products, most stable adsorption states of all surface 

species, and the transition states of all activated elementary steps. The temperature and ZPE 

corrected reaction enthalpies and entropies of all these states were used to calculate the equilibrium 

constants, pre-exponential factors, and forward/reverse reaction rate constants for all elementary 

steps, as reported in our earlier studies.102, 246 (2) Experimental data: The experimental data that 

was used in this study comprised of the inlet flow rates of all gaseous components, reaction 

temperatures, total pressures, number of active sites in the catalyst, and the experimentally 

determined FA conversions and selectivity to CO2. 

Adjustable parameters and objective function   

The objective function that was used to quantitatively compare and assess the different solutions 

and the corresponding fits was the normalized sum of squared residuals (nSSR), which is a measure 
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of the absolute difference between the experimental and model predicted flow rates of the gaseous 

components. 
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where ܯ௝௜
௢௨௧ and ܧ௝௜

௢௨௧ are the model predicted and experimental outlet flow rates for species j and 

experimental condition i. The summation is performed over the flow rates of all outlet species (G) 

for all experimental conditions (n). An additional metric that was used in this study to compare the 

quality of different solutions was the mean absolute error (MAE), defined as MAE 

=
∑ ௘௫௣௘௥௜௠௘௡௧ሻ௜ܨܱܶ	௠௢ௗ௘௟െܨሺܱܶ	ݏܾܽ

݊ൗ , where TOF stands for turnover frequency. The DFT 

derived enthalpies of thermodynamic and transition states were chosen as the adjustable 

parameters for fitting purposes, while the surface entropies and pre-exponential factors were fixed 

to their DFT derived values.  

Model Formulation    

The model was formulated as a plug flow reactor (PFR), which was comprised of 5 differential 

equations (one for each gaseous flow rate) and 7 algebraic equations (one each for all reaction 

intermediates, and an additional one for the vacant site), in a manner described by Madon et al.247 

The inbuilt MATLAB solvers and optimization routines were employed to solve these equations 

and perform subsequent parameter optimization. In addition to starting with the exact DFT derived 

values as the initial guesses, the parameter space was also sampled in the vicinity of these values 

(± 0.4 eV (~40 kJ/mol) from the DFT derived initial guesses for each adjustable parameter). In this 

study, a manual approach for sampling the parameter space has been adopted; an automated multi-
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start approach using latin hypercube sampling has recently been reported by Nason et al., 243 but it 

is outside the scope of this work. 

Rate Controlling Steps    

Campbell’s degree of rate control (XRC) was employed to analyze the reaction mechanisms and 

quantitatively determine the rate determining steps for a set of experimental conditions. This 

approach quantifies the kinetic importance of an elementary step in a reaction scheme by 

computing the relative change in the overall reaction rate upon changing the forward and reverse 

rate constants for that step, while holding the equilibrium constant for that step as well as the rate 

constants for all other steps constant. In this formalism, the degree of rate control (XRC) of each 

elementary step can be evaluated using the following relation: 
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where ki is the rate constant for step i, Ki,eq is the equilibrium constant for this step and r is the 

overall reaction rate. 

8.3 Results and discussion  

8.3.1 DFT calculations 

A reaction network consists of various pathways for FA decomposition, including the direct and 

'adsorbate-assisted' HCOO, COOH and HCO pathways was proposed with the list of elementary 

steps showing in Table 8-2. Cu(111) was chosen first as the representative model surface for DFT 

calculations to obtain the thermodynamic and kinetic parameters for all the elementary steps 

included in the reaction network. Cu(111) is the thermodynamically most stable Cu facet, it has 

been shown to be the preferentially exposed facet for supported Cu catalysts via TEM studies,248 
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and has been proposed to be active for several reactions involving small oxygenates. HCOO 

species has for long been considered a key surface intermediate for several reactions on Cu(111); 

however, despite an overwhelming spectroscopic evidence of its existence under reaction 

conditions on Cu catalysts, its exact surface coverage under these conditions has never been well 

quantified. In the absence of any definitive knowledge regarding the surface environment under 

reaction conditions, a 'clean' Cu(111) facet (all surface sites being vacant) was employed as the 

initial model facet for DFT calculations. Subsequently, these DFT calculations were repeated on a 

clean Cu(100) surface, together with Cu(111) and Cu(100) surfaces with pre-adsorbed ‘spectator’ 

HCOO and H species to conclusively determine the true nature of active site. The ‘high-coverage’ 

models with spectators comprised of an abridged version of this reaction network, as shown in 

Table 8-4. The key findings from all the DFT calculations on the surfaces listed above are reported 

below. 

 
Figure 8-1 Most stable adsorption configurations for all surface adsorbates on a clean 
Cu(111) facet. The pink, grey, red and blue spheres represent Cu, C, O, and H atoms 
respectively. 
 
Clean Cu(111) and Cu(100)  

The adsorption geometries for the most stable binding configurations of all surface species on 

Cu(111) and Cu(100) are illustrated in Figure 8-1 and Figure 8-2 respectively, and a summary 

of the binding energies (BEs) and preferred adsorption sites is included in Table 8-1. Table 8-2 
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reports the reaction energies (ΔE) and activation energy barriers (EA) for all elementary steps 

involved in this reaction network.  

 

 
Figure 8-2 Most stable adsorption configurations for all surface adsorbates on a clean 
Cu(100) facet. The pink, grey, red and blue spheres represent Cu, C, O, and H atoms 
respectively. 
 

Table 8-1 BEs on Clean Cu(111) and Cu(100) facets 
 

 Clean Cu(111) Clean Cu(100) 
Species Adsorption Site BE / 

eV 
Adsorption Site BE / 

eV 
H* Fcc -2.26 Hollow -2.27 
O* Fcc -4.18 Hollow -4.65 

OH* Fcc -2.61 Hollow -2.92 
H2O* Top -0.16 Top -0.23 
CO* Fcc -0.82 Bridge -0.86 
CO2* Physisorbed -0.06 Physisorbed -0.05 
HCO* Bridge -1.07 Bridge-Top -1.39 

HCOO* Top-Top -2.57 Top-Top -2.95 
COOH* Top -1.44 Bridge-Bridge -1.74 

HCOOH* Top -0.16 Top -0.32 
The BEs include zero point energy (ZPE) corrections.  

