#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

The reverse water gas shift reaction (RWGS)
mechanism study on the y-MoC(100) surfacet

i ") Check for updates ‘

Cite this: RSC Adv., 2025, 15, 460
Xiaoshu Yao, Zhihong Wei, ©* Jingyuan Mei, Xianhui Guo and Xinxin Tian & *

CO, conversion and reuse technology are crucial for alleviating environmental stress and promoting carbon
cycling. Reverse water gas shift (RWGS) reaction can transform inert CO, into active CO. Molybdenum
carbide (MoC) has shown good performance in the RWGS reaction, and different crystalline phases
exhibit distinct catalytic behaviors. Here, we performed a systematic study on the RWGS reaction
mechanism on the hexagonal-phase y-MoC(100) surface by using density functional theory (DFT). It is
found that the redox mechanism, i.e. the direct dissociation of CO,, is the dominant pathway. CO firstly
adsorbs on the surface with an adsorption energy of —2.14 eV, and then dissociates into CO* and O*
with a barrier of 0.83 eV. Surface O* hydrogenating into OH* has a high barrier of 2.15 eV. OH* further
hydrogenating into H,O* has a barrier of 1.48 eV, and the disproportionation of OH* considerably lowers

Received 9th December 2024 this value to 0.06 eV. However, the desorption of product CO is particularly challenging due to the large
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energy demand of 3.06 eV. This characteristic, in turn, provides feasibility and opportunity for CO, to

DOI: 10.1035/d4ra08671f serve as a potential alternative carbon source for CO on the y-MoC(100) surface. In contrast, other Mo-
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1 Introduction

Currently, the prevalent view is that greenhouse gases emitted
by human activities are the primary cause of global climate
change,"” with CO, being the most significant component
among these gases.>* Consequently, reducing CO, emissions
and achieving its conversion and reuse are essential methods
for addressing the environmental threats posed by its excessive
atmospheric concentration.*® As an abundant, renewable, and
inexpensive C1 resource, converting inert CO, into reactive CO
is a key process for reuse after its capture. The CO or syngas
produced from this process can be coupled with Fischer-
Tropsch synthesis or carbonylation reactions to convert CO, ****
into hydrocarbon liquid fuels or high-value chemicals such as
aldehydes, alcohols, carboxylic acids and esters,>*'*** thereby
realizing the carbon cycling. Therefore, developing key tech-
nologies for CO, conversion has attracted extensive research.
The reverse water gas shift (RWGS) reaction is an effective
means of converting CO, into CO (CO, + H, — CO + H,0,
AH,o5¢ = 41.1 k] mol").*#** This reaction skillfully circumvents
the complex technical challenges and high energy costs asso-
ciated with the direct conversion of CO, into liquid hydrocar-
bons, demonstrating significant potential in the field of carbon
recycling. Advances in the RWGS process have focused on
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based catalysts such as hexagonal MoP and cubic a-MoC have better RWGS catalytic efficiency.

improving catalyst efficiency, reducing energy consumption,
especially the exploration of new catalytic materials and reac-
tion conditions that enhance CO selectivity and conversion
rates.'®”

Transition metal carbides (TMCs) are a class of materials
with unique electronic structures and noble-metal-like
properties.’*?° They are inexpensive and abundant, and have
been widely studied as promising alternative catalysts for noble
metal catalysts or supports.**> Molybdenum carbide (MoC), as
a typical representative of TMC catalysts, has shown good
performance in RWGS reaction, including high activity, selec-
tivity towards CO, and resistance to coking.”*** Especially, MoC
catalysts can operate effectively at lower temperatures than
traditional metal-based catalysts, while maintaining good
stability.** The inherent properties of MoC, such as its ability to
activate CO, and H,, make it a promising candidate for RWGS
applications.

