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ABSTRACT: Methanol synthesis from catalytic recycling of CO, is one viable e

route to produce fuel and a stock chemical from a greenhouse gas. Herein, e

hydrogenation of CO, to CH;OH is investigated with density functional theory 4 il v cole)
calculations combined with mean-field microkinetic modeling. The model explores ~ g\/ [ oM \f
the direct route for CO, hydrogenation (HCOOH route) and the competing HCo /\, o
reverse water-gas shift (RWGS) reaction. The predicted temperature dependence  *° ‘\T L M
of turnover frequencies, selectivities, and reaction orders are in good agreement co,(g@ s Vi
with previous experimental results. The formation of methanol at relevant reaction Hicox 20

temperatures (470—670 K) is found to be kinetically controlled by H,COOH
dissociation to H,CO + OH, whereas the RWGS reaction is solely controlled by
CO, hydrogenation to COOH. An analysis of the kinetic behavior reveals that the
stabilization of hydrogen adsorption should be one way to improve the catalyst
performance.

KEYWORDS: first-principles microkinetic modeling, methanol synthesis, selectivity, CO, hydrogenation, In,0;

B INTRODUCTION Particularly good performance for In,O;-based catalysts has
been reported for In,O; supported on ZrO,'>*>***! and Pd-
doped In,03.*" A proposed underlying reason for the improved
activity of In,O,/ZrO, is a higher amount of oxygen vacancies.'”
However, the amount of O, in ZrO,-supported In,O; is reported
to be lower (14—15%) than for the unsupported In,0; (16—
249%), which indicates that the concentration of vacancies is not
the only parameter that controls the activity. Another suggestion

Alternative energy sources to fossil fuels are generally limited by
their fleeting capacity of storing energy. An attractive solution is
to store energy in chemical bonds of molecules that are easy to
handle on the industrial scale, such as methanol (CH;OH). The
synthesis of methanol by catalytic recycling of CO,, coupled
with a sustainable production of H,, is one viable route for

sustainable production of a fuel with high energy density and a : . . >
valuable stock chemical.'™> The need for efficient CO, for the improved activity of In,05/Zr0, is the creation of

. . _ _ 27 . .
hydrogenation catalysts has sparked considerable efforts to IT"ZrOZ sites (In 0,~Zr), Whl.Ch contains a vacancy and
find systems with high activity and selectivity.*'? simultaneously hinders over-reduction of the In,O; phase. Over-

o . .37
The catalytic synthesis of CH,OH is currently performed reduction is known to result in fast degradation.”” The enhanced

industrially via a CO/CO,/H, mixture over Cu/ZnO/ALOy at performance upon Pd dopizrég has been suggested to originate
2o 2 from facile H, dissociation.

temperatures and pressures of 470—570 K and 50—100 3 o o .

bar.*'3° The process requires a large-scale operation, and the Computational first-principles insight of CO, hydrogenation

catalyst has limited selectivity and deactivates over time due to to rlnejit'hanck))I. 0; e'rt Inf030hezsllige)nzg 13;[ a;nego(nlei ;‘;nz‘if fsuéfe;fes,
copper sintering.”"”*” In,0;-based catalysts for CO, reduction to tnciuding brxoyre Hats ! SN ’ and hex-

33,34 34
methanol have recently attracted significant attention, thanks to agonal In293(104) and In203(4012).4 In ref 29, €O,
their high activity, selectivity, and durability 12,2328 Early hydrogenation to methanol was investigated by density

. 9 MRS ) functional theory (DFT) calculations on In,0;(110). The
computational” and experimental ~ works have suggested that

. s . . reaction was proposed to follow a Mars—van Krevelen
oxygen vacancies (O,) facilitate the reaction by promoting hani here H ¢ hich
activation of the reactants. In ref 12, the relative percentage of mechanism, where T, creates an oxygen vacancy, whic
oxygen vacancies (O,) was estimated from X-ray photoelectron
spectroscopy (XPS) measurements and a relation between the Received:  April 14, 2021
presence of vacancies and activity was suggested.'” It should, Revised:  July 13, 2021
however, be noted that the estimation of vacancy concentration Published: July 27, 2021
from measurements of O 1s core level binding energies is not
straightforward, as the suggested XPS signature of O, is in the
energy region of different types of OH groups.*’

© 2021 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/acscatal.1c01707
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becomes the active site for the reactions. The hydrogenation is
proposed to proceed according to CO, — HCOO* —
H,COO0* — H;CO* — CH;OH*. As the highest energy
barrier in the catalytic cycle is hydrogenation of H,CO to H3CO
this step has been suggested to be rate limiting.”” Very
recently,’”” the same mechanism was interrogated by DFT-
based mean-field microkinetic modeling over both In,05(110)
and In,0;(111). These simulations suggest that the rate-
determining step is the hydrogenation of formate HCOO —
H,COO on In203(110) and dissociation of hydrogen on
In,05(111).>* 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.**
The importance of a Mars—van Krevelen step was explored also
in ref 33 for the reaction over hexagonal In,0;(104). It was
found that oxygen vacancies on hexagonal In,05(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.”® A variation of the mechanism in ref 29, including the
adsorption of CO, on an In ion, was investigated for hexagonal
In,0,(104) and In,0,(012),** showing kinetic behavior similar
to that in ref 32.

