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ABSTRACT: Improving the selectivity and activity of C, species
from syngas is still a challenge. In this work, catalysts with monolayer

[l Metrics & More | @ Supporting Information

Syngas-to C, species over the WC and M/WC (M=Cu or Rh) Catalysts

s L ¢

Cu or Rh supported over WC with different surface terminations | @ (= py
(M/WC (M = Cu or Rh)) are rationally designed to facilitate C, | <o Jor (=121 con ’ e,
. . g g (L/ “ Sel(CHFlW/uH o -~
species generation. The complete reaction network is analyzed by @ - Main product=G12 — @
. . . . . . 1. © co » (CHOH=-0> cn,
DEFT calculations. Microkinetics modeling is utilized to consider the slf(éﬁ;odmd’“"‘“”

experimental reaction temperature, pressure, and the coverage of the yain?

. H)=-14:
species. The thermal stabilities of the M/WC (M = Cu or Rh) se(CHs | secno o
catalysts are confirmed by AIMD simulations. The results show that |
the surface termination and supported metal types in the M/WC (M
= Cu or Rh) catalysts can alter the existence form of abundant CH,
(x = 1-3) monomer, as well as the activity and selectivity of CH,,
monomer and C, species. Among these, only the Cu/WC—C catalyst
is screened out to achieve outstanding activity and selectivity for C,H, generation, attributing to that the synergistic effect of the
subsurface C atoms and the surface monolayer Cu atoms presents the noble-metal-like character to promote the generation of CH,,
and C, species. This work demonstrates a new possibility for rational construction of other catalysts with the non-noble metal
supported by the metal carbide, adjusting the surface termination of metal carbide and the supported metal types can present the
noble-metal-like character to tune catalytic performance of C, species from syngas.
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1. INTRODUCTION

Syngas (CO and H,) conversion to C, species containing the

CHCHO.® Pt/WC exhibited an excellent CO poisoning
resistance due to the existence of WC support.” "

oxygenates and hydrocarbons is a strongly exothermic,
however, the low yield and selectivity become a challenge.' ™
Nowadays, although the widely used Rh-based catalyst has
higher selectivity of C, oxygenate, it still has the shortcoming
of high price and low CO conversion rate. Alternatively, the
cheap Cu-based catalysts can present higher CO conversion
rate;”* however, methanol formation is easier than CH,
formation, leading to low selectivity of C, species. Con-
sequently, it is necessary to search for excellent catalyst that
can promote the key intermediate CH,, formation from syngas
and increase CO conversion rate.

In recent years, the transition metal carbides act as catalytic
materials to show unusually high activitgr, meanwhile, it is more
stable under the reaction environment.” More importantly, the
transition metal carbides supported metal catalyst can well
improve the catalytic performance of syngas conversion, for
example, the Rh—Mn/W,C catalyst enhanced the ability of
CO conversion, as well as the productivity of higher alcohols
from syngas.” Cu/f-Mo,C with W-termination promoted CO
or CHO decomposition to produce CH, which is conducive to
the generation of CHCHO via the reaction of CHO + CH —
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Furthermore, the different surface termination and supported
metal types could alter the catalytic stability and catalytic
performance of targeted reaction. For example, the termination
of WC also impacts the stability of Rh,,/WC, Rh;;/WC and
Rh;,/WC catalyst,'” in which Rh,, supported on WC with W-
termination is the most stable compared with that on C-
termination, while the Rh;; and Rhj, supported on C-
termination is the most stable instead of W-termination. WC
with C-termination more favors hydrogen production via NH;
decomposition, while WC with W-termination is easily
poisoned via N atoms, resulting in the difficult N atoms
combinative desorption.'> WC with C-termination performs
higher activity toward H,0 dehydrogenation to OH compared
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Figure 1. Top and side views for the optimized configurations of (a) WC—W, (b) Cu/WC—-C, (c) Cu/WC—W, (d) Rh/WC—C, and (e) Rh/

