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ARTICLE INFO ABSTRACT
Keywords: Reverse water gas shift (RWGS) catalysis, a prominent technology for converting CO, to CO, is emerging to meet
Reverse water gas shift the growing demand of global environment. However, the fundamental understanding of the reaction mechanism
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is hindered by the complex nature of the reaction. Herein, microkinetic modeling of RWGS on different metals
(i.e., Co, Ru, Fe, Ni, Cu, Rh, Pd, and Pt) was performed based on the DFT results to provide the mechanistic
insights and achieve the catalyst screening. Adsorption energies of the carbon-based species and the oxygen-based
species can be correlated to the adsorption energy of carbon and oxygen, respectively. Moreover, oxygen
adsorption energy is an excellent descriptor for the barrier of CO3 and CO direct dissociation and the difference in
reaction barrier between CO; (or CO) dissociation and hydrogenation. The reaction mechanism varies on various
metals. Direct CO; dissociation is the dominating route on Co, Fe, Ru, Rh, Cu, and Ni, while it competes with the
COOH-mediated path on Pt and Pd surface. The eights metals can be divided into two groups based on the degree
of rate control analysis for CO production, where CO-O bond cleavage is rate relevant on Pt, Pd, and Cu, and
OH-H binding is rate-controlling on Co, Fe, Ru, Ni, and Rh. Both CO-direct dissociation and hydrogen-assisted
route to CHy contribute to the methane formation on Co, Fe, Pt, Pd, Ru, and Rh, despite the significant barrier
difference between the two routes. Besides, the specific rate-relevant transition states and intermediates are
suggested for methane formation, and thus, the selectivity can be tuned by adjusting the energy. The descriptor
(C- and O- formation energy) based microkinetic modeling proposed that the activity trend is
Rh~Ni > Pt~Pd > Cu > Co > Ru > Fe, where Fe, Co, Ru, and Ni tends to be oxidized. The predicted activity trend
is well consistent with those obtained experimentally. The interpolation concept of adsorption energy was used to
identify bimetallic materials for highly active catalysts for RWGS.
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1. Introduction

Steadily rising CO emission produced by human activities results in
negative environmental consequences such as global warming and the
increase of global mean sea level. It is imperative to reduce the emission of
COy. Various carbon capture and storage technologies have been devel-
oped for the reduction of CO5 emission and are employed to capture CO,
from abundant industrial sources such as fossil fuel-fired power plants.
However, the availability of sufficient storage capacity is still an open
question. Researchers have devoted efforts to developing more efficient
approaches, which could employ CO5 to produce fuels, chemicals, and
hydrocarbons [1-3]. The reverse water-gas shift (RWGS) reaction [4-7]
has attracted increasing attention, especially high-temperature RWGS,
which offers further CO-based process to methanol as well as long-chain
hydrocarbons via Fischer-Tropsch synthesis.

Various metals, including Cu, Fe, Ni, Pd, Pt, Rh, and Au, are active for
the RWGS reaction. It is reported that Pd, Ni, and Cu show high catalytic
activity with formate groups as an intermediate by combined in-situ FT-
IR experiments and first principles [7]. Dai et al. reported that CO, RWGS
reaction catalytic activities decrease in the order Ni/CeOy > Cu/CeO2 >
Co/Ce0, > Fe/CeO, [8]. Konsolakis et al. found that CO, conversion
followed the order: Co/CeOy > Cu/CeO; > CeO; [9]. The activity can be
affected by reaction condition, catalyst dispersion, particle size, surface
morphology, and the nature of the oxide support [2,5,10-12], and thus
there is no consensus on the activity trend of various metals. Catalysts
screening of RWGS reaction under the consistent criterion is highly
desired.

Identify the reaction mechanism is essential to develop a more active
and selective catalyst; thus, substantial efforts have been devoted to the
mechanism investigation. Different reaction mechanisms have been
proposed [12-15], for example, direct CO, dissociation, COOH- and
HCOO-mediated mechanism. The reaction mechanism depends on the
specific catalyst and the reaction condition. DFT calculation found that
direct CO, dissociation is favorable on Rh, Ni, and Cu, while the
COOH-mediated route is preferred on Pt and Pd [16]. The direct disso-
ciate barriers can correlate to the oxygen adsorption strength, where the
stronger adsorption of O provides a low CO5 dissociation barrier and
results in the direct dissociation as a favorable route. CO, dissociation
can be followed by CO methanation reaction. Methane reaction is ther-
modynamically favored at low temperature, and high pressure [5],
especially on Ru, Fe, Ni, Co, and Mo based catalyst [10]. CO methanation
can either by CO-direct dissociation route or H-assisted route via HCO or
COH, and it is generally accepted that the H-assisted path is more ener-
getic favorable [17-19]. However, the results were mainly based on the
analysis of DFT calculations performed at 0 K and 0 bar. It is essential to
carry out a microkinetic analysis using temperature and pressure cor-
rected free energy to identify the reaction mechanism and the
rate-control steps at the realistic reaction.