In,04(111) is known to be the stable surface of bixbyite
In, 05, and a DFT-based microkinetic model of CO, reduction
to CH;OH over In,0;(111) was presented in ref 23. The
reaction was proposed to occur near an O, site, and the
hydrogenation was suggested to follow the route CO, —
HCOO* — HCOOH* — H,COOH* — H,COHOH* —
H,CO* — H;CO* — CH;OH®. 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 first-principles studies of CO, hydrogenation
over In,0; surfaces consider the reaction in the limit of low
hydrogen coverage.””*”**** However, it is known that In,O;
surfaces are easily hydroxylated® and DFT-based analyses of the
thermodynamic stability of In,0;(110) and In,05(111) suggest
that the surfaces are heavily hzdroxylated under typical
methanol synthesis conditions.”®”” The hydroxylation was
reported to induce a change in oxidation state (In** to In*) of
undercoordinated In ions, making them important for the
reaction by facilitating CO, activation.*

Herein, a mean-field microkinetic model is constructed based
on DFT calculations to analyze CO, hydrogenation to
methanol. The reaction is considered over a hydroxylated
In,05(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 CO,, H,, and H,O. The rate-determining
step is found to be H,COOH* — H,CO* + OH* at all relevant
temperatures. Additionally, it is found that stabilizing the
adsorption of hydrogen significantly increases the methanol
production.

B COMPUTATIONAL METHODS

DFT Calculations. Density functional theory (DFT)
calculations were performed using the Vienna ab initio
simulation package (VASP).”*™*' The exchange correlation
energy was obtamed using the Perdew, Burke, Ernzerhof (PBE)
formulation.*” A plane-wave basis was used to expand the
Kohn—Sham orbitals, truncated at a kinetic energy of 500 eV.

9997

The interaction between the valence electrons and the core was
described with projector augmented wave potentials
(PAW)."** Hydrogen, carbon, oxygen, and indium were
described with 1, 4, 6, and 13 valence electrons, respectively.
Brillouin zone integration is apprommated by finite sampling,
using the Monkhorst—Pack scheme.** A k-point grid of 3 X 3 X
1 was used for the surface calculations. The total energy was
considered to be converged when the difference between steps
in the electronic optimization was smaller than 107° 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/A. Activation energies were
calculated using the climbing-image nudge elastic band (CI-
NEB) technique.”® Six to ten images were used along the
reaction coordinate to describe the minimum-energy path. A
force criterion of 0.05 eV/A was used in the search for the
transition states,”” and the saddle points were confirmed by a
vibrational analysis. Vibrational energies were calculated within
the harmonic approximation, using finite differences with
displacements of 0.015 A.

In,0;(110) was modeled with a (1 X 1) surface cell and
described with four atomic layers. The bottom two layers were
fixed to their bulk positions during the geometry optimizations.
The slabs were separated by at least 15 A of vacuum. The
convergence criteria in kinetic energy, k points, and vacuum
were found to sufficiently describe the adsorption energy of the
HCOOH intermediate within at least 0.02 eV. Gas-phase
molecules were optimized in a 11 X 12 X 13 A 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," """ yielding in some cases substantial errors in
the overall reaction energy. Here, the total energies of CO,, CO,
H,, H,0, and CH;0H were corrected to properly describe the
enthalpy changes of the reactions (CO, + 3H, —» CH;0H +
H,0, AHP* = —0.55 eV; CO + H,0 — CO, + H,, AH?*¢ =
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 AH; = —0.56 eV and AH; = 0.42 €V for the
methanol and RWGS reactions, respectively. The gas-phase
corrections affected 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-field 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 differential
equations for the surface coverages. The coverage evolution in
time of each surface specie was calculated according to

(1)

dé.
= 2 or(0)
j
c;: is the number of i

dt
where 0, is the coverage of the ith species, ¢; i
molecules consumed in reaction j, and r(9) 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 differentiation formula (BDF) method.** The

https://doi.org/10.1021/acscatal.1c01707
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integration was performed until a steady state was reached for all
reactions.

