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A combined theoretical and experimental approach is presented that uses a comprehensive mean-field microkinetic
model, reaction kinetics experiments, and scanning transmission electron microscopy imaging to unravel the reaction
mechanism and provide insights into the nature of active sites for formic acid (HCOOH) decomposition on Au/SiC cata-
lysts. All input parameters for the microkinetic model are derived from periodic, self-consistent, generalized gradient
approximation (GGA-PW91) density functional theory calculations on the Au(111), Au(100), and Au(211) surfaces and
are subsequently adjusted to describe the experimental HCOOH decomposition rate and selectivity data. It is shown
that the HCOOH decomposition follows the formate (HCOO) mediated path, with 100% selectivity toward the dehydro-
genation products (CO2 1 H2) under all reaction conditions. An analysis of the kinetic parameters suggests that an Au
surface in which the coordination number of surface Au atoms is �4 may provide a better model for the active site of
HCOOH decomposition on these specific supported Au catalysts. VC 2014 American Institute of Chemical Engineers

AIChE J, 60: 1303–1319, 2014

Keywords: catalysis, formic acid decomposition, active sites, density functional theory, microkinetic modeling

Introduction

The effective utilization of renewable energy carriers pro-
duced from biomass-based resources is one of the key chal-
lenges in the transition toward a sustainable energy future.1,2

Formic acid (FA, HCOOH) is a major byproduct in biomass
processing,3 and it has attracted significant attention as a
potential hydrogen-carrier material.4–9 As a hydrogen-carrier,
FA can be oxidized in direct formic acid fuel cells
(DFAFCs).10 When generated as an equimolar by-product of
levulinic acid11–13 production from cellulosic biomass, FA
can be used for in situ harvesting H2 that can then be uti-
lized for the hydrogenation of levulinic acid to gamma-valer-
olactone,14 thereby eliminating the need of an external
hydrogen source in the production of this key biofuel precur-
sor.15,16 Also, as the simplest carboxylic acid, FA has for
long been considered a paradigmatic molecule in homogene-
ous and heterogeneous catalysis, and surface science studies,
to probe the reactivity on metals,17–26 metal carbides,27–29

and metal oxides30–35 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 decom-
position reaction is based on (1) its potential application as a
promising liquid hydrogen carrier for in situ hydrogen pro-

duction and (2) its suitability as a fundamental probe mole-
cule for understanding the reactivity of carboxylic acids on
metal catalysts, and using this information to design
improved catalysts for effective deoxygenation of these func-
tional groups. FA decomposition can take place via two par-
allel pathways involving dehydrogenation or dehydration
reactions, which are linked by the water gas shift (WGS)36–38

reaction. In the broader context of FA decomposition on tran-
sition metals, steering selectivity toward production of carbon
dioxide (CO2) 1 H2 (dehydrogenation), rather than carbon
monoxide (CO) 1 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 lim-
iting the efficiency of the overall catalysis. Accordingly, sup-
ported Pt catalysts have frequently been suggested to be the
most active catalysts for selective FA dehydrogenation, and
for this reason, they find widespread applications as anodes
for DFAFCs.39–45 Yet, there exist major obstacles in using Pt-
based catalysts as electrode materials and as FA decomposi-
tion catalysts, because of the proneness of Pt to CO poison-
ing46–48 and its dissolution under operating conditions in
fuel cells.

Gold, conversely, is not hindered by CO poisoning under
most reaction conditions. Ever since Haruta et al.49 and
Hutchings50 first predicted Au to be an extraordinary catalyst
for CO oxidation and ethylene hydrochlorination reactions,
there has been an overwhelming interest in exploring the
application of supported Au catalysts in both homogeneous
and heterogeneous catalysis.51–59 More recently, Au has
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been studied as a catalyst for FA decomposition.60 In partic-
ular, Ojeda and Iglesia61 studied the FA decomposition on
supported Au catalysts and showed that the turnover frequen-
cies (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.62 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 activ-
ity of Au nanoparticles supported on a wide range of porous
and nonporous supports. Although these experimental studies

shed light on the possible nature of active sites on Au cata-
lysts, a molecular level understanding of this reaction mecha-
nism is still lacking. In this article, we develop an integrated
approach (Figure 1) by combining state-of-the-art density
functional theory (DFT) with reactivity experiments and
microkinetic modeling that can shed additional light into the
reaction mechanism and the nature of active sites on Au cat-
alysts.63 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

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

Figure 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).