MoC exists in various crystalline structures,® including
hexagonal and cubic forms, each exhibiting distinct catalytic
behaviors in the RWGS reaction. The face-centered cubic a-MoC
catalyst (also known as 3-MoC in some literature) exhibits
excellent water dissociation capabilities, producing numerous
hydroxyl groups on its surface during the reaction. Metals
loaded on the a-MoC support can be highly dispersed or form
stable single-atom catalysts through strong interactions with
the support, creating new active sites at the interface. Conse-
quently, high reaction activity for the WGS/RWGS reaction can
be observed even at low temperatures.**~>° For hexagonal phase,
Wang et al.** calculated the adsorption of hydrogen on different

© 2025 The Author(s). Published by the Royal Society of Chemistry
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surfaces of hexagonal phase Mo,C under various coverages
using density functional theory (DFT) and found that the
dissociative adsorption of H, on the Mo termination of (001)
and (100) surfaces, as well as Mo/C mixed termination of (101)
and (201) surfaces, is kinetically and thermodynamically
favorable. The results show that MoC has excellent ability to
activate H,. Zhang et al.** synthesized Cu/B-Mo,C catalysts by
using B-Mo,C as support, which significantly promoted the
uniform dispersion of Cu on the surface of f-Mo,C and avoided
the deactivation of the catalysts due to sintering at high
temperatures, thus exhibiting high RWGS catalytic activity and
excellent stability. Galallah et al.** prepared Mo,C@CN using
carbon-nitride (CN) as the support, achieving a CO, conversion
rate of approximately 76% at 700 °C, with high CO selectivity
(87%) and very low CH, selectivity (2%). The addition of
potassium as a promoter further improved the selectivity for CO
to 99%. This outcome exemplifies the remarkable RWGS reac-
tion activity.

v-MoC, similar to f-Mo,C, is a hexagonal-phase MoC?** and its
crystal surfaces exhibit typical metallic properties, resulting in
high electrocatalytic performance. It shows outstanding
hydrogen evolution reaction (HER) and oxygen evolution reac-
tion (OER)* activity. Compared to the extensive research on its
electrochemical activity, there is little research on its RWGS
activity or other thermal catalytic reaction, partly due to the poor
thermal stability of this phase at high temperatures. In 2014, -
MoC was successfully prepared as a stable pure nanomaterial for
the first time.*® Further exploration of the RWGS reaction activity
on this y-MoC therefore has become valuable. This work aims to
study the RWGS reaction mechanism on y-MoC through DFT
calculations, and the Mo-terminated y-MoC(100) surface was
used as the model. Based on the DFT results, the RWGS activity
of y-MoC is further compared with a-MoC, MoP and metallic Mo.

2 Computational methods and
models
2.1 Calculation methods

All calculations in this work were performed using the DS-PAW
package which is based on the projector augmented wave (PAW)
pseudopotential.*® The Perdew-Burke-Ernzerhof (PBE) func-
tional with the generalized gradient approximation (GGA) was
adopted.** The plane-wave cutoff energy was set to 400 eV. For
structure relaxation, the force tolerance and energy difference
were respectively set to lower than 0.02 eV A" and 10™* eV. All
the energies in this work included zero-point energy (ZPE)
correction. Transition state calculations were done using the
NEB method within DS-PAW.

The adsorption energy E,q4s of species on the catalyst surface
is defined as:

Eads = Eustab) — Ev) — Estab)

where E(y/s1ap) Tepresents the total energy of species x adsorbed
on the catalyst surface, E(y) is the energy of species x in the gas
phase, and E(gap) is the energy of the clean surface.
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Fig. 1 Top and side views of the y-MoC(100) surface (blue and gray
balls represent Mo and C atoms, respectively).

2.2 Model

A WC-type y-MoC was chosen and the bulk parameters after
optimized were found to be @ = b = 2.93 A and ¢ = 2.84 A, which
were in good agreement with experimental results.*>** The Mo-
terminated (100) surface that has only Mo atoms exposed was
selected. A p(3 x 3) supercell with eight atomic layers was used
as the model (Fig. 1), and the bottom four layers of the model
are fixed, and the top four layers are allowed to relax. In order to
avoid strong interactions between the layers, the vacuum layer
was set to 15 A. The Brillouin zone was sampled by Monkhorst—
Pack scheme using 3 x 3 x 1 k-points grids.