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

high values of EA (> 1.5 eV) were highly unlikely to have any considerable reaction flux under the 

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

the microkinetic model, in-text comments on only some key elementary steps that were found to 
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be part of the catalytic cycle, and the reaction intermediates that are formed during the course of 

the reaction, are provided here; all relevant information pertaining to the other elementary steps 

and reaction intermediates can be found in the tables. 

Table 8-2 Reaction Energies and Activation Energies on Clean Cu(111) and Cu(100) 
facets 

# 
 

Reaction 
Clean Cu(111)  Clean Cu(100) 

∆E / eV EA / eV  ∆E / eV EA / eV 

1
a
 HCOOH + *   HCOOH* -0.16 -  -0.32 - 

2
a
 HCOOH* + 2*   HCOO** + H* -0.33 0.48  -0.57 0.42 

3
a
 HCOOH* + *   COOH* + H* 0.49 1.13  0.35 0.94 

4
a
 HCOOH* + *   HCO* + OH* 1.10 1.52  0.64 1.05 

5
a
 HCOO**   CO2* + H* 0.15 0.95  0.52 1.21 

6 HCOO** + O*   CO2* + OH* + * -0.48 1.43  0.07 1.47 

7 HCOO** + OH*   CO2* + H2O* + * 0.06 1.64  0.68 1.34 

8 HCOO** + H*   H2 + CO2* + 2* 0.37 1.91  0.77 1.84 

9
a
 HCOO**   HCO* + O* 2.06 2.25  -- -- 

10
a
 COOH* + *   CO2* + H* -0.68 0.98  -0.39 1.12 

11
a
 COOH* + *   CO* + OH* -0.26 0.33  -0.30 0.21 

12 COOH* + O*  CO* + H2O* -1.31 -0.32  -0.84 -0.09 

13
a
 COOH* + OH*  CO2* + H2O* -0.77 -0.44  -0.24 -0.58 

14 COOH* + H*  CO* + H2O* -0.35 1.14  -0.15 1.69 

15 HCOO* + COOH*  HCOOH* + CO2* -0.35 0.11  0.17 0.67 

16
a
 HCO* + *  CO* + H* -0.87 0.07  -0.60 0.21 

17
a
 CO* + O*  CO2* + * -1.05 0.65  -0.54 0.63 

18
a
 O* + H*  OH* + * -0.62 0.88  -0.45 1.13 

19
a
 2OH*  H2O* + O* 0.53 0.53  0.60 0.66 

20
a
 OH* + H*  H2O* + * -0.09 1.09  0.15 0.98 

21 2H*  H2 + 2* 0.23 0.74  0.25 0.72 

22
a
 CO*  CO + * 0.82 -  0.86 - 

23
a
 CO2*  CO2 + * 0.06 -  0.05 - 

24
a
 H2O*  H2O + * 0.16 -  0.23 - 

a : These values have been taken from our earlier publication for the Cu(111) facet.102 All the EAs and ∆Es are 
ZPE corrected. 
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The most stable adsorption configuration for FA (HCOOH) on Cu(111) is one in which all its 

atoms lie in a plane perpendicular to the surface. It binds to the surface with BE of -0.16 eV 249, 250 

via its carbonyl O atom on a top site, with the C-H bond pointing away from the surface, and O-H 

bond pointing towards the surface. On Cu(100), it binds via its O atoms in an off-top position, with 

a BE of -0.32 eV. The potential importance of the formate intermediate (HCOO) for this reaction 

has been highlighted in earlier sections; on both Cu(111) and Cu(100) surfaces, it binds in a 

bidentate configuration with both its O atoms on the adjacent top sites, 251, 252 with BEs of -2.57 

eV249, 253 and -2.95 eV on the two surfaces. Atomic hydrogen (H) binds preferentially on the three 

fold sites on Cu(111) with a BE of -2.26 eV249, 253; both the fcc and hcp sites are found to be 

energetically quasi-degenerate. In the absence of a threefold site on Cu(100), H preferentially binds 

on a fourfold hollow site, with BE = -2.27 eV. CO2 binds extremely weakly on both surfaces (BE 

= -0.06 eV and -0.05 eV on Cu(111) and Cu(100), respectively) and does not exhibit a site 

preference for its most stable adsorption configuration, as evidenced by the energy degeneracy of 

its several adsorption states. As shown in Table 8-1, Cu(100) exhibits stronger binding for all 

reaction intermediates when compared to Cu(111), in-line with the conventional wisdom that 

surfaces with lower coordination of surface atoms exhibit stronger adsorption. 

 
Figure 8-3 Side and top views of the transition states for the three key elementary steps: 
(A) HCOOH  HCOO + H, (B) HCOO  CO2 + H, (C) 2H  H2 (g) on a clean Cu(111) 
surface (top pannel) and Cu(100) surface (bottom pannel). 
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For the reaction conditions employed in our experiments, FA decomposition is found to proceed 

via a direct dehydrogenation pathway that involves HCOO intermediate on both (111) and (100) 

facets. This step proceeds directly from the most stable perpendicular configuration of FA, and the 

HCOO-H bond cleavage takes place over a bridge site (Figure 8-3A), the EA(ΔE) for this step 

being 0.48 eV (-0.33 eV)62, 249on Cu(111) and 0.42 eV (-0.57 eV) on Cu(100). The significantly 

higher EAs for the two alternate initiation steps, FA dehydrogenation to COOH (EA = 1.13 eV on 

Cu(111) and 0.94 eV on Cu(100)) and FA dehydroxylation to HCO (EA = 1.52 eV on Cu(111) and 

1.05 eV on Cu(100)), are the reasons why these steps do not contribute to the reaction rates. The 

second dehydrogenation step, HCOO conversion to CO2 and H, involves rotation of the HCOO 

molecule such that the C-H bond is aligned towards the surface; one Cu-O bond is cleaved first, 

followed by a C-H bond scission over a bridge site (Figure 8-3B), with an EA(ΔE) of 0.95 eV254 

(0.15 eV) and 1.21 eV (0.52 eV) on Cu(111) and Cu(100), respectively. On both facets, the C-H 

bond length in the transition state (TS) is 1.52 Å, compared to 1.11 Å in adsorbed HCOO. H2 

recombinative desorption starts from the two H atoms on adjacent three-fold sites on Cu(111), and 

diagonally-adjacent fourfold hollow sites on Cu(100), and the H-H bond formation takes place 

over a bridge site on both facets (Figure 8-3C). The transition state H-H bond length is 0.97 Å 

(Cu(111)) and 1.17 Å(Cu(100)), compared to H2 gas phase bond length of 0.75 Å, and the EA is 

0.74 eV62, 253, 255, 256 (Cu(111)) and 0.72 eV (Cu(100))255, 256. 