Dotted black lines in the top view indicate the unit cell on each surface. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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microkinetic modeling reaction rates and reaction orders
with the experimental results provide critical insights for the
nature of the active site on Au/SiC catalysts for FA
decomposition.

Methods

Density functional theory

All calculations were performed using the DACAPO total
energy code.64,65 The Au catalyst was modeled by the (111),
(100), and (211) facets of the fcc bulk crystalline structure
of Au metal (Figure 2).

The Au(111) surface was modeled by a three-layer slab
with a p(3 3 3) unit cell, corresponding to 1/9 monolayer
(ML) coverage for a single adsorbate in the unit cell, peri-
odically repeated in a super cell geometry with five equiva-
lent 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 investiga-
tions showed that surface relaxation does not have a signifi-
cant effect on the energetics for this system. The super cell
used to model the Au(100) facet consists of a p(3 3 3) unit
cell with four layers of metal atoms, top two of which were
allowed to relax, and five equivalent layers of vacuum spac-
ing separating the periodic slab images. The Au(211) slab
was constructed by a 1 3 3 unit cell and consisted of nine
Au layers (having terrace three atoms deep and three atoms
wide). Successive slabs were separated by a vacuum equiva-
lent 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.66,67

The surface Brillouin zone of (111) slabs was sampled at
18 special Chadi–Cohen68 k-points, whereas that for the
(100) and (211) slabs were sampled using a 4 3 4 3 1
Monkhorst–Pack69 k-point mesh. Ionic cores were described
by ultrasoft Vanderbilt pseudopotentials70 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 approxima-
tion (GGA-PW91).71,72 The electron density was determined
by iterative diagonalization of the Kohn–Sham Hamiltonian,
Fermi population of the Kohn–Sham states (kBT 5 0.1 eV),
and Pulay mixing of the resulting electronic density.73 The
total energies were then extrapolated to kBT 5 0 eV. The cal-
culated equilibrium lattice constant for bulk Au was found to
be 4.18 Å, in reasonable agreement with the experimental
value (4.08 Å).74

The binding energies (BEs) were calculated with respect
to the total energy of the clean slabs (Eslab) and the corre-
sponding adsorbates in the gas phase (Eadsorbate, gas-phase), that
is, BEadsorbate 5 Etotal 2 Eslab 2 Eadsorbate, gas-phase. In the dis-
cussion of the DFT results, we refer to electronic energy val-
ues including the zero-point energy (ZPE) corrections unless
otherwise noted.

The minimum energy pathways and activation energy bar-
riers for all elementary steps were determined using the
climbing image nudged elastic band method.75,76 The mini-
mum energy path for each elementary step was discretized
with at least seven images, in addition to the initial and final
states. A vibrational frequency analysis77 was performed to
confirm the true nature of the saddle point by identifying a
single imaginary frequency along the reaction coordinate.

The frequencies were calculated using the harmonic oscilla-
tor assumption by diagonalization of the mass-weighted Hes-
sian matrix in internal coordinates.77

Experiments

Catalyst Preparation. SiC was chosen as the preferred
support for our reaction kinetics experiments because (1) it
is an inert support that does not contribute to the overall
reaction rate and (2) it results in a clear contrast for Au
atoms and clusters in the 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 min21) under pure hydrogen flow (30 cm3 Standard
Temperature and Pressure (STP) min21) for 4 h. Catalyst
reductions at temperatures above 773 K (and up to 1073 K)
were performed in a quartz flow-through cell under the same
operating conditions.