The rate constant k for the adsorption reactions was
calculated from kinetic gas theory as>’

kads _

EAsite ( AEa}
i T T eXp|—
A/ 27rmikBT kBT (2)
The subscript i denotes the adsorbing species, and p; is the
corresponding gas-phase pressure. A, is the surface area of an
adsorption site (set to 10 A?), m; is the molecular mass of the
adsorbing species, kg is Boltzmann’s constant, T is the
temperature, and AE_ is the activation energy. Thermodynamic
consistency between adsorption and desorption was guaranteed
by calculating the desorption rate constant (k&) from the
forward rate constant (k}**) and the equilibrium constant (K;)
according to

kgds
i kiads exp[
K; (3)

where AG; is the change in Gibbs free energy upon adsorption.
Entropy contributions to Gibbs free energy in the gas phase were
obtained from thermodynamic tables,”" whereas the entropy of
adsorbed species was calculated within the harmonic approx-
imation.

Rate constants for the surface reactions were calculated with
harmonic transition state theory as””

(_ AEa]
Ukt )

where h is Planck’s constant, q§ is the partition function
(without the reaction coordinate) of the transition state aligned
to the zero energy of the initial state, g is the partition function of
the initial state, and AE, is the activation energy. q0¢ and q were
evaluated in the harmonic approximation.

The reaction orders (n;) and degrees of rate control (y;) were
calculated to investigate the kinetic behavior of the explored
mechanism. The reaction order is calculated as™

dlnr,
o (s)

where p; is the pressure of the molecular species of interest and r,,
is the net rate of the reaction. For methanol synthesis, we
investigated the reaction orders of CO,, H,, H,0, and CH;OH.
The degree of rate control (y;) provides a way to investigate the
sensitivity of total rate on the elementary steps in the reaction
mechanism. The degree of rate control is defined as”’

ki[arx]
n=5
W\ ©)

where k; is the rate constant of the elementary reaction step i, r, is
the net reaction rate, and K; is the equilibrium constant of the ith
elementary step. The derivative was taken with respect to the
rate constant, with K; kept unchanged. Operationally, this was
done by a numerical differentiation of the rate with respect to the
rate constant, performed by changing the rate constant by 1%. A
positive value of y; indicates a rate-controlling step, whereas a
negative value indicates inhibition. The step is rate determining
in case y; is equal to 1.”* Additionally, a sum rule exists, where the
sum over all y; values equals unity.

kides _

AG(T, p)
kT

kT 4
h q

kg =

n=p
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B RESULTS

Model Surface. First-principles thermodynamic calcula-
tions suggest that In,0;(110) is hydroxylated under typical
methanol synthesis conditions.’**” This is in accord with
experimental observations of low-temperature (<400 K)
reduction of In,O; powder samples in dry H, and facile
replenishment of oxygen vacancies by traces of water.”*
Moreover, water has been measured to dissociate on
In,05(111) at room temperature, forming ordered hydroxyl
overlayers.™

Here we consider the reaction over In,05(110) (see Figure
1). The surface cell consists of stoichiometric layers, where each

Figure 1. Structural model of pristine (top) and 83% H covered
(bottom) In,04(110). A ball and stick model is used to show the
adsorbates and topmost In and O atoms, whereas the rest are
represented by lines. Atomic color code: indium (brown), oxygen

(red), hydrogen (white).

layer contains two chains with six and four nonequivalent oxygen
and indium ions, respectively. The oxygen ions are 3-fold
coordinated. Half of the indium ions are 4-fold coordinated (In,,
In, ), whereas those of the other half are 5-fold coordinated (Ins,
In,). We consider the hydroxylated surface with a hydrogen
coverage of 83%, which is calculated to be the equilibrium
coverage under typical reaction conditions.”® The coverage
corresponds to five dissociated H, molecules in the surface cell
(Figure 1), forming OH groups. The formation of OH groups
changes the oxidation states from In** to In* for the 4-fold
coordinated In ions and one of the 5-fold coordinated In ions

https://doi.org/10.1021/acscatal.1c01707
ACS Catal. 2021, 11, 9996—10006
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(In;).*® The change in oxidation state facilitates CO, adsorption
and activation.”® Further hydroxylation from this coverage
occurs by heterolytic dissociation and formation of an InH—OH
pair.

It is clear that the exact degree of hydroxylation fluctuates
during the reaction. In fact, the considered state in Figure 1 is
energetically close to a structure containing one oxygen
vacancy.”” Here, we chose to investigate the reaction with the
equilibrium coverage as the starting point, which is convenient,
as the number of possible configurations is limited once the H,
molecules that take part in the reaction are adsorbed. Given the
importance of hydroxylation on the oxidation states of In, we
believe that the reaction should be studied at high hydrogen
coverage.