WC—W catalysts.

with that with W-termination.'* WC with W-termination easily
activate CO into C and O atoms,”® and then the successive
hydro§enation of C atom to generate CH,(x = 1—3). Koverga
et al.'® studied CO, reduction over the Cu/WC—C and Cu/
WC—W catalysts, in which the adsorption ability of CO and
CO, over Cu/WC—C catalyst is weaker than that over Cu/
WC—W catalyst, as a result, Cu/WC—C catalyst exhibits better
catalytic performance toward CO, reduction. The Pt/WC-W
and Pd/WC—C catalysts perform higher hydrogen oxidation/
evolution reaction activity in comparison with the Pt/WC—-C
and Pd/WC—-W catalysts, respectively.17 In summary, the
different terminations of WC could greatly alter the catalytic
performance and the stability of WC supported metal catalysts.
However, up to now, few studies mentioned the influence of
WC termination in the WC supported metal catalysts and the
supported metal types on the catalytic performance of key CH,,
intermediates and C, species generated from syngas, which
remain unclear. Thus, it is significant to investigate the
fundamental role of WC termination and the supported metal
types in tuning the catalytic performance toward syngas
converted to C, species over the WC supported Cu or Rh
catalysts.

To clarify above issues, this work was carried out to
systematically unravel the mechanism of syngas conversion to
C, species over the WC supported the monolayer Cu or Rh
catalysts, in which the C-termination and W-termination of
WC are considered; meanwhile, the formation of abundant
CH, intermediate, the coupling of CH,, and CHO/CO
reacting with CH,, to produce C, species are mainly examined.
Moreover, the detailed analysis is carried out to identify the
functions of WC termination and supported metal types, as
well as the synergetic interaction between the Cu/Rh and WC
in the M/WC (M = Cu or Rh) catalysts. Here, DFT
calculations, microkinetic modeling and ab initio molecular
dynamics (AIMD) simulations are implemented. The densities
of states and charge distribution are examined to reveal the
determined factor to tune catalytic performance. It is hoped
that the new possibility for rational construction of other
catalysts with the non-noble metal supported by metal carbide
are provided, in which adjusting the surface termination of
metal carbide and the supported metal types can present the
noble-metal-like character to tune the catalytic performance of
C, species generation from syngas.

2. COMPUTATIONAL DETAILS

2.1. Calculation Methods. All spin-polarization calcu-
lations were implemented with the correlation functional of
Perdew-Burke-Ernzerh (PBE) generalized gradient approxima-
tion (GGA)."® Vienna Ab—initio Simulation Package (VASP)
was employed.'” A cutoff energy of 400 eV was adopted.

During structural optimization, the optimization convergence
accuracy corresponds to 0.03 eV A™' and 1 X 107 eV toward
the force and energy, respectively. A (3 X 3 X 1) k-point mesh
was employed to sample the Brillouin zone.”” The transition
states of all elementary steps are obtained via utilizing the
climbing-image nudged elastic band method (CI-NEB).”" The
dimer method”” was carried out based on the convergence less
than 0.05 eV A™! to further optimize the transition state, which
was further verified by the frequency analysis corresponding to
the only one imaginary frequency.

2.2. Surface Models. WC catalyst is modeled by the most
stable and mainly exposed (0001) surface, since the
thermodynamically stability of WC(0001) with W termination
is greater than that of WC(0001) with C termination,”*** four-
layer p(3 X 3) WC(0001) surface with W-termination is
constructed, as shown in Figure la, which is denoted as WC—
W. Aiming at improving the catalytic performance of Rh or Cu
catalyst, the Rh or Cu monolayer is supported over the W-
termination or C-termination of WC. As shown in Figure 1b—
e, 2 p(3 X 3) Cu or Rh monolayer is supported over the three-
layer p(3 X 3) WC with C-termination, denoted as Cu/WC—
C and Rh/WC—C, respectively. Similarly, a p(3 X 3) Cu or Rh
monolayer is supported over the three-layer p(3 X 3) WC with
W-termination, denoted as Cu/WC—W and Rh/WC-W,
respectively. During all calculations, the bottom two layers
were fixed, and the other layers and substrates are relaxed. The
interaction between the slabs is avoided by setting a 15 A
vacuum.