Reactivity Measurements. Gas phase FA decomposition
studies were conducted in a fixed-bed down-flow reactor
containing 120 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 using a furnace connected to a variable autotrans-
former power source controlled with a temperature control-
ler. The total pressure in the reactor was maintained at 1
atm, and the partial pressures of the gases were controlled
by adjusting the flow rates at the reactor inlet. The flow rates
of all gases were fixed using calibrated mass-flow meters,
and the total inlet flow rate was maintained at 100 mL
min21 for all experimental runs. An inlet composition
between 0–6% of H2, 0–6% of CO2, and 1–4% of FA was
used, with the balance consisting of helium. The gases were
used as provided, with a purity of 99.99%. Liquid FA
(Sigma-Aldrich) was delivered to the reactor system at room
temperature using a syringe pump (Harvard Apparatus) and
vaporized at the reactor inlet. The feed and effluent gases
were analyzed using gas chromatography (with a Thermal
Conductivity Detector (TCD)). All the experimental rates
reported in this study are based on FA converted, which is
equal to the amount of CO2 produced, as no measurable
amount of CO is formed under any experimental condition.
To ensure this, the TCD used to analyze CO in the effluent
gas mixture was first calibrated using commercial CO gas
mixtures with known concentrations. Control experiments
with only the SiC support in the reactor provided signals
that corresponded to a concentration of 24 6 1 ppm of CO.
The CO concentrations that were obtained during our kinetic
experiments under all reaction conditions were found to be
very close to this value (max 5 27.0 ppm, min 5 23.2 ppm,
average over all the runs 5 25.1 6 2 ppm). The carbon bal-
ance was verified for all experimental runs and was found to
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be in the range of 98.9–99.9%. Conversions were maintained
below 20% to achieve differential reactor operation. To
determine the apparent activation energy barrier, the temper-
ature was varied over a range of 50 K, with the concentra-
tions kept at standard conditions. The apparent reaction
orders with respect to reactants and products were deter-
mined by varying one gas concentration at a time.

Characterization by STEM. The particle-size distribu-
tions were determined from STEM images. STEM character-
ization 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 1 80% Ar gas immediately before loading into the
microscope.

The particle-size distributions of the Au/SiC catalysts
were calculated from the acquired STEM images. From the
particle-size distributions, the number average Au particle
sizes were determined using the relation d 5

P
idi=n, where

di is the particle diameter of each Au particle, n is the total
number of Au particles counted from the STEM images of a
given sample (Table 6), and the summation was 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 WGS reaction. The
initial estimates for the ZPE-corrected BEs 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.78 Lateral adsorb-
ate–adsorbate interactions were neglected and all the BEs
and activation energy barriers (EAs) were assumed to be cov-
erage independent. This assumption is reasonable as 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 sur-
face, 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. Hence, our reactor model comprised of five differen-
tial equations for the gaseous flow rate along the reactor
length, eight steady-state algebraic equations for the frac-
tional surface coverages of reaction intermediates, and one
site-balance equation. Further details of our model formula-
tion can be found in our previous work.63,78,79

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 five closed-shell species and eight reaction
intermediates, as well as the reaction energetics of 17 ele-
mentary 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 reac-
tion kinetics data.

Structure and adsorption thermochemistry of reaction
intermediates

The BEs and preferred adsorption sites of surface species
involved in this reaction network on the three Au facets
studied are summarized in Table 1. More detailed informa-
tion on adsorbed states, including vibrational frequencies of
surface intermediates and gas-phase species can be found in
Supporting Information (Table S1-S4).

The following description focuses primarily on the most
favorable binding configurations for the adsorbates. Sche-
matic representations for these configurations are shown in
Figures 3–6. In this discussion, and throughout the text, (g)
stands for “gas-phase species” and each “*” represents a sin-
gle 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.

Table 1. Calculated PW91 Binding Energies (BEs) of Adsorbed Species and their Preferred Adsorption Sites on Au(111),

Au(100), and Au(211)

Species

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

Adsorption Site BE (eV) Adsorption Site BE (eV) Adsorption Site BE (eV)

H* fcc 21.90 bridge 22.06 bridge 22.11
O* fcc 22.41 hollow 22.69 bridge 22.80
OH* bridge 21.36 bridge 21.96 bridge 22.07
H2O* top 20.10 top 20.14 off-top 20.20
CO* top 20.21 bridge 20.62 bridge 20.67
CO2* physisorbed 20.02 physisorbed 20.02 physisorbed 20.05
HCO* top 21.05 top 21.26 top 21.38
HCOO** top–top 21.69 top–top 22.02 top–top 22.19
COOH* top 21.27 top 21.48 top 21.58
COOHcis* top 21.22 top 21.48 top 21.59
HCOOH* top 20.10 top 20.16 top 20.21

Zero of the energy scale is the slab and the gas-phase species at infinite separation from each other.
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All the closed-shell species involved in this reaction net-
work, with the exception of CO, are found to be weakly
bound to all three Au facets studied. They exhibit weak pref-
erence for their most stable binding configurations, as evi-
denced 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,80,81 which
may contribute an additional stabilization of �0.1–0.2 eV
per carbon atom. The absolute magnitude of the BEs of sur-
face 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.82