3 Results and discussion

3.1 Adsorption of RWGS intermediates on y-MoC(100)
surface

The RWGS reaction may commonly follow four primary mech-
anisms.*®*** Among them, the carbonate mechanism is generally
more favorable on oxide catalyst surfaces, particularly on basic
oxides and transition metal oxides.?®****® Due to the nature of
MoC catalyst surface, surface O can only be obtained from
dissociation of CO,, and the combination of CO, and O is
endothermic by at least 1.61 eV (Fig. S1t). The energy is
considerably high. Therefore, detailed carbonate mechanism
was not considered in this work, and only the other three
mechanisms were discussed in the following. As shown in
Table 1, the first one is the redox mechanism, also known as the
direct dissociation mechanism, where CO,* directly dissociates
into CO* and O* species (R2), H, does not directly participate in
CO, reduction, just reduces the surface O* atom to form H,0*
(R10 and R11). The second one is carboxy mechanism, which
dissociated H* reacts firstly with CO,* to form COOH* inter-
mediate (R3), and then COOH* undergoes one or two step
decomposition reactions to generate CO* (R4-R6). The third
one is formate mechanism, which dissociated H* reacts firstly
with CO,* to form HCOO* intermediate (R7), and then HCOO*
undergoes two step decomposition reactions to generate CO*
(R8 and R9).

As shown in Table 1, 10 main intermediates, including CO,,
H,, CO, H,0, C, H, O, OH, COOH and HCOO are involved in
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Table 1 The elementary steps involved in the RWGS mechanisms
(* denotes the catalyst active site or the surface-adsorbed species)
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Table 2 The most stable adsorption site and the adsorption energy
(Eags, €V) of each intermediate on the y-MoC(100) surface

Mechanism Label Elementary reaction
Redox mechanism RO CO,* +* — CO,*
R1 H, +2* — H* + H*
R2 CO,* + * - CO* + O*
R10 O* + H* — OH* + *
R11 OH* + H* — H,0% + *
Carboxy mechanism RO CO, + * = CO,*
R1 H, +2*¥ — H* + H*
R3 CO,* + H* — COOH* + *
R4 COOH* + * —» CO* + OH*
R5 COOH* + * — COH* + O*
R6 COH* + * — CO* + H*
R10 O* + H* —» OH* + *
R11 OH* + H* — H,0* + *
Formate mechanism RO CO, + * = CO,*
R1 H, + 2*¥ — H* + H*
R7 CO,* + H* — HCOO* + *
R8 HCOO* + * - CHO* + O*
R9 CHO* + * —» CO* + H*
R10 O* + H* — OH* + *
R11 OH* + H* — H,0* + *

these three mechanisms. We first studied the adsorption of
these intermediates on the y-MoC(100) surface. The configu-
rations of these intermediates at the most stable adsorption site
are shown in Fig. 2. Table 2 lists the adsorption energy and the
corresponding adsorption site of each intermediate.

As shown in Fig. 2, on the y-MoC(100) surface, CO, and CO
preferentially adsorb at the hollow sites, interacting with the
surrounding Mo atoms through their C and O atoms, and in the
chemisorbed state, CO, is transformed from a linear to a bent
structure. H, molecule stably adsorbs parallel to the surface at
the Mo top site, while H,O stably adsorbs at the Mo-Mo bridge
site. The most stable adsorption sites for C and O are the hollow
sites, whereas H species locates at the bridge site. OH adsorbs

¥-MoC(100)

Species Site Eqaqgs

C Hollow —10.33
H Bridge —0.74
(0] Hollow —4.50
CO, Hollow —2.14
H, Top —-0.51
cO Hollow —3.06
H,0 Bridge —0.84
OH Hollow —5.05
COOH Hollow —4.29
HCOO Hollow —5.47

vertically at the hollow site, with O interacting with the 4
surrounding surface Mo atoms. Both COOH and HCOO adsorb
at the hollow sites and interact with the surface through both C
and O atoms. For the convenience of comparison with future
experimental infrared spectral data, the calculated vibration
frequencies of different intermediates are afforded (Table S17).