Microkinetic modeling based on DFT calculations is a powerful
technology for the development of new or improved catalysts without
intensive empirical testing. The models enable the incorporation of the
fundamental catalytic surface chemistry into a kinetic model, and they
can provide a fundamental understanding of reaction mechanism in
addition to the prediction of activity and selectivity. Moreover,
descriptor-based microkinetic modeling can correlate the activity to
two simple descriptors and thus accelerate the catalyst screening.
Herein, DFT calculations serve a tool to gain the adsorption energies
and activation energies for the catalytic surface reaction among eight
metals including Co (0001), Ru (0001), Fe (110), Ni (111), Cu(111), Rh
(111), Pd (111) and Pt (111) surfaces. Microkinetic modeling of the
RWGS reaction on each surface was carried out to identify the reaction
pathway and rate-relevant steps. Descriptor-based microkinetic
modeling on the eight metals was performed to predict the activity
trend among various metals and achieve further catalyst screening,
which could substantially contribute to the discovery of the RWGS
catalysts.
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2. Methods
2.1. DFT method

All DFT calculations were performed with the Vienna ab initio simu-
lation package [20-22], where spin polarisation was employed for Fe, Ni
and Co. The exchange-correlation functional was described by using
Bayesian error estimation functional with van der Waals correlation
(BEEF-vdW) [23]. The interaction between ion cores and valence elec-
trons was described by the projected augmented wave (PAW) method
[24], combined with the plane-wave expansion at a kinetic energy cut-off
of 400 eV. M (111), M (110), and M (0001) surfaces were modeled by a p
(3 x 3) unit cell with five layers, and a vacuum of 12 A is set between two
periodic repeated slabs. The bottom two layers were fixed at their cor-
responding bulk positions during the optimization. A5 x 5 x 1 k-point
grid was used to describe the Brillouin zone. The transition state was
located by Dimer method [25], and the vibrational frequencies were
calculated to confirm the transition states with one negative mode cor-
responds to the desired reaction coordinates.

The adsorption energy and activation energy were calculated as
Eodgs = Eaysiab — Ea — Eqqp and E, = Egs — Ejg, respectively, where E4 is
the total energy of the gas phase species, Egyqp is the total energy of the
slab, Ej . gqp is the minimum total energy of molecule adsorbed on the
slab. E7g is the total energy of the transition state, and Ejg is the total
energy of the initial state.

The Gibbs free energy of each specie is calculated by using the
following equation. G = E + Ezpg + AH°(0 — T) — TS , where E refers to
electric energy determined by DFT, Ezp is zero-point energy. H, S, and T
are enthalpy, entropy, and temperature, respectively. The precise
calculation methods for zero-point energy, entropy, and enthalpy of
adsorbed species was based on the harmonic approximation, which has
been reported in the literature [26,27]. The same vibrational frequencies
are employed for all the metals based on the results from Pt (111) since
the variations in zero-point energies for various metal surfaces are
significantly smaller compared with the adsorption energies [28]. The
Gibbs free energies of the gaseous species were calculated with the
Shomate equation, where the corresponding Shomate constants were
reported in the NIST WebBook [29].

2.2. Microkinetic modeling method

The microkinetic modeling was carried out in Catalysis Microkinetic
Analysis Package (CATMAP) [30], which can generate the catalytic trend
based on the descriptor-based microkinetic modeling and is suitable for
catalysts screening [31,32]. Formation energies are inputs to the model,
which were calculated with the total energies of gas-phase CHy4, H20, and
H, as references. The simulation is conducted at T=973 Kand P = 1 atm
with a Hp/CO; ratio of 3. High temperature chemical reactions have
attracted growing attention for the next-generation energy conversion
and storage processes [7]. RWGS reaction is thermodynamically favored
by higher temperatures. Besides, the carbon formation by Boudouard
reaction and methanation are disfavored at high temperatures. A Hy/CO,
ratio of 3 was selected for stoichiometrically conversion CO4 to synthesis
gas with a Hp/CO ratio of 2, a typical ratio for methanol synthesis and
Fischer-Tropsch synthesis. The reaction rates are generated by solving a
mean-field model under the steady-state approximation. The differential
equations in the microkinetic models are the following.