FA 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 OAH and
CAH bonds pointing toward and away from the surface,
respectively, and has a BE of 20.10 eV (20.15 eV83), 20.16
eV (20.19 eV84), and 20.21 eV on Au(111), Au(100), and
Au(211), respectively. Formate has long been proposed as one
of the key reaction intermediates in FA decomposition and
has also been frequently cited as a possible intermediate in
WGS85–87 and methanol synthesis88–90 reactions. As a result,
it has received much scientific attention,35,61,91–96 both in the
experimental and theoretical literature. Our DFT calculations
indicate that HCOO** binds on all three Au facets in a

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

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

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

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. Most stable configurations of FA decomposition intermediates on Au(100) (top panel represents cross
sectional view; bottom panel represents top view).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 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).

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

1308 DOI 10.1002/aic Published on behalf of the AIChE April 2014 Vol. 60, No. 4 AIChE Journal

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


bidentate configuration (Figure 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)91 and theoretical evidence. It has a BE of 21.69 eV
(21.82 eV83), 22.02 eV (22.10 eV84), and 22.19 eV on
Au(111), Au(100), and Au(211), respectively.

The BEs of atomic hydrogen on Au(111), Au(100), and
Au(211) are 21.90 eV (22.03 eV,83 22.20 eV97,98), 22.06
eV (22.29 eV84), and 22.11 eV (22.32 eV99), respectively.
H* binds preferentially on the bridge sites on Au(100) and
Au(211), and on the threefold sites on Au(111). The most
stable binding configuration on Au(111) is at the fcc sites,
although the hexagonal close packed (hcp) sites are found to
be energetically quasidegenerate to the fcc sites.

Atomic oxygen prefers the threefold fcc site on Au(111),
the fourfold hollow site on Au(100), and the twofold bridge
site on the step edge of Au(211), with BEs of 22.41 eV
(22.43 eV100), 22.69 eV(22.85 eV101), and 22.80
eV(22.83 eV102), respectively. Hydroxyl prefers to adsorb in
a top-tilted configuration on the bridge sites of all three Au
facets with BEs of 21.36 eV (21.47 eV100), 21.96 eV, and
22.07 eV on Au(111), Au(100), and Au(211), respectively.

Carboxyl exhibits two stable adsorption configurations: (a)
one with H pointing downward toward 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
21.27 eV, 21.48 eV (21.61 eV84), and 21.58 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 21.05 eV, 21.26
eV, and 21.38 eV on Au(111), Au(100), and Au(211),
respectively.

Carbon monoxide (CO) binds through the carbon atom,
with the CAO bond perpendicular to the surface. It binds
preferentially to the top site on Au(111), and the twofold
bridge sites on Au(100) and the step-edge of Au(211), with
BEs of 20.21 eV (20.26 eV83), 20.62 eV (20.62 eV84),
and 20.67 eV (20.65 eV103), 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 20.10 eV (20.11 eV,83 20.15
eV,104 20.12 eV98), 20.14 eV, and 20.20 eV (20.19 eV99)
on Au(111), Au(100), and Au(211), respectively.

Carbon dioxide (CO2) binds weakly on all three Au facets,
with BEs of 20.02 � 20.05 eV. CO2 retains its gas-phase
linear geometry and exhibits very weak site preference with
several degenerate binding configurations.

Reaction barriers of elementary steps

The calculated EA and reaction energies (DE) for all ele-
mentary steps studied are reported in Table 2. All activation
energy barriers and reaction energies reported in the follow-
ing text are relative to the reactant and product states at infi-
nite separation.

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

HCOOH�12� ! HCOO��1H�

HCOOH* decomposition to HCOO** is found to proceed
directly from the most stable, albeit weakly bound perpen-
dicular configuration. The most favorable pathway involves

Table 2. PW91 Reaction Energies (DE) 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

# Reaction

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

DE(eV) EA(eV) DE(eV) EA (eV) DE(eV) EA (eV)