3. RESULTS AND DISCUSSION

3.1. Catalysts Stability. The thermal stabilities of WC—W
and M/WC (M = Cu or Rh) catalysts are estimated using the
AIMD simulation. Since C, species generation from syngas
usually occurs at 500—623 K,z’25 the WC—W and M/WC (M
= Cu or Rh) catalysts are treated via performing the NVT (T =
500 K) ensemble for 8 ps to achieve the equilibrium states.
The NVT AIMD simulations are carried out using a Nose—
Hoover thermostat.>® The initial geometry of WC—W and M/
WC (M = Cu or Rh) catalysts was fully optimized, and then,
AIMD simulations were carried out at 500 K for 8 ps with time
step of 1 fs.”7** This duration is also widely adopted to
examine the thermal stability of other catalysts during AIMD
simulations, for example, Saeed et al?” carried out AIMD
simulations to analyze the thermal stability of monolayer MoC
at 500, 1000, and 1500 K for S ps, suggesting that MoC can
maintain its structural stability at 1000 K. AIMD simulations
was carried out to analyze the thermal stability of Fe,C,,, in
which Fe,C,, is very stable at 300 K without the significant
migration for 6 and 12 ps.”® As presented in Figure 2, the
energy of WC—W and M/WC (M = Cu or Rh) catalysts tend
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Figure 2. Energies against time during AIMD simulations for the (a)
WC-W, (b) Cu/WC-C, (c) Cu/WC=W, (d) Rh/WC-C, and (e)
Rh/WC—W catalysts; the top and side views of catalyst structure in
the last snapshot are presented.
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to be stable, suggesting that the M/WC (M = Cu or Rh) and
WC—-W catalysts have great thermal stability under the
experimental condition of syngas conversion. Specifically, the
deformation of Rh surface hardly occurs in Rh/WC-C;
namely, Rh/WC—C has outstanding thermodynamic stability.
However, the deformation of Rh or Cu surface occurs slightly
in the Rh/WC—-W, Cu/WC—C, and Cu/WC—W catalysts,
respectively, confirming that the thermal stability of the M/
WC (M = Cu or Rh) catalysts depends on the surface
termination and supported metal types.

However, the binding energy (BE) between the metal atoms
and the support can be used to evaluate the thermal stability of
catalyst.""***° For example, previous studies'' showed that the
binding energy between the Pt monolayer and WC greatly
impacts the stabilization of the Pt monolayer over the WC
surface, the stronger BE between the Pt atoms and WC with
W-termination shows greater thermal stability than the WC
with C-termination. Chen et al.’ calculated the binding energy
to reflect the thermal stability of M-C;N, (M = Cu, Rh, Mn,
Ag, Pt, Fe, Ni, Co, Pd, and Au), among them, Fe—C,;N, with
the largest binding energy exhibits better thermal stability
compared to other catalysts. Thus, to further analyze the
thermal stability of M/WC (M = Cu or Rh) catalysts, the
binding energy (BE) between WC and the supported metal
atoms was calculated using eq 1:'"*°

BE = —(E,, — Eye — N X Ey)/N 1)
where E,, Eyc, and Ey, represent the energies of M/WC (M =
Cu and Rh), WC, and an isolated Cu or Rh atom, respectively.
N is the atom number of supported metals.