o=k T[0s [[Pi— & [Iou ] [Pa
j J ! 1

9Ois
o
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where 7; is the rate of each elementary step, k;” and k; are the forward
and reverse rate constant, respectively. 0; and 6, are the site coverage of
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surface reactants and products, respectively, while Py and P; are the

pressure of reactants and products, respectively. s; is stoichiometry co-
%

5 equals zero at the steady-
state, and the sum of site converges is constrained to 1. The pre-
exponential factors of all the adsorption steps were calculated by
assuming the sticking coefficient equals 1 [33].

Three different reaction mechanisms were reported [16], namely,
direct CO5 dissociation mechanism, COOH-mediated mechanism, and
the HCOO-mediated mechanism. However, the high stability of HCOO on
the surface makes it a spectator rather than a reactive intermediate [34,
35] and results in high barriers for the decomposition of HCOO [36].
Therefore, we considered two reaction pathways, that is direct dissoci-
ation and COOH-mediated reaction mechanism, as shown in Scheme 1.
Methanation reaction occurs in addition to RWGS reaction, and a better
catalyst should own higher RWGS activity and lower methanation ac-
tivity. Thus, two methane formation pathways are taken into account,
that is, CO direct dissociation and H-assisted CO to HCO and HCOH
followed by dissociation to CH.

efficients of species i in the elementary step j.

3. Results and discussion
3.1. Adsorption energies of different species

The adsorption energies of various surface species on the eight metal
surfaces (i.e., Co (0001), Ru (0001), Fe (110), Ni (111), Cu (111), Rh
(111), Pd (111) and Pt (111) surfaces) are summarized in Table 1. The
adsorption configurations on Co(0001) have been reported in our pre-
vious publications [17,32]. C and O are firmly bound to the surfaces,
indicating the high potential of carbonization and oxidation of the metals
if it is not consumed efficiently in the reactions. Oxygen prefers to stick
on Co (0001), Fe (110), Ru (0001), Ni (111) surfaces, while carbon more
strongly binds to Fe (110), Ru (0001), Pt (111), and Rh (111). CO, CHy,
and HpO weakly adsorbed on the surfaces. Most metal surfaces display
affinity to CO molecule with adsorption energies from —1.48 eV to
—1.82 eV, except for Cu. The adsorption energy of CO on Cu is much
lower than others, indicating that CO is more easily desorb from the
copper surface rather than participates in the following methanation
reactions, which may result in a high CO selectivity.

The adsorption behavior of all the surface species among different
metals can be roughly divided into two groups, namely carbon-based (C,
CO, CH, CH,, CH3, and COOH) and oxygen-based species (O and OH), as
illustrated in Fig. 1. The adsorption energies of C, CH, CHy and CHj
among metal surfaces follow a similar trend, where the adsorption be-
comes weaker in the sequence of Fe, Ru, Rh, Pt, Pd, Co, Ni, and Cu. The
pattern of adsorption energies of CO and COOH slightly deviates from the
CH, species. The adsorption strength of O and OH on different metals
follows a similar trend.

Fig. 2 illustrates that the adsorption energies of CH, CHy, CHs, CHy4, CO,
and COOH are correlated to the adsorption energy of C on the various
surface since these carbon-based species bind with the metal surface via
carbon. The adsorption energies of OH and H»O can be correlated to the
adsorption energy of O. It indicates the adsorption energies can be rep-
resented by two descriptors, such as adsorption energies of C and O [37].

C0,—» CO, */
\

Cco $H20

COOH* — CO*+OH*—»

CO*+ O*— CO*+ OH*—»
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3.2. Activation energies