A mean-field microkinetic model that used the DFT derived thermochemical and kinetic 

parameters reported above as initial guesses to fit the experimental rate data yielded two ‘best-fit 

solutions’ for both Cu(111) and Cu(100) surfaces, one that predicted high HCOO coverage and 

another, high H coverage, under reaction conditions. DFT calculations were repeated for key 
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elementary steps on these additional surfaces, the results of which are reported below; a detailed 

discussion on the different solutions is included in subsequent sections. 

Cu(111) and Cu(100) with 4/9 ML preadsorbed HCOO  

 
Figure 8-4 Most stable adsorption configurations of the four key surface adsorbates on the 
Cu(111)-2HCOO and Cu(100)-2HCOO surface. The pink, grey, red and blue spheres represent 
Cu, C, O, and H atoms respectively. 

Figure 8-5 Most stable adsorption configuration of 
HCOOH on (A) Cu(111)-2HCOO and (B) Cu(100)-
2HCOO surfaces. 

 

 

Using the DFT values from the clean surfaces, the microkinetic model predicted surface coverage 

of HCOO species was found to vary with the experimental conditions within a range of 0.32 ML 

and 0.70 ML on both facets. It should be noted here that since HCOO is a bidentate species, (a) 

the surface concentration of HCOO species is half that of the predicted surface coverage (in ML), 
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and (b) for DFT calculations on a 3x3 unit cell, its coverage can only be varied in increments of 

2/9 ML (as opposed to 1/9 ML for monodentate species). The high-coverage DFT calculations 

were performed in presence of 4/9 ML of 'spectator' HCOO, which corresponds to two HCOO 

species in a (3x3) unit cell employed for both Cu(111) and Cu(100); these surfaces will be referred 

to as the ‘Cu(111)-2HCOO’ and ‘Cu(100)-2HCOO’ surfaces throughout the text, for brevity.  

FA is found to exhibit strong binding in the presence of two spectator HCOO species, with BEs of 

-0.55 eV and -0.69 eV on Cu(111)-2HCOO and Cu(100)-2HCOO surfaces, as opposed to -0.16 

eV and -0.32 eV on their clean counterparts, respectively. This is primarily because of H-bonding 

that exists between the hydroxyl H of HCOOH and the neighboring oxygen atom of the HCOO 

species, with the distance between the two atoms being 1.49 Å and 1.55 Å on the (111) and (100) 

facets respectively, as illustrated in Figure 8-4. Also, the most stable binding configuration of FA 

on Cu(111)-2HCOO is one where it binds to the surface via the O atom on the bridge site (Figure 

8-4A), as opposed to the top site on clean Cu(111). HCOO binds preferentially in a bidentate 

configuration where the two O atoms are slightly displaced from the top sites (Figure 8-4B), and 

exhibits marginally weaker binding of -2.40 eV and -2.85 eV on Cu(111)-2HCOO and Cu(100)-

2HCOO surfaces, as opposed to -2.57 eV and -2.95 eV on the clean surfaces. Also, in contrast 

with the clean surface, the presence of a stable monodentate adsorption state for HCOO 

intermediate that binds to the surface through one O atom on the hcp site of Cu(111)-2HCOO facet 

(BE = -2.16 eV, Figure 8-4C), and a bridge site of Cu(100)-2HCOO facet (BE = -2.39 eV, 

Figure 8-4G), was observed. The existence of a monodentate HCOO on Cu(111) was reported 

by Gokhale et al.7, wherein they had employed a (2x2) unit cell for their calculations; this further 

highlights the role of surface coverage effects on the structural stability of adsorbed states. The 

BEs were found to be nearly identical to their clean-slab equivalents. 



158 
 

 

 

 

Figure 8-6 Side and top views of the 
transition states for the four key 
elementary steps: (A) HCOOH  
HCOO + H, (B) HCOO  mo-HCOO 
(C) mo-HCOO  CO2 + H, (D) 2H  
H2(g) on the Cu(111)-2HCOO (left 
panel) and Cu(100)-2HCOO (right 
panel) facet. 

 

 

 

The EA for FA dehydrogenation to HCOO on Cu(111)-2HCOO and Cu(100)-2HCOO are 1.01 eV 

(ΔE = 0.23 eV) and 1.09 eV (-0.06 eV) respectively, both of which are much higher than the 

corresponding value on the clean slab, primarily because of stabilization of the initial state via H-

bonding (Figure 8-5). Also, the HCOO-H bond scission takes place on a 3-fold site on the (111) 

facet and an off-bridge site on the (100) facet, as opposed to a bridge site on the clean slabs of both 

facets. In contrast with the clean slabs, the HCOO decomposition to CO2 is a two-step process on 

both facets in presence of HCOO spectator species. The first step is the rotation of bidentate HCOO 

that involves a Cu-O bond cleavage, and results in a metastable monodentate ‘mo-HCOO’ 

intermediate; this step has an EA (ΔE) of 0.30 eV (0.24 eV) and 0.54 eV (0.46 eV) on Cu(111)-

2HCOO and Cu(100)-2HCOO respectively. This intermediate undergoes dehydrogenation to form 

CO2 and H, with an EA(ΔE) of 0.49 eV (-0.20 eV) and 0.51 eV (0.03 eV), on the (111) and (100) 

slabs, respectively. The recombinative desorption of H2 from adsorbed H atoms is the step that is 

least affected by the presence of spectator HCOO species with similar EAs, ΔEs, and reaction 

coordinates on the two HCOO-covered surfaces as their clean slab counterparts. 
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Cu(111) with 6/9 ML preadsorbed H  

As was mentioned above and discussed in greater detail in subsequent sections, an additional ‘best-

fit’ solution was obtained using the thermochemistry and kinetic parameters from clean Cu(111) 

as the initial guesses; for this solution, the microkinetic model predicted surface coverage of atomic 

H was found to be in the range of 0.51 ML – 0.76 ML, depending on the reaction temperature. For 

the majority of the experiments that were performed at 130°C, this coverage was predicted to be 

~0.66 ML. Hence, the DFT calculations for key reaction intermediates and elementary steps were 

repeated on a unit cell with 0.66 ML of pre-adsorbed H as spectator species; this surface will be 

referred to as the Cu(111)–6H surface throughout the text, for brevity. 