Catalytic Cycle. The considered reaction mechanism
includes a direct pathway for CO, hydrogenation to CH;OH
and a pathway for the reverse water-gas shift reaction. The
hydrogenation of CO, to methanol is considered to proceed
according to CO, - HCOO* — HCOOH* — H,COOH* —
H,CO* - H;CO* — CH;0H* — CH;OH. This reaction
pathway is regarded as a viable route on Cu-based
catalysts.”'"'®*” The RWGS reaction is considered to occur
according to CO, = CO,* - COOH* — CO. A schematic of
the catalytic cycle is shown in Figure 2.

CO(g)

H, OH+H \F
&5 J\_} COOH +
H
H,0
H,CO + .
" 2H /

H,COH
(8)

/f co, (g) €o,* +
H, 2H
H,CO HCﬁO +
H,0 ‘\ /
H,CO +
Ol e HCOOH
S~ H,COOH e“\

+H H2

Figure 2. Schematic of the investigated catalytic cycle for CO,
hydrogenation and the RWGS over In,0;(110). Hydrogen adsorption
(water desorption) steps are indicated by red (blue) arrows. The empty
box at the top of the main cycle represents the surface without reactants
or products.

The two reactions proceed along paths where the
intermediate surface species are formally either neutral
(HCOOH, H,CO) or anions (HCOO, COOH, H,COOH,
H;CO). The formation of charged surface species has
consequences for reaction paths on oxide surfaces, given the
importance of electronic pairing.DS The reaction for In,0O,
should presumably proceed to retain the oxidation state of the
In ions to be either In** or In*. (The In** state is unfavorable
according to the inert-pair effect.)

The proposed mechanism is constructed with respect to the
relative stability of the intermediates, where the most stable
intermediates are considered to take part in the reaction. The

9999

energy of the most stable configuration for the tested
intermediates is presented in Table S3 in the Supporting
Information.

Energy Landscape. The zero point energy corrected
potential energy diagrams for both reactions are presented in
Figure 3a together with the Gibbs free energy in Figure 3b. The
entropic contributions are calculated at 573 K with p, =
30:10:1:1:1 bar for x = H,:CO,:H,0:CH;0OH:CO. The
structures of selected intermediates are presented in Figure 3c.
All reaction intermediates and transition-state structures are
reported in the Supporting Information.

The initial configuration for both reactions is the hydroxylated
In,05(110) with an H coverage of 83% and 3H, and CO, in the
gas phase. H, adsorbs dissociatively in a heterolytic, fashion
forming an InH—OH pair. The barrier is 0.84 eV, and the
reaction is slightly exothermic (—0.02 eV). H, at this coverage is
dissociated heterolytically (H™ + H*), as the remaining In®" ions
are not uncoordinated enough to allow for an In** to In*
reduction. The reaction proceeds from the InH—OH state by
hydrogen diffusion to an OH—OH state, which is endothermic
by 0.19 eV. The reaction splits at this step into (i) CO,
hydrogenation to CH;OH and (ii) the RWGS shift reaction.

CO, Hydrogenation to CH;OH. From the OH + OH
configuration, there is a second hydrogen diffusion step leading
to a second InH—OH configuration. This step is endothermic by
0.26 eV. CO, is introduced in this configuration as a physisorbed
species. The physisorption is exothermic by —0.09 eV. CO,
hydrogenation to formate (HCOO) occurs with an energy
barrier of 0.17 eV, by picking up a hydrogen from the In—H
hydride. Formate is adsorbed in a bridge configuration between
In sites (Figure 3c). CO, is hydrogenated from the InH site as it
supports the (formal) transfer of H™ to form HCOO™. The first
hydrogenation step is exothermic by —1.17 eV. The reaction
proceeds with a rotation of formate to a position where an O
atom is located over an OH group in the In,0;(110) trench.
This rotation is endothermic by 0.17 eV. The second
hydrogenation step occurs by a transfer of a proton from the
OH group, forming HCOOH (Figure 3c). The process has an
energy barrier of 0.72 eV and is endothermic by 0.65 eV.

The surface H coverage is 83% after the two hydrogenation
steps, and we allow for adsorption of the second H, following the
same dissociative path as for the first H, molecule. The
heterolytic adsorption of hydrogen does not affect the stability of
HCOOH. An endothermic (0.20 eV) rotation of HCOOH takes
place to allow for the third hydrogenation step. Here, HCOOH
picks up H™ from the In—H site, forming H,COOH~ (Figure
3c). The activation energy for this step is 0.24 eV, and the
reaction is exothermic by —0.32 eV. H,COOH™ is adsorbed in a
bridging configuration between two In sites. The following step
is the dissociation of H,COOH™ to H,CO + OH™ (Figure 3c).
The dissociation takes place over an In ion, forming a surface
OH group. This step has the highest barrier in the hydro-
genation process, being 0.90 eV, and the dissociation is
endothermic by 0.25 eV. The following step is the formation
of water from an In-bound OH group and a surface OH group.
This process is virtually barrierless and slightly exothermic. The
desorption of water is endothermic by 0.69 eV and leaves H,CO
bridging two In ions on the surface. The reverse reaction of
water adsorption is barrierless. The third heterolytic H,
adsorption is found to stabilize the adsorbed H,CO by 0.44
eV by the formation of additional hydrogen bonds. The
formation of an OH—OH configuration is endothermic by
0.05 eV and induces a rotation of H,CO to a configuration