1 HCOOH 1 * $ HCOOH* 20.10 20.16 20.21
2 HCOOH* $ HCOOHpa* 0.24 0.55 0.29 0.59 0.26 0.63
3 HCOOH* 1 2* $ HCOO** 1 H* 0.86 1.29 0.42 0.87 0.26 0.98
4 HCOOHpa* 1 * $ COOH* 1 H* 0.80 1.22 0.44 0.83 0.37 0.87
5 HCOOH* 1 * $ HCO* 1 OH* 2.32 2.16 1.57 1.91 1.38 1.74
6 HCOO** $ CO2* 1 H* 20.35 0.80 20.17 0.84 20.08 0.85
7 HCOO** 1 H* $ H2 1 CO2* 1 2* 20.84 0.99 20.34 1.11 20.15 1.30
8 COOH* 1 * $ CO2* 1 H* 20.54 0.54 20.48 0.68 20.46 0.74
9 COOH* $ COOHcis* 0.05 0.45 0.00 0.52 20.01 0.44
10 COOHcis* 1 * $ CO* 1 OH* 1.30 1.33 0.55 0.70 0.51 1.00
11 COOHcis* 1 H* $ CO* 1 H2O* 20.33 0.55 20.36 0.68 20.30 0.87
12 HCO* 1 * $ CO* 1 H* 0.07 0.59 20.29 0.24 20.26 0.28
13 OH* 1 H* $ H2O* 1 * 21.64 0.26 20.92 0.38 20.81 0.61
14 2H* $ H2 1 2* 20.49 0.57 20.17 0.47 20.07 0.49
15 CO2* $ CO2 1 * 0.02 0.02 0.05
16 H2O* $ H2O 1 * 0.10 0.14 0.20
17 CO* $ CO 1 * 0.21 0.62 0.67

All the values are relative to infinite separation in initial/final states. All adsorption and desorption steps are found to be nonactivated and are assumed to be
quasiequilibrated.

Figure 7. The three HCOOH decomposition pathways
considered.

AIChE Journal April 2014 Vol. 60, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1309



H abstraction from HCOOH* over the top site on Au(111),
but bridge site on Au(100) and Au(211) surface. This step
has a DE of 0.86 (0.89 eV83), 0.42, and 0.26 eV, with EA of
1.29 (1.36 eV83), 0.87, and 0.98 eV on Au(111), Au(100),
and Au(211), respectively

HCOOH� ! HCOOHpa�; HCOOHpa�1� ! COOH�1H�

CAH 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 0.55–0.63 eV on the three Au facets.
HCOOHpa* is higher in energy than the most stable
adsorbed state (HCOOH*), but it brings the carbonic hydro-
gen in FA closer to the three Au surfaces, thereby facilitat-
ing the CAH bond scission. The specific bond scission in
HCOOHpa* to yield COOH* is an endothermic step, with
EA of 1.22, 0.83, and 0.87 eV on Au(111), Au(100), and
Au(211), respectively

HCOOH�1� ! HCO�1OH�

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

Product Formation.

HCOO�� ! CO2
�1H�

H abstraction from HCOO** starts with the rotation of the
HCOO** molecule such that the CAH bond becomes paral-
lel to the Au surface, and one AuAO bond is broken just

before the CAH bond scission over the top sites of all three

Au facets (top site at the step edge for Au(211) facet). The

HAC bond length in the transition state is 1.29, 1.37, and

1.18 Å on Au(111), Au(100), and Au(211), respectively

(Figure 8), as compared to the bond length of 1.11 Å in

adsorbed HCOO**. This step is slightly exothermic on

Au(111) (DE 5 20.35 eV) and Au(100) (DE 5 20.17 eV)

and near-thermo neutral on Au(211) (DE 5 20.08 eV). EA

for this step is relatively invariant of the model surface, with

values of 0.80 (0.65 eV105), 0.84, and 0.85 eV on Au(111),

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

COOH�1� ! CO 2
�1H�

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 car-
boxyl within its molecular plane, such that OAH bond scis-
sion 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
DE of 20.54 (20.49 eV98), 20.48, and 20.46 eV, and has
EA of 0.54 (0.58 eV98), 0.68 eV, and 0.74 eV on Au(111),
Au(100), and Au(211), respectively

COOH � ! COOHcis�; COOHcis�1� ! CO�1OH�

Contrary to the previous step, CO formation from car-
boxyl starts from the cis configuration of carboxyl. For this
to take place, the most stable trans configuration of
COOH* undergoes activated rotation (with EA of 0.45, 0.52
and 0.44 eV on Au(111), Au(100), and Au(211), respec-
tively), to yield the cis configuration (COOHcis*). The dis-
sociation of COOHcis* takes place over the top site on all
three Au facets, with EA of 1.33 (1.25 eV98), 0.70, and 1.00
eV on Au(111), Au(100), and Au(211), respectively

Figure 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.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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H�1H� ! H212�

H2 recombinative desorption starts with two H* adsorbed
on adjacent bridge sites, and the HAH bond formation takes
place over the top site, for all three Au facets. The HAH
bond length at the transition state are 1.38, 1.38, and 1.34 Å
on Au(111), Au(100), and Au(211), respectively, (Figure 8)
as compared to an H2 gas-phase bond length of 0.75 Å.