3.2 RWGS reaction mechanism on y-MoC(100) surface

The reaction begins with the adsorption of CO, and H, on the
catalyst surface. CO, adsorbs at the hollow site formed by four
surface Mo atoms with E,qs = —2.14 eV, while H, adsorbs at the
Mo top site with E,qs = —0.51 eV. Subsequently, H,* undergoes
dissociation (R1), with the dissociation energy barrier of only
0.08 eV (Table 3) and the process is exothermic by 0.87 eV.
Therefore, we deduce that the H, molecule is very easy to
dissociate and surface H* is abundant. Our previous studies of
RWGS on Mo and MoP catalysts***® suggested redox mecha-
nism is more preferable, therefore, we calculated mainly redox
mechanism on the y-MoC(100) surface while considering the
possibility of CO, direct hydrogenation into COOH* or HCOO*,

Fig.2 The most stable adsorption configurations of intermediates on the y-MoC(100) surface (blue, red, white and gray balls represent Mo, O, H
and bulk-C atoms, respectively. To distinguish the C atoms in the adsorbate, they are represented in black balls).
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Table 3 Energy barriers (E,, eV), reaction energies (£, eV) and bond
lengths (d, A) of transition states in RWGS reaction on the y-MoC(100)
surface

¥-MoC(100)

Label Elementary reaction E, E, d

R1 H,* —» H* + H* 0.08 —0.87 1.173

R2 CO,* — CO* + O* 0.83 —2.04 1.866

R3 CO,* + H* — COOH¥* 1.66 1.19 1.352

R7 CO,* + H* — HCOO* 0.62 0.27 1.673

R8 HCOO* — CHO* + O* 1.13 —1.59 1.919

R10 O* + H* —» OH¥* 2.15 1.52 1.239

R11 OH* + H* — H,0* 1.48 1.33 1.244

R12 OH* + OH* — H,0* + O* 0.06 0.15 1.257/1.168

i.e. the initial steps of the carboxy and formate mechanisms.
The potential energy surface based on the calculation results is
shown in Fig. 3. The initial states (IS), transition states (TS) and
final states (FS) of the RWGS elementary steps on the vy-
MoC(100) surface are shown in Fig. 4.

In the redox pathway, CO, initially adsorbs at the hollow site
as the IS2, as shown in Fig. 4. After passing through the tran-
sition state TS2, one of the C-O bonds is broken, forming co-
adsorbed CO* and O* on the surface with the dissociation
energy barrier of 0.83 eV. Subsequently, the hydrogenation
process of O* to form OH* has a high barrier of 2.15 eV, and is
endothermic by 1.52 eV, indicating that the formation of OH* is
relatively difficult. The reaction energy barrier for the further
hydrogenation of OH* to form H,O* is 1.48 eV, and the reaction
is endothermic by 1.33 eV. Notably, H,O* can also be obtained
by the disproportionation of OH* (20H* — H,0* + O*), with
the barrier significantly reduced to 0.06 eV. The results prove
that H,O* formation is more likely through the disproportion-
ation pathway.

In contrast, through the carboxy mechanism pathway, the
energy barrier of CO,* hydrogenation to form COOH* is 1.66 eV,
and the reaction is endothermic with E. = 1.19 eV. The barrier is
considerably higher than that of redox pathway. However,
through the formate mechanism pathway, the H* interacts with
the C atom of CO,* to form HCOO* species, with a barrier of
only 0.62 eV, which is still lower than that of CO,* direct

Energy (eV) = Redox pathway
=== Carboxy pathway CO(g)+H,0(g)
000 = Formate pathway ’o 96
CO,(g)+Ha(9) 0.4
) CO(g)+H,0(g)+0*
TS3
-2.07 2.19
TS2 -2.54
279 = S8 280 pos
== COOH"+H — —
360 L7 2.9 332 TS comh,0f
3,62 '’ Ts7 ° HCOO+H 371 CO*+OH*+0*
g 434/