https://doi.org/10.1021/acscatal.1c01707
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Figure 3. (a) Zero point energy corrected potential energy diagram. (b) Gibbs free energy diagram at 573 K and p, = 30:10:1:1:1 bar for x =
H,:C0O,:H,0:CH;0H:CO. (c) Ball-and-stick models of relevant reaction intermediates (carbon is shown in gray). The atomic color code is the same

as that in Figure 1.

across the trench bridging two In atoms. The hydrogenation of
H,CO to H;CO occurs by the transfer of one hydrogen atom
from a surface OH group. This step has a barrier 0of0.79 eV and is
exothermic by —0.68 eV. H;CO is adsorbed in a monodentate
configuration (Figure 3c). The final hydrogenation step from
H;CO to CH;OH (Figure 3c) proceeds by transfer of a
hydrogen atom from a surface OH group. This step has a barrier
of 0.08 eV and is endothermic by 0.07 eV. The desorption of
CH;OH to a physisorbed state is endothermic by 0.53 eV. By
rearrangement of the OH groups on the surface, the final state
with CH;OH and H,O in the gas phase is exothermic by —0.40
eV. The reverse reaction of methanol adsorption is barrierless.
The hydrogenation of formate (HCOO) to dioxymethylene

10000

(H,COO) was also investigated. However, despite the
comparable stabilities of dioxymethylene and formate, an energy
barrier of 1.4 eV is calculated for its formation, which is too high
to be competitive with the formation of formic acid from
HCOO, having a barrier of 0.7 eV. Hence, the H,COO pathway

was not explored further.
Reverse Water-Gas Shift Reaction. At the initial OH +

OH configuration in the potential energy diagram, CO, is
introduced to the system as a physisorbed molecule. From the
physisorbed state, CO, adsorbs onto on In ion in a CO,”
configuration (Figure 3c). This process has an energy barrier of
0.05 eV and is exothermic by —0.41 eV.
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Table 1. Reaction Network and Calculated Kinetic Parameters: Elementary Steps and Zero Point Energy Corrected Forward (E)
and Backward (E,) Activation Energies and Pre-exponential Factors”

no. reaction E; (eV)
R, H,(g) + 2% © 2 H* 0.84
R, CO,(g) + H* < HCOO* 0.17
R, HCOO* + H* & HCOOH* + * 0.72
R, HCOOH* + H* & H,COOH* + * 0.24
R, H,COOH* + * < H,CO* + OH* 0.90
Rg OH* + H* & H,0 + * 0.02
R, H,CO* + H¥ <> HyCO* + * 0.79
Ry H,CO* + H* < CH,OH* + * 0.08
R, CO,(g) + * < CO,* 0.05
Ry, CO,* + H* <> COOH* + * L11
R, COOH* « CO(g) + OH* 0.44
R, H,0% < H,0(g) + * 0.69
Ry CH,OH* < CH,OH(g) + * 0.53

E, (eV) A Ay,
0.86 8.3 x 10° 9.5 % 10°
1.34 1.8 X 10° 42 %108
0.07 5.9 x 102 1.9 x 10"
0.55 3.9 x 10 1.9 x 10"
1.05 5.3 x 10" 2.7 x 10"
0.05 42 x 10*? 3.9 x 102
1.47 7.6 X 10" 2.7 x 10"
0.01 7.1 x 10*? 2.0 x 10%
0.46 1.8 X 10° 42 x 108
0.45 2.4 % 108 8.2 x 101
0.80 7.1 x 10" 22 % 10°
0.10 2.9 x 10" 2.8 X 10%
0.40 3.6 X 10 2.1 x 10°

“Pre-exponential factors are given for 500 K and are denoted A; and A, for forward and backward reactions, respectively. The pre-exponential

factors are reported in s for surface reactions and Pa™* s™*

for adsorption steps.