Potential energy surfaces

The thermochemistry and activation energy barriers of var-
ious 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 9. The PESs shown in Figure 9a–c compare the
HCOO** and COOH* mediated pathways on the three Au
facets respectively. On the basis of the DFT-derived ener-
getics 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
9d 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.

Microkinetic modeling

A microkinetic model was developed using the results
from these DFT calculations as initial guesses for the model
parameters. With no adjustments to the DFT derived parame-
ters, 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 meas-
ured experimental rates on Au/SiC. The reaction is predicted
to take place via the HCOO mediated route, that is, HCOOH
(g) ! HCOOH* !HCOO** 1 H* ! CO2* 1 2H* ! CO2

(g) 1 H2 (g), on all three facets, with 100% selectivity
toward the dehydrogenation products; the rate of CO produc-
tion is predicted to be negligible. We next carried out studies
in which the kinetic parameters were adjusted from the ini-
tial values on these three Au facets in attempts to describe
the results from reaction kinetic measurements (Table 3).
The adjustable parameters that are modified during this pro-
cess are the BEs of all surface species and transition state
energies of all activated elementary steps. While this proce-
dure 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 2) were sensitive parameters. We then
made systematic adjustments in these parameters until rea-
sonable agreement between the experimentally measured and
model predicted reaction rates was reached, and we subse-
quently used a gradient-based optimization algorithm in Mat-
lab to obtain optimized values and confidence intervals for
our adjustable parameters. The model predicted reaction
orders and apparent activation energy barriers corresponding
to the best-fitted solution are reported in Table 4, and are in
close agreement with their experimental counterparts. In
addition, the experimentally observed apparent activation
energy barrier (59.6 kJ mol21) in the zero-order kinetic
regime is in good agreement with past experimental studies

Figure 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 compari-
son 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. [Color figure can be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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on numerous supported Au catalysts.61,62,106 Figure 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 elemen-
tary 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 typi-
cally on the order of 0.1–0.2 eV. With> 0.95 ML of the sur-
face predicted to be vacant under all conditions, we can also
rule out any potential stabilization that might result from lat-
eral adsorbate–adsorbate interactions.107 In particular, an
additional stabilization of the transition states for the
HCOO** formation and decomposition steps by> 0.5 eV is
required to obtain good fits with the experimental data,
strongly suggesting that (1) the Au(111), Au(100), and
Au(211) may not be the most accurate representation of the
active sites for this reaction and (2) the active site might be
an even more under-coordinated environment that would sta-
bilize 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 Ojeda based
on their experimental reactivity studies for the same reac-
tion.61 Importantly, similar suggestions for the reactivity of
single metal atoms or very small metal nanoclusters have
been made in the literature for other reactions as well.108–111

Rate Determining Step. The individual reaction fluxes of
the elementary steps reveal that the overall reaction proceeds
entirely through the “direct HCOO**” route, and no reaction
flux is observed through any of the COOH* mediated path-
ways. We further analyzed the reaction mechanism and the
rate determining steps in the reaction scheme using Camp-
bell’s degree of rate control,112–114 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 elemen-
tary step can be evaluated using the following relation

XRC;i5
ki

r

dr

dki

� �
Ki;eq;kj

where ki is the rate constant for step i, Ki,eq is the equilib-
rium 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 quasiequilibrated), XRC,i is 0.
Table 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.