Figure 8-7 Most stable adsorption configurations for the four key surface adsorbates on the 
Cu(111)-6H surface. The pink, grey, red and blue spheres represent Cu, C, O, and H atoms 
respectively. 

Figure 8-8 Side and top views of the transition states for the three key elementary steps: (A) 
HCOOH  mo-HCOO + H, (B) mo-HCOO  CO2 + H, (C) 2H  H2 (g) on the Cu(111)-6H 
surface. 

 

FA exhibits very weak binding (BE = -0.03 eV) on Cu(111)-6H surface, with several energetically 

degenerate adsorption configurations, one of which is shown in Figure 8-7A. HCOO binds 
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preferentially in a bidentate configuration; however, one of the two O atoms binds on the bridge 

site on the Cu(111)-6H surface, as opposed to both of them being on adjacent top sites on the clean 

slab (Figure 8-7B), which results in a significantly weaker binding (BE = -1.96 eV, as opposed 

to -2.57 eV on the clean slab). A monodentate adsorption configuration for HCOO, where it binds 

to the surface via one O atom on the bridge site, with the other O atom pointing away from the 

surface, with BE = -1.41 eV was also observed. Figure 8-7C shows the most stable adsorption 

configuration of 7 H atoms on the surface; all the H atoms are found to occupy the hollow sites 

and the differential BE of the seventh H atom is -2.09 eV, as opposed to the BE of -2.26 eV of H 

on clean Cu(111) . 

 

Table 8-3 ZPE corrected BEs on Cu(111)-2HCOO, Cu(100)-2HCOO, and Cu(111)-6H 
surfaces 

Species 
Cu(111) -2HCOO Cu(100) -2HCOO Cu(111)-6H 

Adsorption 
Site 

BE / 
eV 

Adsorption 
Site 

BE / 
eV 

Adsorption 
Site 

BE / 
eV 

H* fcc -2.26 hollow -2.25 fcc/hcp -2.09 
HCOO** top-top -2.40 top-top -2.85 top-bridge -1.96 

mo-HCOO* hcp -2.16 bridge -2.39 bridge -1.41 
HCOOH* bridge -0.55 top -0.69 top -0.03 

 
Table 8-4 ZPE-Corrected Reaction Energies and Activation Energy Barriers on Cu(111)-
2HCOO, Cu(100)-2HCOO, and Cu(111)-6H surfaces 

# Reaction Cu(111)-2HCOO Cu(100)-2HCOO  Cu(111)-6H 

  
∆E / 
eV 

EA / eV  ∆E / eV EA / eV  ∆E / eV EA / eV 

1 HCOOH + *  HCOOH* -0.55 - -0.69 -  -0.03 - 

2 HCOOH* + 2*  HCOO** + H* 0.23 1.01 -0.06 1.09  - - 

3 HCOO**  mo-HCOO* + * 0.24 0.30 0.46 0.54  - - 

4 mo-HCOO* + *  CO2* + H* -0.20 0.49 0.03 0.51  -0.23 0.73 

5 2H*  H2 + 2* 0.23 0.84 0.21 0.77  -0.12 0.80 

6 HCOOH* + *  mo-HCOO* + * - - - -  0.32 0.77 
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In contrast with the clean Cu(111) surface, the minimum energy pathway for FA dehydrogenation 

to CO2 and H2 on the Cu(111)-6H surface does not involve the most stable, bidentate configuration 

of HCOO intermediate, and proceeds directly via its monodentate equivalent; the first 

dehydrogenation step (HCOOH  mo-HCOO + H) has an EA = 0.77 eV (ΔE = 0.32 eV), with the 

O-H bond scission taking place over a threefold site, as opposed to a bridge site on clean Cu(111) 

(Figure 8-8). The transition state geometries of mo-HCOO dehydrogenation and H2 

recombination are both very similar to their clean-slab counterparts, and this is reflected in the 

comparable EAs of these elementary steps. Despite the similar EAs as on clean slabs, the 

corresponding transition states on Cu(111)-6H surface have substantially higher total energies, due 

to the significant destabilizations in the initial states of these steps; this is illustrated in the enthalpy 

surface shown in Figure 8-13.  

8.3.2 Microkinetic modeling 

Cu(111) As reported in earlier sections, clean Cu(111) was chosen first as the most-probable active 

site for FA decomposition on supported Cu catalysts. A microkinetic model that was parameterized 

using the DFT derived thermodynamics and kinetics parameters obtained on this facet was 

employed to analyze the reaction mechanism and perform comparisons with the experimental 

kinetic dataset. Prior to making any adjustments in the DFT derived initial guesses, the model 

predicted 100% conversion for all reaction conditions; the surface was predicted to be completely 

clean, and the reaction was found to proceed via the following sequence of elementary steps: 

HCOOH → HCOO + H → CO2 +2H → CO2 + H2, with the first step being the rate controlling 

step. Since the DFT derived parameters for Cu(111) were inadequate to describe the experimental 

observations on supported Cu catalysts, parameter optimization was performed to obtain improved 

fits with the experimental data. With a complex model comprising of 30 adjustable parameters 
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being used to fit an experimental kinetic dataset that had 18 unique conditions, one could expect 

multiple solutions that yield reasonably good fits with the experimental observations. Hence, in 

addition to employing the DFT derived parameters as the initial guesses, a greater region of the 

parameter space was sampled in the vicinity of the DFT derived initial guesses to ensure that a 

feasible solution was not missed. As a result of this exercise, two unique solutions that provided 

excellent fits with the experimental dataset were identified, both of which were able to successfully 

emulate the experimentally observed apparent activation energy barrier and the reaction orders for 

the reactants and products. Henceforth, these two solutions will be referred to as the 'Clean 

Cu(111)-HCOO solution' and the 'Clean Cu(111)-H solution', for reasons described in the 

following sections. A discussion on these two solutions is presented below: 

Clean Cu(111) surface – HCOO solution  

 
Figure 8-9 (A) Parity plot of experimental and model predicted TOFs. The different colored circles 
represent the different set of experiments. The H2O and CO partial pressure variation points are 
hidden behind the H2 Partial Pressure (dark red). (B) Surface coverage (ML) of the most abundant 
surface species for the different experimental conditions (i) Temperature (ii) HCOOH PP (iii) H2 
PP) (iv) H2O PP (v) CO PP variation. 