The barrier is low because of the surface electronic
unfavorable situation with two OH groups upon H, adsorption.
A Bader analysis upon CO, adsorption shows a charge transfer
of 0.65 electron to the adsorbed molecule and a similar charge
depletion on the In ion of adsorption. From this configuration,
the formation of COOH™ takes place by the transfer of one
hydrogen atom from an OH group across the trench. The barrier
for this step is 1.1 eV, this being the highest barrier in the
catalytic cycle. The hydrogenation to COOH™ is endothermic
by 0.66 eV (Figure 3c). The reaction proceeds by rotation of
COOH"™ changing the orientation of the OH group. The
rotation is found to be slightly endothermic by 0.05 eV. The
reaction proceeds by the scission of the CO—OH bond, yielding
an adsorbed OH group at an In ion and a physisorbed CO
molecule. The energy barrier of this process is 0.89 eV, and the
reaction is exothermic by —0.36 eV. The desorption of the
physisorbed CO is exothermic by —0.01 eV. The subsequent
formation of water occurs by a proton transfer from a surface
OH group to an In ion adsorbed OH group. The barrier for this
step is 0.02 eV, and the process is exothermic by 0.03 eV. Finally,
the desorption of water to the gas phase is endothermic by 0.54
eV. The water desorption includes the rearrangement of the
surface to the initial configuration.

Kinetic Simulations. A mean-field microkinetic model was
constructed from the DFT data to investigate the kinetic
behavior of the investigated catalytic cycle. The considered
elementary steps as well as the kinetic parameters (forward and
backward activation energies and pre-exponential factors) are
shown in Table 1.

The simulations were performed under typical methanol
synthesis conditions: i.e., T = 423—673 K and p,= 30:10:1:1:0
bar for x = H,:CO,:H,0:CH;0H:CO. In the model, hydrogen
in the hydride (InH) and proton (OH) forms are lumped into
one type of hydrogen. This should not be a severe
approximation, given that the barrier between the states is
small. The hydrogens in the OH groups within the initial 83%
coverage were not included in the reported coverage. The
surface coverages, turnover frequencies, and selectivities as a
function of temperature are presented in Figure 4.

Coverage, Turnover Frequency, and Selectivity. At
typical reaction temperatures the surface is predicted to be
mainly covered by HCOO and OH groups and hydrogen
(Figure 4a). On the basis of the thermodynamic analysis,***” the
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surface was studied at a hydrogen coverage of 83% and the OH
groups in the kinetic model and predicted coverage are OH
groups originating from the catalytic cycles. The surface
coverages indicate three temperature regimes. (i) The available
surface sites are below 450 K mainly covered by OH groups. (ii)
The surface is dominated by adsorbed HCOO in the
temperature range 450—510 K. The coverage of HCOO peaks
at 470 K, after which the number of free sites grows, signaling the
takeoff of the methanol production. (iii) The surface above 510
K is dominated by free sites.

The turnover frequency as a function of temperature is
presented in Figure 4b. The predicted methanol rate takes off at
470 K and reaches a maximum at 540 K, whereas the RWGS is
the main reaction path above 580 K. This behavior is in
qualitative agreement with experimental observations.”*~** To
our knowledge, this behavior has not been captured in previous
microkinetic models for In,0,.>*****

The selectivity (Figure 4c) toward one of the reaction
products is calculated as

S, = S B—
X
TenoH T o

7)

The methanol selectivity is calculated to be high (0.68—0.94)
in the temperature range from 420 to 500 K. The drop in
methanol selectivity at the lowest temperatures is caused by the
low rate of methanol formation coupled with the high coverage
of OH groups on the surface, generated from H,O splitting. The
OH groups block adsorption sites for HCOO and hinder the
conversion to methanol. The selectivity for methanol peaks at
480 K and decreases slowly to 0.75 at 540 K, which is the
temperature where the methanol production has a maximum. At
higher temperatures, the selectivity shifts toward the RWGS
reaction, as expected from thermodynamics. In fact, in
equilibrium, at 50 bar and a H,:CO, ratio of 3:1, the selectivity
for methanol is 90% at 510 K.*° The predicted results for the
selectivity are in agreement with experimental observations at
low gas hourly space velocities."”

CO, Hydrogenation: Degree of Rate Control and
Reaction Orders. The reaction orders and degree of rate
control have been investigated to analyze the kinetic behavior
and rate-limiting steps (Figure S). The reaction orders are
calculated under methanol synthesis conditions: T =420—670 K
and p, = 30:10:1:1:0 bar for x = H,:CO,:H,0:CH;0OH:CO. We
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Figure 4. (a) Surface coverage, (b) Turnover frequency, and (c)
Selectivity as a function of temperature. The simulations were
performed at T = 423—673 K and p, = 30:10:1:1:0 bar for x =
H,:CO,:H,0:CH;0H:CO.