Active sites

The results from our microkinetic model suggest that
Au(111), Au(100), and Au(211) are, in all likelihood, not the
best representation of active sites for this reaction on SiC-
supported Au catalysts. Thus, the major contributors to the
overall rates could potentially be the Au atoms with lower
(< 7) Au–Au coordination that exhibit even greater stabiliza-
tion of reaction intermediates and transition states than the
more open facets studied here [(100) and (211)]. To gain fur-
ther insights into the nature of the active sites, we synthe-
sized different catalyst samples with a varying degree of Au
dispersion by treating the initial catalyst in flowing H2 at dif-
ferent temperatures (623, 673, 723, 973, and 1073 K) for 8
h, prior to using these materials as catalysts for reaction

Table 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

(mmol gcat21 min21)

Experimental
Selectivity

(CO2/(CO21CO))

1 373 0.01 0.99 0.00 0.00 9.30 1.00
2 373 0.02 0.98 0.00 0.00 15.42 1.00
3 373 0.02 0.98 0.00 0.00 18.65 1.00
4 373 0.04 0.96 0.00 0.00 33.00 1.00
5 343 0.03 0.97 0.00 0.00 5.05 1.00
6 353 0.03 0.97 0.00 0.00 8.00 1.00
7 363 0.03 0.97 0.00 0.00 15.72 1.00
8 368 0.03 0.97 0.00 0.00 21.35 1.00
9 373 0.03 0.97 0.00 0.00 24.11 1.00
10 378 0.03 0.97 0.00 0.00 32.55 1.00
11 383 0.03 0.97 0.00 0.00 41.30 1.00
12 373 0.03 0.96 0.01 0.00 23.91 1.00
13 373 0.03 0.94 0.04 0.00 24.09 1.00
14 373 0.03 0.92 0.06 0.00 24.32 1.00
15 373 0.03 0.96 0.00 0.01 23.69 1.00
16 373 0.03 0.95 0.00 0.03 23.76 1.00
17 373 0.03 0.92 0.00 0.06 23.97 1.00

y denotes mole fraction in the inlet feed. The catalyst sample used in these studies was reduced in situ, prior to the reaction, at 623 K under pure hydrogen flow
(30 cm3 (STP) min21) for 4 h. All the reaction rates reported here correspond to the steady-state values. The reaction was allowed to run for at least an hour
after changing the conditions and before taking any measurements, and the steady state was confirmed by taking several readings over the next hour; hence,
each data point is an average of several experimental runs.

Table 4. Experimental and Model Predicted Reaction Orders

and Apparent Activation Energy Barriers

Experiment Model

HCOOH 0.95 6 0.06 0.99
CO2 0.01 6 0.003 0.00
H2 0.01 6 0.003 0.00
EA 59.6 6 1.6 kJ mol21 60.2 kJ mol21
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kinetic studies. Typically, the catalysts that are prereduced at
low temperatures are more highly dispersed (and less sin-
tered) than the materials that are prereduced at high
temperatures.

Particle-Size Distribution. Figure 11 shows representa-
tive STEM images of the five catalysts that were used to
determine the Au particle-size distribution (Figure 12) in
these samples. This technique allows for imaging Au nano-
particles as low as 0.3 nm in size. It was observed that
reducing the catalysts under a H2 stream at increasingly ele-
vated temperatures resulted in increased averaged Au particle
sizes, as reported in Table 6.

Kinetic Reaction Rate Measurements. Reaction kinetic
measurements were performed to obtain the FA decomposi-
tion rates on five catalysts under same operating conditions
(T 5 413 K, Total inlet flow rate 5 100 mL min21, Inlet feed
composition 5 2.5% FA and 97.5% He). A monotonic
decrease in the reaction rates with an increase in the prere-
duction temperature (and the average particle size) was
observed, as shown in Table 6.

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 cata-
lyst may be correlated with the overall reaction rate. This
hypothesis is consistent with past experimental stud-
ies60,61,106 that have postulated that this remarkable activity
on supported Au catalysts arises from subnanometric Au
clusters that are undetected in TEM micrographs. To quan-
tify the contributions of different Au atoms in the catalytic
particles/clusters to the overall reaction rate, we first clas-
sify the different kinds of Au atoms that are present in any