Table 2 summarizes the forward reaction barriers of elementary steps
in the RWGS reactions on the eight metal surfaces (i.e., Co (0001), Ru
(0001), Fe (110), Ni (111), Cu (111), Rh (111), Pd (111) and Pt (111)
surfaces). Hydrogen gas easily dissociates on the most surfaces except for
Cu. CO, direct dissociation shows barriers smaller than 1.60 eV, indi-
cating CO» tends to dissociate on Co (0001), Ru (0001), Fe (110), Ni
(111), Cu(111), and Rh (111), compared to the hydrogenation of CO, as
illustrated in Fig. 3a. The direct COy dissociation barriers on various
metal surfaces can be correlated to the adsorption energy of oxygen, as
illustrated in Fig. 4a, which is consistent with the previous report [16].
The difference between CO; direct dissociation and CO, hydrogenation
can also be connected to the oxygen adsorption energy. It indicates the
surface with higher oxygen-binding strength tends to direct dissociation
rather than hydrogenation. The hydrogenation of CO; can activate the
CO-0O(H) bond and decrease the CO-O(H) bond dissociation barrier on
Co (0001), Ni (111), Cu(111),Rh (111), Pd (111), and Pt (111) surfaces
compared with the direct dissociation. It is difficult to conclude which is
the dominating reaction pathway of CO, activation based solely on the
comparison of the reaction barriers. Thus, microkinetic modeling is
necessary to be carried out to figure out the reaction mechanism.

The barriers of elementary steps in the two CO methanation pathways
are compared in Fig. 3b. CO direct dissociation (the green column) ex-
hibits high barriers on all the surfaces, and the barriers are higher than
3 eV for the precious metals Pd, Pt, and Cu. Similarly, CO direct disso-
ciation barriers can be correlated to the oxygen adsorption energy, as
displayed in Fig. 4a. CO hydrogenation presents lower barriers compared
to the direct CO dissociation. The barrier difference between CO hy-
drogenation and direct dissociation can also be correlated to the oxygen
adsorption energy, as illustrated in Fig. 4b. C-O bond dissociation in HCO
needs a lower barrier than the direct CO dissociation, and HCO hydro-
genation to HCOH can further decrease the C-O bond cleavage barrier. It
seems that hydrogen-assisted CO dissociation to methane is energetically
favorable on all the metal surfaces. However, the coverage of surface
species also plays an essential role in the determination of reaction rates.
Thus, the hypothesis needs further validation by microkinetic modeling.

3.3. Microkinetic modeling of each metal surface

We performed microkinetic modeling of each metal surface to identify
the reaction mechanism. The reaction rate of each elementary step is
summarized in Table 3. The reaction rate of CO, direct dissociation is
largely higher than COOH-mediated dissociation on Co, Fe, Ru, Rh, Cu, and
Ni, while itis just one order of magnitude higher on Ptand Pd. Therefore, we
can deduce that the direct CO, dissociation is the dominating route on Co,
Fe, Ru, Rh, Cu, and Ni, while the two pathways are competing on Pt and Pd.

As we discussed in the last section, CO direct dissociation seems
impossible to occur due to extremely high barriers. Surprisingly, their
reaction rate of direct CO dissociation is at the same order of magnitude,
or just one order of magnitude smaller than the H-assisted dissociation
via HCO on Co, Fe, Pt, Pd, Ru, and Rh. It indicates the two reaction
pathways for CO methanation compete to occur on these surfaces.

HCO*— HCOH*

~ Y

CH*—> CH,*—> CH;*—> CH,

C*+ O*—> CH*—> CH,*—* CHy*—>CH,

Scheme 1. The elementary steps involved in the microkinetic modeling.
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Table 1
Adsorption energies of various surface species on the eight metal surfaces (i.e., Co (0001), Ru (0001), Fe (110), Ni (111), Cu (111), Rh (111), Pd (111) and Pt (111)
surfaces).
No. Species Co Fe Pt Pd Ru Rh Cu Ni
1 CO, —0.16 —0.65 —-0.17 -0.17 -0.37 -0.17 —0.15 -0.16
2 Cco —1.48 -1.71 —1.49 -1.79 -1.75 —-1.82 —0.54 —-1.66
3 H,0 -0.30 -0.33 -0.30 -0.29 —0.41 -0.35 -0.21 -0.29
4 OH —3.48 —4.05 —2.36 —2.47 -3.40 —2.95 -3.05 -3.25
5 [¢] —-5.49 —6.32 —4.13 —4.21 —5.81 —5.02 —4.54 -5.20
6 trans-COOH —2.22 —2.80 —2.40 -2.15 —2.64 —2.54 —-1.59 —2.20
7 CHy4 —0.12 -0.12 -0.14 -0.14 -0.13 -0.13 —0.12 -0.13
8 CH3 -1.70 —-1.89 —2.01 -1.65 -1.89 -1.70 -1.15 —-1.60
9 CHy —-3.54 —4.03 —-3.94 —-3.53 —4.02 -3.83 —2.64 -3.57
10 CH —5.64 —6.37 —6.26 -5.77 —6.37 —6.25 —4.23 —5.72
11 C —6.42 —7.54 —6.81 —6.52 -7.27 —6.99 —4.39 —6.35
12 H —2.72 —2.93 —2.64 —2.74 —2.81 —-2.73 —2.40 —-2.72
a 100 b o0
- C CH CH, o) OH
000 F . CH, - CO e COOH 0.00 |
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Fig. 1. The adsorption energies of (a) carbon-based species and (b) oxygen-based species among the different metal surfaces Co (0001), Ru (0001), Fe (110), Ni (111),