find that the reaction order of CO, varies from —1.9 to 1.0 in the
investigated temperature range. The negative value at lower
temperatures is a result of the high HCOO coverage. Thus,
HCOO poisons the surface for the reaction to continue, as
suggested from the surface coverages at the lower temperatures
presented in Figure 3. At higher temperatures, the number of
free sites increases, yielding a higher methanol production and a
positive reaction order in CO, above 510 K. The reaction order
in H, is more complex. It is ~2 at low temperatures and
decreases to ~1 at T & 470—500 K and thereafter increases to a
value of 1.5 at high temperatures. The high value of ny; at low

temperatures is caused by the adsorbed OH groups and the
difficulty in reaching a sufficient hydrogen coverage. It should be
noted that the reaction order in H, is always positive. Thus, an
increased hydrogen coverage is always beneficial for methanol
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Figure S. Temperature-dependent kinetic analysis of CO, hydro-
genation to CH;OH: (a) reaction orders of CO,, H, H,O, and
CH,;0H; (b) degree of rate control. The simulations were performed
under the same conditions as in Figure 4.

production. In contrast, the reaction order of H,O is found to be
negative, having a hindering effect on the methanol production
because of site blocking at all temperatures. The H,O reaction
order spans from —2 to 0 in the probed temperature range. The
reaction order of methanol is found to be 0 at all temperatures.
Experimentally, the reaction orders have been measured to be
nco, = —0.1,ny, = 0.5-0.8, ny o = —0.8, and ney oy = —0.2 at
573 K and P = 5 MPa.”* The reaction orders in ref 24 were
measured in the low-temperature regime, as the maximum rate
of methanol production was measured to occur at 625 K. When
a comparison is made with our results also ~50 K below the
methanol production maximum (500 K), the reaction orders are
calculated to be noo = —0.26, ny = 1.09, ny o = —0.30, and
2 2 2

nepon = 0, thus in overall good agreement with the

experiments.

To analyze the sensitivity of the calculated turnover frequency
to each individual step in the reaction mechanism, the degree of
rate control (y;) was calculated as a function of temperature. The
results are presented in Figure Sb. The reaction is controlled by
the dissociation of H,COOH to H,CO + OH and by the
hydrogenation of H,CO to H;CO. At temperatures below 470
K, the rate is controlled mainly by the hydrogenation of H,CO
to H;CO, whereas the rate is solely determined by the
dissociation of H,COOH to H,CO at higher temperatures.
This finding is consistent with the calculated energy barrier for
both reaction steps (see Table 1). The activation energy for
dissociative adsorption of H, does not have any significant rate
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control. Thus, a reduction in the energy barrier for hydrogen
dissociation, without a change in the equilibrium constant, does
not affect the activity, which is in contrast to interpretations of
recent experiments.”” The rate-controlling steps are found to be
different from the case with Cu-based catalysts following the
same mechanism.””® The rate-controlling steps for Cu-based
catalysts have been related to the hydrogenation of HCOO to
HCOOH and to the hydrogenation of HCOOH to H,COOH.

Reverse Water-Gas Shift Reaction: Degree of Rate
Control and Reaction Orders. A kinetic analysis of the
reaction orders and degree of rate control for the RWGS
reaction is presented in Figure 6. The reaction orders were

a) 2[T T T T T
151 .

H,

CH,OH
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o

T T I I T

CO," + H* & COOH" + =
0.8 -

0.6 -

DRC

04 -1

1 1 1 1 1
460 600 660 600 660
Temperature [K]

Figure 6. Temperature-dependent kinetic analysis of the RWGS
reaction: (a) reaction orders of CO,, H,, H,0, and CH;0H; (b) degree
of rate control. The simulations were performed under the same
conditions as in Figure 4.

calculated under the same conditions as in the analysis of
methanol formation. We find the reaction order of CO, to vary
from —1.0 to 1.0 in the investigated temperature range. For
methanol synthesis, the reaction order is negative at low
temperatures as a result of HCOO surface poisoning. At higher
temperatures, we notice that the reaction order reaches 1.0. The
reaction order of hydrogen is significantly different from that of
methanol synthesis, being negative at low temperatures with a
minimum value of —0.25 at 470 K and reaching a limiting value
of 0.5 at high temperatures. The negative value of the H,
reaction order at low temperatures is a consequence of hydrogen
consumption in the methanol synthesis reaction. The H,
reaction order becomes positive at high temperatures as the
reaction becomes thermodynamically favored. Similarly to
methanol synthesis, the reaction order for water is negative,
suggesting that water poisoning is detrimental for the catalytic
activity of In,O3. The calculated reaction orders at 500 K are,

—0.16, —0.02, —0.12, and 0 for CO,, H,, H,0, and CH;OH,
respectively.

From an analysis of the degree of rate control (y;), we find that
the RWGS rate is determined by CO, hydrogenation to COOH,
which is consistent with the calculated energy barriers for the
mechanism. This is in accord with the notion that the RWGS
reaction is suppressed on In,Oj.