Starting from the DFT derived parameters as the initial guesses, the reaction rate was found to be 

most sensitive to the binding energies of HCOO and the transition state energies of the direct 

HCOO formation and decomposition steps (Steps 2 and 5 in Table 8-2). Small (< 0.1 eV), 
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successive adjustments were made in the most sensitive parameters until a good match was 

obtained between the model predictions and experimental reaction rates. Full optimization of the 

model was then performed (by nonlinear least-squares data fitting, using the nlinfit function in 

Matlab that makes use of the Gauss-Newton algorithm), to refine the fit and obtain the final, 

optimized set of parameters. The parity plot of the experimental and model predicted TOFs 

corresponding to the best fit solution is shown in Figure 8-9A; it has an MAE of 0.0004 sec-1 and 

an nSSR value of 0.98.  

The adjustments made to the DFT derived initial guesses in order to obtain this solution are 

reported in Table 8-5 and Table 8-6. While the transition state energies for both HCOO formation 

and decomposition steps required modest stabilizations of -0.04 eV and -0.09 eV respectively, 

both of which are within the DFT uncertainty (±0.2 eV, ~20 kJ mol-1) , the HCOO intermediate 

had to be stabilized by 0.32 eV. The surface was predicted to have 0.33 ML – 0.71 ML of adsorbed 

HCOO with the remaining sites being vacant. The HCOO surface coverage decreased with 

increasing temperature and increased with increasing FA partial pressure, accompanied by a 

commensurate change in the number of vacant sites. For the majority of experiments that were 

performed at 130°C (the temperature used to obtain H2/H2O/CO reaction orders), the HCOO 

surface coverage was nearly constant (~ 0.55 ML). Campbell’s degree of rate control was 

calculated for all the elementary steps, and HCOO decomposition was found to be the rate 

controlling step under all reaction conditions, as reported in Table 8-6.  

Table 8-5 Adjustments needed in the DFT derived BEs on clean Cu(111) corresponding 
to the best fit 

Species HCOO Solution 
∆BE / eV 

H Solution 
∆BE / eV 

H* 0.00 -0.01 
HCOO** -0.32 0.00 
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Clean Cu(111) surface – H solution  

The ‘multi-start’ approach led to an alternate solution that exhibited near-identical fits with the 

experimental data as the preceding HCOO solution. The quality of the fit between the model 

predicted and experimental TOFs is shown in Figure 8-10, and the adjustments that were required 

in the DFT derived parameters to obtain this fit are reported in Table 8-5 and Table 8-6. To obtain 

these fits, the transition state for the H2 recombination step was destabilized by 0.42 eV, while 

those for HCOO formation and decomposition steps were stabilized by -0.18 eV and -0.22 eV 

respectively. The surface was predicted to have H coverage of 0.51 ML -0.76 ML, with the 

remaining sites being vacant. H2 recombination was found to be the rate controlling step under all 

reaction conditions, as reported in Table 8-6.  

 
Figure 8-10 (A) Parity plot of experimental and model predicted TOFs. The different colored 
circles represent the different set of experiments. The H2O and CO partial pressure variation points 
are hidden behind the H2 Partial Pressure (dark red). (B) Surface coverage (ML) of the most 
abundant surface species for the different experimental conditions (i) Temperature (ii) HCOOH 
PP (iii) H2 PP (iv) H2O PP (v) CO PP variation. 

 

After careful sampling of the parameter space, it was established that the two solutions presented 

here were the only ones on the Cu(111) surface that were able to accurately describe all the 

experimental measurements, including the reaction orders, apparent activation energy barrier, and 
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turnover frequencies. An enthalpy surface that compares the DFT derived energetics with those 

corresponding to ‘HCOO solution’ and ‘H solution’, at 130°C, is shown in Figure 8-11.  

Table 8-6 Adjustments needed in the DFT derived TS energies corresponding to the best 
fit, and the Cambell’s degree of rate control (XRC) for the kinetically relevant elementary 
steps on clean Cu(111)  
 

Reaction 
HCOO Solution  H Solution 

∆ETS / eV XRC ∆ETS / eV XRC 
HCOOH* + 2*  
HCOO** + H* 

-0.04 0.11-0.30 -0.18 0.01-0.02 

HCOO* + *  CO2* + 
H* 

-0.09 0.57-0.88 -0.22 0.15-0.27 

2H*  H2 + 2* 0.00 0.00-0.01 0.42 0.62-0.83 
 

 
Figure 8-11 2-dimensional PESs of FA decomposition reaction via the HCOO pathway on clean 
Cu(111). Zero-energy corresponds to the gasphase enthalpy of FA molecule. The blue line 
corresponds to the DFT derived PES, and the red and green lines reflect the enthalpies of the 
thermodynamic and transition states for the HCOO solution and H solution, respectlively. The 
maximum adjustments made for both these solutions is also reported. 

 
Although the thermodynamics and kinetic parameters used in the model were all collected on a 

clean Cu(111) surface, both solutions predicted substantial coverages of either HCOO or H species 

on the surface. Hence, there existed a disparity between the model predicted surface environment 



166 
 

and that employed in the DFT calculations, and a direct comparison of the optimized 

thermodynamic and kinetic parameters obtained from microkinetic modeling with their DFT 

derived counterparts on clean Cu(111) was deemed as logically fallacious. An attempt to close this 

gap was made by performing additional DFT calculations with more appropriately chosen unit 

cells, i.e., a Cu(111) surface with 4/9 ML of pre-adsorbed HCOO and another with 6/9 ML of pre-

adsorbed atomic H. A discussion on the DFT calculations on these slabs has been included in 

earlier sections. 

