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becomes the active site for the reactions. The hydrogenation is
proposed to proceed according to CO2 � HCOO* �
H2COO* � H3CO* � CH3OH*. As the highest energy
barrier in the catalytic cycle is hydrogenation of H2CO to H3CO,
this step has been suggested to be rate limiting.29 Very
recently,32 the same mechanism was interrogated by DFT-
based mean-�eld microkinetic modeling over both In2O3(110)
and In2O3(111). These simulations suggest that the rate-
determining step is the hydrogenation of formate HCOO �
H2COO on In2O3(110) and dissociation of hydrogen on
In2O3(111).32 The simulations, however, fail to describe the
experimental observation that the rate of CO production is
higher than that of methanol production at high temperatures.32

The importance of a Mars�van Krevelen step was explored also
in ref 33 for the reaction over hexagonal In2O3(104). It was
found that oxygen vacancies on hexagonal In2O3(104) stabilize
reaction intermediates to a larger extent than on the bixbyite
surfaces, which was correlated with the observed improvement
of the overall activity and selectivity with respect to the bixbyite
phase.33 A variation of the mechanism in ref 29, including the
adsorption of CO2 on an In ion, was investigated for hexagonal
In2O3(104) and In2O3(012),34 showing kinetic behavior similar
to that in ref 32.

In2O3(111) is known to be the stable surface of bixbyite
In2O3, and a DFT-based microkinetic model of CO2 reduction
to CH3OH over In2O3(111) was presented in ref 23. The
reaction was proposed to occur near an Ov site, and the
hydrogenation was suggested to follow the route CO2 �
HCOO* � HCOOH* � H2COOH* � H2COHOH* �
H2CO* � H3CO* � CH3OH*. The simulations show good
agreement with experiments with respect to reaction orders but
do not describe the experimentally observed preference for CO
production at higher temperatures with respect to methanol
production.

The previous �rst-principles studies of CO2 hydrogenation
over In2O3 surfaces consider the reaction in the limit of low
hydrogen coverage.23,29,32�34 However, it is known that In2O3
surfaces are easily hydroxylated35 and DFT-based analyses of the
thermodynamic stability of In2O3(110) and In2O3(111) suggest
that the surfaces are heavily hydroxylated under typical
methanol synthesis conditions.36,37 The hydroxylation was
reported to induce a change in oxidation state (In3+ to In+) of
undercoordinated In ions, making them important for the
reaction by facilitating CO2 activation.36

Herein, a mean-�eld microkinetic model is constructed based
on DFT calculations to analyze CO2 hydrogenation to
methanol. The reaction is considered over a hydroxylated
In2O3(110) surface in the absence of oxygen vacancies. The
simulated kinetic behavior is found to describe the experimental
temperature dependence of turnover frequencies, selectivities
and reaction orders of CO2, H2, and H2O. The rate-determining
step is found to be H2COOH* � H2CO* + OH* at all relevant
temperatures. Additionally, it is found that stabilizing the
adsorption of hydrogen signi�cantly increases the methanol
production.

� COMPUTATIONAL METHODS
DFT Calculations. Density functional theory (DFT)

calculations were performed using the Vienna ab initio
simulation package (VASP).38�41 The exchange correlation
energy was obtained using the Perdew, Burke, Ernzerhof (PBE)
formulation.42 A plane-wave basis was used to expand the
Kohn�Sham orbitals, truncated at a kinetic energy of 500 eV.

The interaction between the valence electrons and the core was
described with projector augmented wave potentials
(PAW).43,44 Hydrogen, carbon, oxygen, and indium were
described with 1, 4, 6, and 13 valence electrons, respectively.
Brillouin zone integration is approximated by �nite sampling,
using the Monkhorst�Pack scheme.45 A k-point grid of 3 × 3 ×
1 was used for the surface calculations. The total energy was
considered to be converged when the di�erence between steps
in the electronic optimization was smaller than 10�6 eV.
Structural optimization was performed by use of the conjugate
gradient method, and convergence was assumed when the forces
were smaller than 0.01 eV/Å. Activation energies were
calculated using the climbing-image nudge elastic band (CI-
NEB) technique.46 Six to ten images were used along the
reaction coordinate to describe the minimum-energy path. A
force criterion of 0.05 eV/Å was used in the search for the
transition states,37 and the saddle points were con�rmed by a
vibrational analysis. Vibrational energies were calculated within
the harmonic approximation, using �nite di�erences with
displacements of 0.015 Å.

In2O3(110) was modeled with a (1 × 1) surface cell and
described with four atomic layers. The bottom two layers were
�xed to their bulk positions during the geometry optimizations.
The slabs were separated by at least 15 Å of vacuum. The
convergence criteria in kinetic energy, k points, and vacuum
were found to su�ciently describe the adsorption energy of the
HCOOH intermediate within at least 0.02 eV. Gas-phase
molecules were optimized in a 11 × 12 × 13 Å simulation box.

Gas-phase energies of O�C�O- and OH-containing species
are known to be poorly described using semilocal functionals
such as PBE,11,47,48 yielding in some cases substantial errors in
the overall reaction energy. Here, the total energies of CO2, CO,
H2, H2O, and CH3OH were corrected to properly describe the
enthalpy changes of the reactions (CO2 + 3H2 � CH3OH +
H2O, �Hf

298K = �0.55 eV; CO + H2O � CO2 + H2, �Hf
298K =

0.43 eV). We followed the procedure outlined in refs 11 and 47,
and the details are reported in the Supporting Information. The
gas-phase correction aligns the equilibrium constants for the
methanol synthesis and RWGS reactions to the experimental
values. With the corrections, the enthalpy changes were
calculated to be �Hf = �0.56 eV and �Hf = 0.42 eV for the
methanol and RWGS reactions, respectively. The gas-phase
corrections a�ected the surface coverages and temperature for
the maximum of the TOF. The results for microkinetic
simulations without corrections are presented in Figures S5
and S6 in the Supporting Information.

Microkinetic Modeling. The reaction kinetics were treated
within the mean-�eld approximation. Hence, the rate of the
elementary reactions was assumed to be proportional to the
surface coverage of the species involved in the reaction. This
approach gave rise to a set of coupled ordinary di�erential
equations for the surface coverages. The coverage evolution in
time of each surface specie was calculated according to
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where �i is the coverage of the ith species, cij is the number of i
molecules consumed in reaction j, and rj(��) is the surface-
coverage-dependent reaction rate for the jth reaction. The
system of equations was solved by numerical integration using
the Scipy ODE solver for the initial value problem with the
backward di�erentiation formula (BDF) method.49 The
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