-3.73 | v y,
il FTIN B a2
: by 1812 CO*+H,0%+0"
CO*+OH"+OH"

CHO*+O*+H*

CO*+0*+2H*

Fig. 3 The potential energy surface of RWGS reaction on the vy-
MoC(100) surface.
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dissociation (0.83 eV). Although this step is kinetically advan-
tageous, it is endothermic by 0.27 eV, which is thermodynam-
ically unfavored compared to the strongly exothermic process of
CO,* direct dissociation. Furthermore, the further dissociation
of HCOO* needs to overcome a barrier of 1.13 eV, which makes
the formate mechanism more difficult. Interestingly, Bader
charge analysis showed that, the charge of C and O atom in
CO,*is +0.49¢ and —1.05¢, respectively. The charge of surface H
is —0.46e. As the configuration of CO, is transformed from
a linear to a bent structure in the chemisorbed state, its HUMO
and LUMO orbitals also changed correspondingly. As shown in
Fig. S2,1 the HUMO orbital is mainly contributed by O atoms
while the LUMO orbital is mainly contributed by C atom.
Therefore, the negatively charged surface H can easily interact
with the LUMO orbital of bent CO,, that is, H attacks C to
undergo nucleophilic reactions and generate HCOO*. On the
contrary, it is very difficult for surface H to attack O, which is
also negatively charged, and interact with the LUMO orbital of
bent CO,. This also explains why CO,* hydrogenation into
COOH* has much higher barrier than into the HCOO* species.
Just as shown in Fig. 3, the redox pathway is more favorable
than the other two pathways, and may be the mechanism with
the greatest contribution of RWGS reaction on y-MoC(100)
surface. Considering the whole reaction process, it is found that
the CO desorption from the surface requires a substantial
energy of 3.06 eV. The huge energy gap made this desorption
very difficult, and it is rational to deduce that the further
dissociation or hydrogenation of CO* is much possible. We
suppose that with the RWGS reaction, CO, can be directly used
as a substitute carbon source for CO on the y-MoC(100) surface
for further reaction, without firstly generating CO and then
cascade other reactions.

3.3 Comparison of y-MoC and other Mo-based catalysts

We have previously investigated the RWGS reaction mechanism
on the Mo(100) and MoP(100) surfaces.**® Comparing the
results on these three surfaces (Fig. 5), it can be seen that the
adsorption energies of CO, on the y-MoC(100) and Mo(100)
surfaces are higher than that on the MoP(100) surface. The
order of adsorption energy is: MoP(100) (—1.20 eV) < y-
MoC(100) (—2.14 eV) < Mo(100) (—2.54 eV). The dissociation
energy barriers of CO,* on these three surfaces follow the order:
MoP(100) (0.47 eV) < Mo(100) (0.67 eV) < y-MoC(100) (0.83 eV).
The barriers of OH* formation on the Mo(100) and MoP(100)
surfaces were also listed for comparison due to the high value of
that on the y-MoC(100) surface. It is found that the OH*
formation barrier is very close on the Mo(100) and MoP(100)
surfaces (1.23 vs. 1.18 eV), and much lower than that on the vy-
MoC(100) surface (2.15 eV). Interestingly, the desorption of CO
on the Mo(100) surface is also very high (3.22 eV) just like on the
v-MoC(100) surface (3.06 eV), while it is lower on the MoP(100)
surface (2.07 eV). In contrast, H,O desorption is much easier on
all three surfaces. The desorption energies are 0.91, 0.58 and
0.84 eV, respectively.

It is noted that MoP and y-MoC are both WC-type and have
very similar crystal structure, and they have the same Mo : P/

RSC Adv, 2025, 15, 460-466 | 463
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Fig. 4 The initial states (IS), transition states (TS) and final states (FS) of the RWGS elementary steps on the y-MoC(100) surface.
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Fig. 5 The adsorption energies (E,qs, €V) of CO,, energy barriers (E,,
eV) of CO,* dissociation, energy barriers of OH* formation and the
desorption energies (E,gs, €V) of CO, and CO on the (100) surfaces of
different catalysts.