B DISCUSSION

The presented reaction network matches qualitatively the
experimentally observed kinetic behavior of methanol synthesis
over In203.12’24 The simulated kinetic behavior for In,05(110)
appears to be related to the stability and activation energy of
HCOO and HCOOH. This is different from rate-controlling
steps for methanol synthesis over Cu-based catalysts.””** The
difference in kinetic properties is probably a consequence of the
lower activation energy for the HCOO — HCOOH hydro-
genation (E, = 0.72 V), in comparison to that reported on
pristine Cu(211) (E, = 1.27 €V).”” The barrier can also be
compared with In,05(111), where the reported activation
energy for HCOO — HCOOH is E, = 1.32 eV.”® The high
activation energy for hydrogenation of HCOO is presumably
related to the high stability of HCOO, as suggested in ref 57. The
lower stability of HCOO in the present work in comparison to
that in ref 23 is likely a consequence of the considered surface
hydroxylation (in accord with the thermodynamic analysis).

O, has not been considered in the present model. Given the
agreement between our simulations and the experimental
observations, the role of O, is not evident. Moreover, the
experimental abundance of oxygen vacancies is not completely
clear. The concentration of vacancies has been assigned on the
basis of XPS intensities, where a peak shifted ~1.2 eV to higher
energies with respect to the bulk peak has been attributed to
oxygen ions close to oxygen vacancies. > However, our recent
calculations indicate that oxygen vacancies do not result in
significant shifts in O 1s binding energies.30’37 Instead, we
suggest that the signature shifting to higher binding energies
could be attributed to different types of OH groups or,
alternatively, different atomic structures. Our results suggest
that oxygen vacancies, althou§h thermodynamically stable at
high operating temperatures,3 are not required as active site
enablers on In,04(110). It is possible that vacancies are needed
on In,0;(111) to activate the surface and facilitate changes in
the oxidation state of the In ions. We note that it is
undercoordinated In ions that have the ability to change
oxidation state.’

From our analysis of the reaction orders and degree of rate
control for hydrogen adsorption, it appears that the stabilization
of hydrogen upon adsorption plays a significant role in methanol
synthesis. To further interrogate the effect of the adsorbate
stability on the turnover frequency for methanol, we investigated
the sensitivity of the rate to the stability of the different
adsorbates. This is done by stabilizing the adsorption energy of
the reaction products for some reactions by 0.1 eV: i.e., changing
the equilibrium constants. The results are presented in Figure 7.

We find that the most significant increase in methanol
production rate is achieved by stabilizing the adsorption of
hydrogen, where a 20-fold increase in the methanol rate is
observed upon a 0.1 eV stabilization. This finding may elucidate
the experimental observation of improved catalytic activity of
ZrO,-supported In,O;,"” as In, 05 in this case is strained, and the
observation that addition of Pd to In,O facilitates the
reaction.””*" Although we find that the stabilization of surface
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Figure 7. Change in the turnover frequency upon the stabilization of
selected intermediates. The simulations were performed under the
same conditions as in Figure 4.

hydrogen increases the rate, we do not find that the rate has a
high sensitivity to the H, dissociation barrier.

B CONCLUSIONS

We have used density functional theory calculations and mean-
field microkinetic modeling to investigate CO, hydrogenation to
CH;0H on In,05(110). The reaction mechanism includes a
direct route for CO, hydrogenation to methanol and the
competing reverse water-gas shift (RWGS) reaction. The
hydrogenation path has been investigated along the route CO,
- HCOO* — HCOOH* — H,COOH* — H,CO* —
H;CO* — CH;0H* — CH;OH. We find that the surface is
covered mainly by HCOO, OH, and H at all temperatures. The
turnover frequency for methanol production is found to take off
at 470 K and reach a maximum at 540 K. The rate for methanol
decreases at higher temperatures and is surpassed by the RWGS
reaction at 580 K. The temperature dependence of the turnover
frequencies is in qualitative agreement with experimental
observations.'” The reaction orders for the methanol synthesis
(RWGS) reaction at 503 K are calculated to be —0.26 (—0.16),
1.09 (—0.02), and —0.30 (—0.12) for CO,, H,, and H,O,
respectively. The results for the reaction orders are in good
agreement with experimental observations.'”

CO, hydrogenation is found to be kinetically controlled by
the H,COOH dissociation to H,CO + OH at all relevant
reaction temperatures (470—670 K), whereas the RWGS is
found to be solely determined by the hydrogenation of CO, to
COOH. Shifting of the chemical equilibrium of the individual
reaction steps reveals that the stabilization of hydrogen
adsorption results in a significant increase in the methanol
production.

The present work provides a fundamental understanding of
the mechanistic aspects of CO, reduction to methanol on In,0;
surfaces and gives handles for the rational design of improved
In,0;-based catalysts.
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