Cu (111), Rh (111), Pd (111) and Pt (111).
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Fig. 2. (a) The adsorption energies of CH, CH,, CHs, CHy4, CO, and COOH are correlated to the adsorption energy of C, (b) The adsorption energies of OH and H,O are

correlated to the adsorption energy of O on the various metal surfaces.

Moreover, the HCOH dissociation to CH even owns a lower reaction rate
than the direct CO dissociation on Co, Fe, Pt, Pd, Ru, and Rh, despite that
the barrier of HCOH to CH is much lower, which may be due to the low
coverage of hydrogen. The hydrogen-assisted pathway is the dominating
route on Cu and Ni surfaces.
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Degree of rate control analysis is a powerful tool to identify the

influential transition states, and thus a higher reaction rate can be ach-
ieved by adjusting their energies [38,39]. The degree of rate control of
each intermediate and transition state to the CO consumption rate and
the products (CO and CHy4) generation rate were calculated based on the
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Table 2
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Forward reaction barriers of elementary steps in the RWGS reactions on the eight metal surfaces (i.e., Co (0001), Ru (0001), Fe (110), Ni (111), Cu (111), Rh (111), Pd
(111) and Pt (111) surfaces).

No. Elementary step Co Fe Pt Pd Ru Rh Cu Ni
1 Ha(g) + 2% — 2H* 0.20 —0.05 0.04 0.19 —0.11 —0.08 1.21 0.29
2 COy* + H* - COOH* + * 1.18 1.17 0.64 1.04 1.17 0.87 1.74 1.16
3 COOH* + * - CO* + OH* 0.30 0.32 0.60 0.60 0.41 0.51 0.26 0.38
4 COy* + * —» CO* + O* 0.33 0.00 1.26 1.51 0.28 0.55 1.36 0.66
5 O* + H* - OH* + * 1.20 1.57 0.84 1.04 1.64 1.25 1.04 1.20
6 H* + OH* —» H,0* + * 1.47 1.93 0.21 0.70 1.30 0.92 1.23 1.27
7 CO*+*->C*+0 2.28 1.27 3.42 3.78 2.06 2.78 3.71 2.82
8 C* + H* - CH* + * 0.86 0.97 0.70 1.10 1.38 0.83 0.78 0.87
9 CH* + H* — CHy* + * 0.54 0.78 0.73 0.93 0.93 0.65 0.63 0.64
10 CHy* + H* - CH3* + * 0.49 0.82 0.57 0.75 0.77 0.47 0.60 0.66
11 CHs* + H* — CHa(g) + 2* 0.90 1.14 0.83 0.66 0.93 0.57 0.73 0.70
12 CO* + H* - HCO* + * 1.07 0.93 0.94 1.60 1.07 1.28 0.99 1.28
13 HCO* + * - CH* + O* 0.70 0.49 2.07 2.05 0.85 1.31 1.68 1.05
14 HCO* + H* - HCOH* + * 1.47 1.79 0.35 1.00 1.23 0.98 0.83 1.18
15 HCOH* + * — CH* 4+ OH* 0.54 0.17 1.09 1.20 0.35 0.63 1.07 0.68
a b
2.00 4.00
' CO-0 " CO,+H CO-OH CO+H mC-O  CH-O ' HC-OH
3.50 [
1.
% % % 3.00 |
B B
250 |
o 100 ©
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Fig. 3. (a) Forward barriers of CO-O bond cleavage, CO, + H bond binding, and CO-OH bond cleavage. (b) Forward barriers of CO + H bond binding, C-O, CH-O and
HC-OH bond cleavage on Co (0001), Ru (0001), Fe (110), Ni (111), Cu (111), Rh (111), Pd (111) and Pt (111) surfaces.
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Reaction barrier differences between the direct dissociation and hydrogenation for CO5 (CO2* + * — CO* + O* and CO5* + H* — COOH* + *) and CO (CO*
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Table 3