Table 8-7 Adjustments needed in the DFT derived BEs on high HCOO/H covered 
Cu(111) corresponding to the best fit 

Species HCOO Solution 
∆BE / eV 

H Solution 
∆BE / eV 

H* 0.00 -0.30 
HCOO** -0.51 -0.09 
HCOOH* 0.00 -0.10 

 

Table 8-8 Adjustments needed in the DFT derived TS energies on high HCOO/H covered 
Cu(111) corresponding to the best fit, and the Cambell’s degree of rate control (XRC) for 
the kinetically relevant elementary steps 

Reaction 
HCOO Solution  H Solution 

∆ETS / eV XRC  ∆ETS / eV XRC 
HCOOH* + 2*  HCOO** + H* -0.19 0.10-0.26 -- -- 
HCOO**  mo-HCOO* + * 0.00 0.00 -- -- 
mo-HCOO* + *  CO2* + H* -0.06 0.60-0.89 -- -- 
2H*  H2 + 2* 0.00 0.01-0.00 -0.23 -0.73-0.88 
HCOOH* + *  mo-HCOO* + H* -- -- -0.56 0.11-0.26 
mo-HCOO* + *  CO2* + H* -- -- -0.72 0.00-0.01 

 
Cu(111)-2HCOO surface  
 
With no adjustments to the DFT derived parameters on high HCOO-covered surface, the model 

under-predicted the rates by 2 orders of magnitude. Starting from this curtailed model with a 

revised set of initial guesses for the DFT parameters, parameter optimization was performed to 

obtain good fits with the experimental data, much the same way as described in the previous 
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section. Table 8-7 and Table 8-8 report the adjustments that were required in the DFT parameters 

in order to obtain these fits. The model predicted a HCOO surface coverage of 0.34 ML – 0.72 

ML; hence, from the surface coverage standpoint alone, this was a self-consistent solution in that 

the model predicted surface coverages were consistent with those employed in DFT calculations. 

However, while the adjustments made in most parameters are within the DFT error bar (0.2 eV), 

the HCOO binding energy required stabilization by -0.51 eV. This adjustment was too large to be 

attributed solely to the errors in our DFT calculations, and hence, the Cu(111)-2HCOO surface 

couldn’t be unambiguously claimed to be the active site for this reaction. 

Figure 8-12 2-dimensional PESs of FA decomposition reaction via the HCOO pathway on the 
Cu(111)-2HCOO facet. Zero-energy corresponds to the gasphase enthalpy of FA molecule. The 
blue line corresponds to the DFT derived PES, and the red line corresponds to the best-fit solution. 
The adjustment required in the binding energy of HCOO is also reported. 

 

Cu(111)–6H surface  

A microkinetic model that used the DFT derived values for all the parameters on Cu(111)-6H 

surface as the initial guesses under-predicted the FA decomposition rate by > 6 orders of 

magnitude. In order to obtain good fits with the experimental data starting from these initial 
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guesses, significant adjustments were required for several parameter values. The adsorbed 

HCOOH, HCOO and H had to be stabilized by -0.10 eV, -0.09 eV, and -0.30 eV respectively, 

whereas the transition state energies of HCOO formation, HCOO decomposition, and H2 

recombination steps were adjusted by -0.56 eV, -0.72 eV and -0.23 eV respectively. As before, 

several of these adjustments are too large to be attributed simply to the inaccuracies in the DFT 

calculations.  

Figure 8-13 2-dimensional PESs of FA decomposition reaction via the HCOO pathway on the 
Cu(111)-6H facet. Zero-energy corresponds to the gasphase enthalpy of FA molecule. The blue 
line corresponds to the DFT derived PES, and the green line corresponds to the best-fit solution. 
The adjustment required in the transition state energy for HCOO decomposition is also reported. 

 
Table 8-9 Adjustments needed in the DFT derived binding energies on clean Cu(100) 
corresponding to the best fit. 
 

Species HCOO Solution 
∆BE / eV 

H Solution 
∆BE / eV 

H* 0.00 -0.02 
HCOO** -0.09 0.00 

 

Hence, the DFT derived parameters on all three Cu(111) surfaces (clean and high HCOO/H 

covered Cu(111)) proved inadequate in describing the experimental observations without requiring 

large deviations from the initial guesses. For these reasons, Cu(100) was chosen for subsequent 
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studies, as it is the next most stable facet and is the only facet other than Cu(111) that is visible in 

the TEM images under reaction conditions.248 

Cu(100) surface 

A similar approach to the one described in the preceding sections was adopted to perform 

parameter optimization starting with the thermochemistry and kinetics parameters obtained on 

Cu(100) as the initial guess. With no adjustments to these parameters, the model predicted reaction 

rates were one order of magnitude smaller than the experimentally measured rates. Starting with 

these parameters as the initial guesses, a solution that offers excellent fits with the experimental 

dataset with minimal adjustments in the DFT parameters was obtained. The alterations made in 

the DFT parameters are reported in Table 8-9 and Table 8-10; the maximum adjustment required 

in the DFT parameters was -0.14 eV, in the transition state energy for HCOO decomposition step, 

which is well within the uncertainty of our DFT calculations. The sequence of elementary steps 

that describe the reaction mechanism was the same as the one observed for the Cu(111) surface, 

i.e. : HCOOH  HCOO + H  CO2 + 2H  CO2 + H2. For this solution, the surface was predicted 

to have a high coverage (0.32 ML – 0.78 ML) of surface HCOO, with ~ 0.55 ML being the 

predicted coverage for most experimental conditions that were collected at the 130 °C. Hence, as 

before, there existed an inconsistency between the surface coverages predicted by the model and 

those employed in the DFT calculations. Also, the parameter space was sampled within ± 0.4 eV 

of the DFT derived initial guesses to capture any other feasible solutions that might have been 

missed by starting only from the DFT derived initial guesses and performing gradient based search. 

A ‘Cu(100)-H-solution’ was identified; this solution also exhibited excellent fits with the 

experimental data, but predicted adsorbed H to be the most abundant surface intermediate (MASI) 

instead, with a coverage of 0.53 ML – 0.67 ML. The adjustments required in the DFT derived 
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parameters to obtain this solution were significantly higher than the ones in the ‘HCOO solution’, 

with the transition state energy for H2 recombination step requiring destabilization by ~ 0.42 eV. 

This solution both required adjusting parameters outside of the uncertainty of DFT, and was not 

self-consistent with respect to the surface coverages of the model and those employed in the DFT 

calculations. 

Table 8-10 Adjustments needed in the DFT derived TS energiees corresponding to the 
best fit, and the Cambell’s degree of rate control (XRC) for the kinetically relevant 
elementary steps on clean Cu(100). 