given cluster into four categories: (1) Corner (C) atoms:
CN 5 1–4, (2) Perimeter (P) atoms: CN 5 5 and 6, (3) Ter-
race (T) atoms: CN 5 7–9, and (4) Bulk (B) atoms: CN� 9,
where CN refers to the Au–Au coordination number. Sur-
face (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 cata-
lysts, Ribeiro and coworkers115–117 used 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 rela-
tions hold true only for particles with diameter (d)>�1.6
nm. Therefore, and given our STEM data, we attempted to
develop physical models of Au clusters with d< 1.6 nm to
obtain the corresponding relations that provide the depend-
ence of the C, P, and T sites on the average Au particle
size. For that purpose, we used the results of past computa-
tional studies which used DFT to identify the most stable
configurations of Aun clusters (with 2< n< 20) in the gas
phase,118–121 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. As there is
no general agreement in the literature on the most stable
structures for these small clusters, a computational methodol-
ogy must be adopted to this end. This approach would involve
modeling a SiC support, performing ab initio molecular
dynamics122–124 simulations to determine the most stable con-
figurations 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 toward the overall rates. This approach is
an ongoing endeavor and will be presented in a future report.
However, as a first approximation, we treat these sites
together as the total number/fraction of surface (S) atoms (i.e.,
C 1 P 1 T) is invariant of the actual distribution. In particular,
all atoms in clusters of d< 1.6 nm can be assumed to be sur-
face atoms (100% dispersion) without loss of accuracy.

The total moles of surface Au in the catalysts can then be
calculated using the following relation

Total moles of surface Au 5

X
n
f ðdÞt dð ÞX

n
t dð Þ

 !

� Total moles of Au in the catalyst

where, f(d) is the fraction of surface atoms in the cluster of
diameter d (Table 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, that is, 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 13, and these plots can be used to
draw the following key conclusions:

Figure 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 ele-

mentary step. This sequence of elementary steps car-

ries almost the entire flux from reactants to products

for all experimental conditions studied. [Color figure

can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table 5. Campbell’s Degree of Rate Control for Kinetically

Relevant Steps

Step # Elementary Step XRC

3 HCOOH* 1 2* $ HCOO** 1 H* 0.25
6 HCOO** $ CO2* 1 H* 0.64
14 2H* $ H2 1 2* 0.10

These numbers are reported for the reaction condition # 9 of Table 3.
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1. A decreasing trend in the rate per surface site with
average Au particle size (Figure 13a) indicates the het-
erogeneity of the surface Au sites, that is, all surface
sites do not contribute equally to the overall reaction
rate.

2. Figure 13b shows that the rate per total mole of Au
catalysts varies as d22.95, whereas Table 7 suggests that
the fraction of terrace, perimeter, and corner sites vary
as d20.7, d21.8, and d22.9, respectively. Thus, the varia-
tion in FA decomposition rate per total mole of Au
seems to correlate with the “corner model,” that is, 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 d22.9 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.

Conclusions

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

Table 6. Average Particle Size (as Determined by STEM) and Experimentally Measured Reaction Rates on the Five Different

Au/SiC Catalysts

Catalyst Sample #
Prereduction

Temperature (K)

Number of Total/
Subnanometer sized

Au Clusters Analyzed
Number Average

Particle Size (d [nm])

Experimentally Observed
Reaction Rate

(lmol gcat21 min21)

1 623 6860/1248 2.55 178.58
2 673 4837/636 3.09 129.93
3 723 3887/213 3.23 97.84
4 973 1119/0 7.53 9.02
5 1073 1153/0 10.74 2.64

Figure 11. Typical STEM images of Au/SiC catalysts used to determine the Au particle-size distributions.

The prereduction temperatures for these catalysts are (a) 623 K, (b) 673 K, (c) 723 K, (d) 973 K, and (e) 1073 K.
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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 used 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 5 0.98), and good agreement between
the model predicted apparent activation energy barriers and

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

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table 7. Relations Used to Determine the Fraction of Different Sites from the Number-Average Particle Size Obtained From

the STEM Images

Type of Surface Site !

Terrace (T) Perimeter (P) Corner (C) Surface (S)Particle Size #
< 1.6 nm # # # 1.0
� 1.6 nm115 0.90 d20.7 0.46 d21.8 0.54 d22.9 0.90 d20.7 1 0.46 d21.8 1 0.54 d22.9

# 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) 5 0.90 d20.7 and so forth.
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reaction orders with their experimental counterparts. The reac-
tion 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** 1 H*, HCOO**! CO2* 1 H*, and 2H*! H2(g).

A comparison of the DFT derived BEs and EAs 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 coordi-
nation 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 FA decomposi-
tion on supported Au nanoparticles. We are currently explor-
ing synthetic protocols suggested in the literature52,59,60,125–

128 for synthesizing catalysts with atomically dispersed gold
to further advance our tentative conclusion regarding the

importance of highly under-coordinated Au sites in this
chemistry.
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