The reaction rate of elementary steps of RWGS for eight metal surfaces at 973 K and 1 bar with a H,/CO ratio of 3.
Steps Co Fe Pt Pd Ru Rh Cu Ni
CO2(g) + * — CO2* 5.0 9.6 x 1078 2.5 1.0 x 107! 1.8 x 1072 1.5 x 10? 39 x 107! 1.1 x 10?
Hy(g) + 2* — 2H* 5.0 9.6 x 1078 2.5 1.0 x 107! 1.8 x 1072 1.5 x 10% 3.9 x 107! 1.1 x 10?
CO,* + * — CO* 4 O* 5.0 9.6 x 1078 1.6 7.6 x 1072 1.8 x 1072 1.5 x 102 39x 107! 1.1 x 10%
COy* + H* - COOH* + * 9.1 x107° 2.4 x 1071 9.5 x 107! 2.9 x 1072 1.1 x10°° 1.3 x 107! 1.3 x 1077 2.5 x 1073
COOH* + * — CO* + OH* 9.1 x10°° 2.4 x 101 9.5x 107! 2.9 x 1072 1.1 x10°° 1.3x 107! 1.3x 1077 2.5 x 1072
O* + H* - OH* + * 5.0 9.6 x 1078 1.6 7.6 x 1072 1.8 x 1072 1.5 x 102 39x 107! 1.1 x 10%
H* 4+ OH* — Hy0* + * 5.0 9.6 x 1078 2.5 1.0 x 107! 1.8 x 1072 1.5 x 10% 39 x 107! 1.1 x 10%
Hy0* + * — Hy0(g) + 2% 5.0 9.6 x 1078 2.5 1.0 x 107! 1.8 x 1072 1.5 x 10% 39 x 107! 1.1 x 10?
CO* — CO(g) + * 5.0 9.6 x 1078 2.5 1.0 x 10! 1.8 x 1072 1.5 x 10% 3.9 x10°! 1.1 x 10?
CO* 4 * —» C* 4 O% 6.2 x 10710 35 x 107 1.8 x 10718 6.1 x 1072 5.3 x 107% 1.3 x 10712 8.2x 107 % 9.1 x 1071
CO* 4 H* — HCO* 9.4 x1071° 1.3 x 10728 1.7 x 10714 6.1 x 1071 5.8 x 1071 9.6 x 10712 3.5 x 107 2.4 x10°18
HCO* + * — CH* + O* 9.4 x 1071 1.3 x 10728 6.3 x 107" 7.0 x 1072 5.8 x 107" 7.7 x 10712 3.3 x 107" 2.4 x10°13
HCO* + H* — HCOH* + * 1.9 x 1072 2.6 x 1073 1.7 x 10714 5.4 x 1071 1.1 x 1072 1.9 x 10712 2.1 x 10718 45 x 10710
HCOH* + * — CH* 4 OH* 1.9 x 1072 2.6 x 1073 1.7 x 10714 5.4 x 1071 1.1 x 1072 1.9 x 10712 2.1 x10°18 4.5 x 1071°
C* + H* — CH* + * 6.2 x 1071° 3.5 x 10°% 1.8 x 10718 6.1 x 107 53 x 107" 1.3 x 10712 8.2 x 10 % 9.1 x10°1°
CH* + H* — CHp* + * 1.0 x 10714 1.7 x 10728 1.7 x 10714 6.1 x 1071 1.1 x 1078 1.1 x 107! 3.5 x 107" 25 x 10718
CH,* + H* — CH3* 4 * 1.0 x 1071* 1.7 x 10728 1.7 x 1071* 6.1 x107%° 1.1 x 10718 1.1 x 10711 35 x107Y 2.5 x 10718
CHs* + H* — CHa4(g) + 2* 1.0 x 10714 1.7 x 10728 1.7 x 10714 6.1 x 107" 1.1 x 10718 1.1 x 1071 3.5 x 107 25x 10713

following equation. Xj; is the degree of rate control matrix, r; is the rate of
production for product i, G; is the free energy of species j, k is Boltzmann's
constant, and T is the temperature.

_ dlog(r;)
B d(= 6 /i)

We summarized the most influential transition states and in-
termediates in Table 4. The same rate-determining steps are observed for
the CO, conversation rate and CO production rate. It is elucidated that
H-OH or CO-O is the rate-determining transition state, despite that the
exact value varies on various metals. The eights metals can be divided
into two groups based on the rate-determining step. CO-O bond cleavage
is rate-determining on Pt, Pd, and Cu, owing to the high barrier on the
surfaces, while OH binding with H to H»O is rate-determining on Co, Fe,
Ru, Ni, and Rh. A negative degree of rate control of CO; binding energy is
found on Co, Fe, and Ru, while O on Ru and Ni. The negative value in-
dicates that decrease the adsorption stability of the surface species could
increase the activity.