Reaction 
HCOO Solution  H Solution 

∆ETS / eV XRC  ∆ETS / eV XRC 
HCOOH* + 2*  HCOO** + H* 0.08 0.08-0.26  0.00 0.02-0.07 
HCOO* + *  CO2* + H* -0.14 0.75-0.91  -0.11 0.33-0.36 
2H*  H2 + 2*  0.00 0.00   0.42 0.58-0.62 

 

 
 

 

 

 

 

 

 

 

 

Figure 8-14 2-dimensional PESs of FA decomposition reaction via the HCOO pathway on clean 
Cu(100). Zero-energy corresponds to the gasphase enthalpy of FA molecule. The blue line 
corresponds to the DFT derived PES, and the red and green lines reflect the enthalpies of the 
thermodynamic and transition states for the HCOO solution and H solution, respectlively. The 
maximum adjustments made for both these solutions is also reported. 
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Cu(100)–2HCOO surface  

A microkinetic model that uses the DFT numbers obtained on high HCOO-covered Cu(100) as the 

initial guesses under-predicted the TOFs by one order of magnitude; however, adjusting 

parameters within the uncertainty of DFT parameters provided convergence to a solution that 

demonstrated an excellent fit with the experimental TOFs, and accurately described the 

experimentally observed reaction rates and apparent activation energy barrier. The model 

predicted a HCOO surface coverage of 0.34 ML – 0.72 ML, with HCOO  CO2 + H being the 

rate controlling step. Hence, for this solution, the surface coverages of all species, as predicted by 

the model, were consistent with those employed in the unit cell that was used in the DFT 

calculations to obtain the initial guesses for the energetics (thermochemistry and kinetics) for FA 

decomposition.  

 
 

 

 

 

 

 

 

 

 

 

Figure 8-15 2-dimensional PESs of FA decomposition reaction via the HCOO pathway on a 
HCOO-covered Cu(111) surface. Zero-energy corresponds to the gasphase enthalpy of FA 
molecule. The blue line corresponds to the DFT derived PES, and the red line corresponds to the 
best-fit solution. The adjustment required in the transition state energy for the HCOO formation 
step is also reported. 
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Table 8-11 Adjustments needed in the DFT derived BEs on high HCOO covered Cu(100) 
corresponding to the best fit 

Species 
HCOO Solution 

∆BE / eV 
H* 0.00 

HCOO** -0.07 
 
Table 8-12 Adjustments needed in the DFT derived TS energies on high HCOO covered 
Cu(111) corresponding to the best fit, and the Cambell’s degree of rate control (XRC) for 
the kinetically relevant elementary steps 

Reaction 
HCOO Solution 

∆ETS / eV XRC 
HCOOH* + 2*  HCOO** + H* -0.18 0.10-0.23 
HCOO**  mo-HCOO* + * 0.00 0.00 
mo-HCOO* + *  CO2* + H* 0.10 0.60-0.89 
2H*  H2 + 2* 0.00 0.01-0.00 

 

8.4 Conclusions  

Using an iterative approach that involves first principles DFT calculations, reaction kinetics 

measurements, and mean-field microkinetic modeling, a systematic investigation of the formic 

acid decomposition reaction on supported Cu catalysts was performed. Cu(111) and Cu(100) 

surfaces were chosen first as the single crystal facets representative of the supported Cu catalysts 

employed in the reaction kinetics experiments. An extensive set of periodic, self-consistent DFT 

calculations was performed on these surfaces to obtain the initial guesses for the thermodynamics 

and kinetics parameters to be used in the mean-field microkinetic model. While it was possible to 

obtain excellent fits with the experimental dataset starting from these initial guesses, the models 

predicted high coverages (0.30 ML – 0.80 ML) of either HCOO or H species on the two surfaces, 

for all reaction conditions. Hence, there existed an inconsistency in the surface environments 

predicted by the models and those used to obtain the initial guesses for the thermochemistry and 

kinetics parameters. Ignoring this discrepancy, as is often done, would have led to an incorrect 

description of the active catalytic surface. To address this disparity, additional DFT calculations 
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were performed for key elementary steps, using unit cells that had pre-adsorbed HCOO and H as 

‘spectator’ species. In order to be adjudged the active site for this reaction, a solution must satisfy 

the following criteria: (1) it must exhibit good agreement with the experimental observations, (2) 

the maximum deviations from the DFT derived initial guesses should be within the uncertainty 

(0.2 eV), and (3) the surface environment predicted by the model should be consistent with the 

one used in the DFT calculations to obtain the initial guesses for all thermochemistry and kinetics 

parameters. Among all the surfaces that were explored, only one surface, a Cu(100) surface with 

4/9 ML of pre-adsorbed spectator HCOO species, satisfied all the three criteria.  

Hence, it is proposed that contrary to several earlier reports, Cu(111), in all likelihood, does not 

contribute significantly to the overall rates for this reaction under realistic reactions conditions. 

Instead a Cu(100) surface with 4/9 ML of pre-adsorbed spectator HCOO species is the most 

probable active site for this reaction, and the overall energetics (thermochemistry and kinetics ) of 

this reaction vary, to a great extent, with the surface coverages of reaction intermediates employed 

in the DFT calculations. This formic acid dehydrogenation reaction was found to proceed via the 

following sequence of elementary steps: HCOOH  HCOO + H  CO2 + 2H  CO2 (g) + H2 

(g); HCOO decomposition to CO2 and H was found to be the rate controlling step for all the 

experimental conditions that were studied, and the Cu(100) surface was shown to have a HCOO 

coverage of 0.36 ML – 0.73 ML under the reaction conditions. In addition to elucidating the true 

nature of active sites for formic acid decomposition on supported catalysts, this study 

demonstrates, in detail, the steps involved in an iterative process that ensures holistic self-

consistency of the solutions with respect to the surface coverages, which is crucial in developing 

an accurate fundamental understanding of the chemistries of heterogeneously catalyzed reactions. 
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Chapter 9 Conclusions and Suggestions for Future Work 

9.1 Conclusions 

The studies reported in this thesis showed how DFT calculations can be used to obtain a 

fundamental mechanistic understanding of catalytic reactions, including the reaction pathways, 

active surface intermediates, rate limiting steps, and how the tentative conclusions based on the 

DFT analysis about the reaction mechanism and active sites can be confirmed when the DFT 

derived parameters are input into a microkinetic model to explain the experimentally observed 

reaction rates.  