Mo : C stoichiometric ratio (1: 1). Bader charge analysis showed
that, the charge transfer from Mo to P in bulk MoP is 0.74e,
while from Mo to C in bulk y-MoC is 1.25e. We suppose that the
charge transfer leads to the weaker adsorption of CO, on
MoP(100) and y-MoC(100) surfaces when compared to the
Mo(100). And the significant differences of CO, adsorption
energy on MoP(100) and y-MoC(100) surfaces may be due to

464 | RSC Adv, 2025, 15, 460-466

their different adsorption sites. Unlike the 4-fold hollow site
adsorption on the y-MoC(100) surface, CO, is adsorbed at
a bridge site on the MoP(100) surface, interacting only with two
surface Mo atoms.

Overall, MoP(100) surface has moderate CO,, CO and H,O
adsorption energies, as well as the lowest CO,* dissociation
barrier and OH* formation barrier. From the perspective of
RWGS reaction efficiency, MoP(100) should be the best among
the three surfaces.

Lin et al.*® investigated the WGS reaction mechanism on Pt/o-
MoC catalysts under low-temperature conditions. They modeled
the Mo termination of o-MoC(111) surface based on experi-
mental characterization results. Using their data, we deduced the
RWGS reaction pathway (the energy difference caused by calcu-
lation method was ignored). For the convenience of comparison,
the potential energy surfaces of the redox mechanism of RWGS
reaction on the y-MoC(100) and a-MoC(111) surfaces are shown
in Fig. 6. It can be found that, the adsorption energy of CO, on
the a-MoC(111) surface (—1.44 eV) is lower than that on the y-
MoC(100) surface (—2.14 eV). According to the projected density
of states (PDOS) of the two surfaces (Fig. S37), near the Fermi
level, the total electron density and Mo orbital density of the y-
MoC(100) surface are higher than those of a-MoC(111) surface,
indicating the stronger interaction with CO,. Furthermore, CO,*
has lower dissociation barrier on the a-MoC(111) surface (0.45
eV) than that on the y-MoC(100) surface (0.83 eV). The moderate
adsorption energy of CO, and lower energy barrier of CO,
dissociation result in more effective redox of CO, on the o-
MoC(111) surface. In addition, the CO desorption is also easier

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 The potential energy surfaces of RWGS reaction on the vy-
MoC(100) and a-MoC(111) surfaces.

on the a-MoC(111) surface (2.28 eV or 1.62 eV when considering
4H co-adsorption). However, the H,O* formation barrier on the
a-MoC(111) surface is much higher than that on the y-MoC(100)
surface (2.01 vs. 1.48/0.06 eV). We speculate that the dispropor-
tionation of OH* may also lower this energy barrier, but we do
not have corresponding data. If that's the case, the whole RWGS
efficiency on a-MoC(111) is also higher than that on y-MoC(100),
especially due to the easy desorption of CO (1.62/2.28 vs. 3.06 €V).

4 Conclusion

The RWGS reaction mechanism on the y-MoC(100) surface has
been investigated using DFT. CO, has a strong interaction with
the y-MoC(100) surface, and the adsorption energy is 2.14 eV.
The redox mechanism is found to be the most preferred
pathway. CO,* directly dissociated into CO* and O*, with
a moderate barrier (0.83 eV), and the formation of OH* has high
barrier of 2.15 eV. OH* further hydrogenates into H,O* has
a barrier of 1.48 eV. However, the disproportionation of OH*
considerably lower this value to 0.06 eV. Interestingly, the most
difficult step is the desorption of CO due to the large energy
demand of 3.06 eV. CO* may tend to undergo further hydro-
genation or direct dissociation on the surface instead. Although
the RWGS performance of y-MoC(100) surface is not as good as
other Mo-based catalysts, it has a relative low energy barrier for
activating CO,, and the strong binding energy of CO to the
surface is actually beneficial for further carbon conversion
reactions. This offers a unique opportunity for CO, to serve as
an alternative carbon source for CO, bypassing the traditional
need to first convert CO, into CO before proceeding with
subsequent reactions.
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