Additional rate-determining states or intermediates can affect the
methane formation rate, in addition to the same rate-determining step
with COy consumption rate. CO desorption has a negative effect on the
methane formation on Co, Pt, and Cu, while O on Co, and Fe. CH3-H bond
cleavage is the rate-relevant one for Co, Fe, and Ru, which is attributed to
the higher barrier of the step. HC-OH bond cleavage is rate-controlling for
Pt and Pd, HC-O for Rh and Cu, and CHx-H for Ni. These specific rate-
relevant steps for methane is also the rate-controlling steps for methane
selectivity. Tuning the energies for the particular rate-relevant transition
states and intermediates can modify methane selectivity.

3.4. Descriptor based microkinetic modeling of all metals

The descriptor-based microkinetic modeling is a versatile tool to
predict the catalyst activity trend and achieve catalyst screening. As we

discussed, the adsorption energies of different surface species can be
correlated to the carbon or oxygen binding energy. Thus, we employed
the formation energy of C* and O* as two descriptors to describe the
reaction kinetics of RWGS. Brgnsted-Evans-Polanyi [40,41] relations
were employed for transition-state scaling relations of all the steps except
CO, and CO dissociation. CO5 and CO dissociation are correlated to the
final state in our setting since the barrier can be connected to the oxygen
binding energy, as we discussed above.

O and H are the abundant surface species at the reaction condition
973 K, as displayed in Fig. 5. Talin et al. reported that the most abundant
surface species are CO and H at 500 K [13]. The contrary is due to the
modelings were performed at different temperatures. CO desorption
becomes much easier compared to the CO dissociation or hydrogenation
at high temperatures. Fe, Co, Ru, and Ni are covered by oxygen, indi-
cating these surfaces are oxidized at this reaction condition, which is
attributed to the strong bonding between oxygen and metal and the high
barrier of oxygen hydrogenation on these surfaces.

The activity of CO formation is in the sequence of Rh~Ni >
Pt~Pd> Cu > Co > Ru > Fe, which is consistent with the experimental
result from Dai et al. [8]. They reported that RWGS reaction catalytic
activities are ranked as follows: Ni-CeO, > Cu-CeO; > Co-C
e0y > Fe-CeO,. The turnover frequency of methane formation is many
orders of magnitude smaller than CO formation, and the activity trend of
CH4 formation is in the sequence of Rh~Ni > Pt~Pd~Co > Cu >
Ru > Fe.

We can find that CO selectivity is almost 100% for all the metals at
high temperatures, which agrees with the experimental result performed
at high temperatures [7]. They reported that CO selectivity of Pd and Cu
achieve 100% CO selectivity at 973 K with Hy/CO = 3, while it is slightly
lower than 100% on Ni. Increasing the temperature or decreasing the
Hy/CO ratio can achieve 100% CO selectivity on Ni. Moreover, we
calculated the ratio between the CO formation rate and methane for-
mation rate (CO/CHy) and plotted the descriptor-based ratio mapping.
CO/CHy4 ratio selectivity ranks as follows: Cu~Fe > Ru~Pt~Pd >

Table 4
Degree of rate control analysis for the CO, consumption rate as well as CO and CHy4 production rate.
Co Fe Pt Pd Ru Rh Cu Ni
CO, and CO H-OH: 1.84 H-OH: 1.98 CO-0: 0.62 CO-0: 0.72 H-OH: 1.99 H-OH: 0.02 CO-0: 1.00 H-OH: 0.25
CO,: -0.78 CO,: -1.02 COy: -1 0:-0.23
0:-2
CHy4 CH3-H: 0.97 H-OH: 3.94 CO-0: 0.62 CO-0:0.73 CH3-H: 0.96 CH-0: 0.49 CO-0:0.91 CH,-H: 0.60
H-OH: 3.97 CH3-H: 0.95 HC-OH: 0.99 HC-OH: 0.88 H-OH: 4.02 H-OH: 0.30 HC-O: 0.86 H-OH: 1.38
CO,: -2.82 CO,: -3.05 CO: -1.02 CO,: -2.98 CO: -1 CO,: -0.4
CO0: 0.89 0O: -3.05 0:-2.97 0: -0.46
0: -2.68
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Fig. 5. Site coverages of O and H in RWGS on Co (0001), Ru (0001), Fe (110), Ni (111), Cu (111), Rh (111), Pd (111), and Pt (111) surfaces at 973 K and 1 bar with

H,/CO = 3.