Specifically speaking, formic acid decomposition, being a promising reaction that can utilize the 

byproduct generated in biomass reforming and selectively produce H2 in situ, was studied on 

several transition metal catalysts ─ gold, palladium, platinum and copper.  

For the gold catalysts, DFT calculations were performed for formic acid decomposition on three 

facets of Au ─ Au(111), Au(100) and Au(211), which serve as our initial guesses of the active site 

of Au ─ to obtain the thermodynamic and kinetic parameters that were later input into a 

microkinetic model to compare the reaction kinetics data collected on SiC supported gold catalysts. 

By adjusting the DFT derived parameters, a good fit to the experimental results can be obtained, 

which suggests the reaction proceeds through a simple closed catalytic cycle: two dehydrogenation 

steps of HCOOH through the HCOO intermediate followed by a hydrogen recombination reaction. 

The large adjustments required to get a solution on all three surfaces of gold indicates that they are 

not the active site for this reaction. Further reaction rate measurements on gold catalysts at various 

different dispersions together with measurement of Au particle-size distribution from TEM images 

claim that the highly under-coordinated corner sites are the active site on gold for formic acid 
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reaction. To corroborate this hypothesis, this reaction was further investigated on small Au clusters 

in the sub-nanometer range using the AIMD-DFT method. Through a rigorous screening process 

based on the activation energy of the first dehydrogenation step, several Au clusters (Au4, Au5, 

Au7 and Au17-Au19) were selected for a complete reaction pathway study including both the HCOO 

mediated route and also the COOH mediated route. It is found that all Au clusters being 

investigated are more active than the Au(211) surface, and similar as on the extended surfaces, the 

reaction also proceed through the HCOO pathway on Au clusters. By inputting the DFT derived 

parameters on the candidate clusters into the microkinetic model and comparing with the 

experimental data, Au18 was identified as a model for the active site, as it is the only cluster on 

which the DFT derived parameters are only finely tuned to fit the experimental data, while the 

adjustments required for the other clusters to obtain a good fit are too large to be justified. Hence, 

an integrated approach combining DFT calculations, experiments, and microkinetic modeling and 

implementing an iterative process on the active site models used in DFT calculations was presented 

to unravel the reaction mechanism and identify the true active site. 

This approach was extended to the studies on copper catalysts that were presented in Chapter 7 

and 8. The difference from the studies on gold catalysts is that the microkinetic model predicted a 

high surface coverage of either H or HCOO using the DFT obtained parameters on clean copper 

surfaces ─ Cu(100) and Cu(111), thus to resolve the inconsistency between model input and 

predictions about the surface coverage, DFT calculations were repeated on H- or HCOO-covered 

Cu(111) and Cu(100) surfaces and the newly derived DFT parameters were again inputted into the 

model to fit the experimental data. The iterative DFT calculations and fitting processes lead to the 

identification of Cu(100) as the active site for HCOOH decomposition, with the surface being 

covered by about 0.4 ML of HCOO under reaction conditions. The two studies on Au and Cu 
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catalysts highlighted the importance of obtaining a ‘self-consistent’ solution from the model that 

not only fits the experimental data but also has a consistent description about surface environments 

between the model input and predictions. A ‘self-consistent’ solution from the microkinetic model 

is critical in understanding the catalytic behavior under reaction conditions and determining the 

true active site of the reaction. 

On Pt and Pd catalysts, studies were conducted at high surface coverage of CO since the two 

catalysts are prone to be poisoned by CO, which is a possible product from HCOOH decomposition. 

It was shown that the presence of adsorbed CO species can significantly affect the reaction 

energetics as well as reaction pathways. Thus, an explicit information about the surface coverage 

of poison species obtained from surface science experiments and advanced characterization 

techniques are important to understand the reaction mechanism under realistic conditions. The 

integrated method presented in the studies on Cu catalysts can also be employed to obtain an 

accurate description about the catalytic process on Pt and Pd catalysts.  

In addition to the work presented in this thesis, the AIMD-DFT based approach was also adopted 

to study another industrially important route for hydrogen production ─ water gas shift (WGS) 

reaction ─ on Au catalysts. The primary aim of this study was to explain the high activity of 

supported gold catalysts and identify the active sites for the reaction. By calculating the BE of key 

intermediates and reaction energy of key elementary steps of  WGS reaction on a series of Au 

cluster models, the active sites are determined to be atomically isolated and oxidized Au species 

Au-Ox-(OH)y, which was corroborated by experimental observations. This work has been 

published in Science.  
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9.2 Suggestions for future work 

Though the free Au cluster Au18 has been nicely shown to be the active site for HCOOH 

decomposition, its stability or intactness of the structure when supported on SiC (the support used 

in experiments) under reaction conditions and the effect of support on the reactivity remain 

unknown. This can be tackled by first investigating the structure of this cluster on SiC support with 

the DFT approach and further preforming rigorous DFT-based reaction pathway studies on SiC 

supported Au clusters; calculated results on such a surface should be directly comparable to the 

experimental rates and information regarding the support effect on the morphology of Au clusters, 

reactivity, and reaction mechanism would be obtained.   

For studies on Au clusters, albeit the mean–field microkinetic modelling is an appealing approach 

to compute reaction rates due to the mathematical simplicity and low computational cost, it might 

give inaccurate results with the assumption of an average distribution of molecular events on the 

catalyst surface, which is not the case for small sized Au clusters, where a strong adsorbate– 

adsorbate interaction is observed. Kinetic Monte Carlo (KMC) method might be a good choice to 

compare the DFT derived results on Au clusters with the experimental rates by fully resolving all 

molecular events occurring on a catalytic surface and explicitly taking into account spatial 

inhomogeneity associated with different site types and spatial correlations arising from adsorbate–

adsorbate interactions.  

Catalyst design for the HCOOH decomposition reaction can be achieved by identifying the 

reactivity descriptors, developing scaling relations and Brønsted-Evans-Polanyi (BEP) 

relationships based on our results on surfaces of the transition metals and constructing a volcano 

type of plot by implementing the relations developed in the microkinetic model. The volcano plot 

based catalyst design practices fail to account for the coverage effects, which have been shown to 
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be dramatic on the reaction energetics and reaction pathways in our studies on Cu, Pd and Pt for 

HCOOH decomposition, hence the current catalyst design methods can be further improved by 

incorporating the coverage effects. Since the most abundant surface intermediates and coverages 

are usually different on different catalysts, great endeavor will be needed to make this happen. 
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