Co > Ni > Rh, which is consistent with the experimental results. Chen
et al. found that the trend of CO/CHj4 ratio is Pt > Co > Ni. [42].

Fig. 6 demonstrated that the most active catalysts own the carbon
formation energy and the oxygen formation energy around 1.64 and
0.24 eV, respectively. The interpolation concept of adsorption energy
was used to search for potentially interesting bimetallic catalysts [43,44].
We performed DFT calculations to get the carbon and oxygen formation
energies on hundreds of A3B type bimetal terrace surfaces, where M and
N represent metals. As we found above, the methane selectivity is very
low for all the metals. Thus only the energies close to the predicted op-
timum carbon and oxygen formation energies are interesting to us, as
shown in Fig. 7. We identified potential bimetals with high activity, that
is, CusNi, Ir3Sn, PdsCo, Pt3Co, PtsRh, Pt3Sc, and Rhs (Sc/Ga/Ge/I-
n/Ir/Ni/Zn). PtCo has been reported to be highly active for the RWGS in
the literature [42,45]. CusNi is identified as to allow cost and highly
active catalysts, which has recently been demonstrated by Xiao and co-
workers [46]. The other catalysts need further experimental validation.

4. Conclusion

The adsorption behavior of all the surface species on different metals can
be split into two groups, carbon-based and oxygen-based species. Each
group follows a similar trend among metals, which indicates that two de-
scriptors can represent the adsorption energies of various species. It is
difficult to identify the dominating route for CO, dissociation to CO by
solely comparing the reaction barriers. In contrast, hydrogen-assisted CO
dissociation to methane is energetically favorable on all the metal surfaces.

The microkinetic modeling suggested that the direct CO dissociation
is the favorable pathway on Co, Fe, Ru, Rh, Cu, and Ni, while it competes
with the COOH-mediated route on Pt and Pd. CO direct dissociation and
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Fig. 7. The potential bimetal catalysts for high-temperature RWGS. It is noted
that some potential ones are not labelled here for the sake of clarity.

H-assisted pathways for CO methanation compete to occur on Co, Fe, Pt,
Pd, Ru, and Rh, despite that the high barriers of CO direct dissociation. It
demonstrates that it is appropriate to identify the reaction mechanism by
performing microkinetic modeling rather than exclusively comparing the
reaction barrier.

The degree of rate control analysis demonstrates that the rate-
determining step varies on different surfaces. CO-O bond cleavage is

CO/CH,
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Fig. 6. Predicted activity for CO and CHy4 formation and CO/CH,4 ratio (defined as the ratio between CO formation rate and CH4 formation rate) in RWGS on Co
(0001), Ru (0001), Fe (110), Ni (111), Cu (111), Rh (111), Pd (111) and Pt (111) surfaces at 973 K and 1 bar with H,/CO = 3.
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the rate-determining on Pt, Pd, and Cu, while OH binding with H to H,O
is rate-determining on Co, Fe, Ru, Ni, and Rh. Methane formation has an
additional rate-controlling step, which is CHs-H bond cleavage for Co,
Fe, and Ru, HC-OH for Pt and Pd, HC-O for Rh and Cu, and CH,—H for Ni.
The methane selectivity can be hindered by adjusting the surface prop-
erties to increase the barrier of the rate-determining step for
methanation.

Two-dimensional volcano plots were constructed by coupling the
scaling relations in a microkinetic model using C- and O- formation energy
as descriptors. The microkinetic modeling elucidates that the activity trend
of CO formation is in the sequence of Rh~Ni > Pt~Pd > Cu > Co > Ru > Fe,
which agrees with the reported experimental results. Moreover, the model
suggests that Fe, Co, Ru, and Ni tend to be oxidized at the reaction condition.
We also constructed volcano plots of the ratio of CO/CHj, as a function of the
two descriptors. The two-dimensional volcano plots were used to search for
new alloy catalysts of high activity and low selectivity to methane, based on
the interpolation concept of adsorption energy. As a result, several bime-
tallic catalysts were identified to be potentially interesting catalyst mate-
rials, where the CugNi was screened as a candidate with a low cost and high
activity.
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