The results show that the BE values of Cu/WC—-C, Cu/
WC—W, Rh/WC-C, and Rh/WC—W catalysts are 4.76, 3.82,

7.67, and 7.14 eV, respectively; that is, Rh/WC—C has

tot
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Figure 3. Possible reaction network of C, species generation from syngas over the WC—W, Cu/WC—C, Cu/WC-W, Rh/WC-C, and Rh/WC—

W catalysts.
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Figure 4. Free energy profile of CO direct dissociation and its hydrogenation over the (a) WC—W, (b) Cu/WC-C, (c) Cu/WC-W, (d) Rh/
WC-C, and (e) Rh/WC—W catalysts together with the structures of initial states, transition states, and final states.

outstanding thermal stability corresponding to the strongest
BE, which disfavors the deformation of Rh surface.

The previous experimental and theoretical studies showed
that the M/WC catalysts show great stability, for example,
Chhina et al.’' found that the WC catalyst has high thermal
stability in the temperature range of 500—623 K, and it can
serve as a catalyst support. The Cu/TiC>* and Cu/8-MoC™>
catalysts each exhibit great stability owing to the large binding
energy between Cu atoms and TiC or 6-MoC in the process of
CO, hydrogenation to CH;OH at 550 K. Kelly et al.>* found
that Rh/WC catalyst has the outstanding stability during the
decomposition of methanol at room temperature. Won et al.”

also reported the strong interaction between the Rh atoms and
W,C support results in Rh—Mn/W,C catalyst with the great
stability in syngas conversion to alcohol. Furthermore, based
on above analysis, since syngas conversion to C, species often
takes place at 500—623 K,** it is concluded that the Cu or Rh
monolayer supported on the WC catalysts could perform the
great stability in syngas conversion to C, species. More
importantly, the previously theoretical studies also showed that
the binding energy between the monolayer Rh atoms and WC
catalyst with C-termination in Rh/WC—C catalyst (~7.10 eV)
is much stronger than that between the monolayer Cu atoms
and the WC catalyst with C-termination in Cu/WC—C catalyst

https://doi.org/10.1021/acsami.2c02217
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(~4.10 eV).*® Similarly, Sun et al.*® also experimentally found
that Rh/MoC, catalyst shows a higher stability than that of the
Cu/MoC, catalyst, which could be attributed to the strong
binding energy between Rh atoms and MoC, catalyst to inhibit
the oxidation of carbides induced by H,O in water—gas-shift
reaction at 574 K. These reported results indirectly and
directly supported our calculated results that Rh/WC-C
catalyst shows a higher stability due to the strong binding
energy between Rh atoms and WC, and their thermal stability
depend on the supported metal types.

3.2. Generation Path of C, Species and Byproduct
from Syngas. As presented in Figure 3, two crucial steps
exist:"”*® The first is CO conversion to produce the key
intermediate CH,; the other is the generation of C, oxygenates
precursor CH,CO (x = 1-3) via CO reacting with CH,, as
well as the coupling of CH, to C, hydrocarbons. For the
generation of the key CH, intermediate, two possible paths
exist: The C—O bond ruptured in CH,O/CH,OH formed by
CO hydrogenation and the rupture of C—O bond in CO to
produce C and O atoms; subsequently, the C atom is
hydrogenated to generate CH, (x = 1-3). Alternatively,
CH,O/CH,OH can be continuously hydrogenated to
CH;0H, which decreases the selectivity of the key
intermediate CH,, (x = 1—3). Meanwhile, the hydrogenation
of CH, (x = 1—3) to methane decreases the productivity of C,
species. Table S2 lists the activation free energy and reaction
free energy of all the mentioned reactions at 500 K for syngas
conversion over the WC—W and M/WC (M = Cu or Rh)
catalysts.

3.3. H, Adsorption and Dissociation, as Well as CO
Initial Activation. 3.3.1. H, Adsorption and Dissociation.
Since H, dissociation is a key step to provide hydrogen source
for CO hydrogenation, the adsorption and dissociation of H,
was first investigated over the M/WC (M = Cu or Rh) and
WC catalysts, as shown in Figures S2 and S3; H, dissociative
adsorption occurs spontaneously to form adsorbed H atoms
over the Cu/WC—-C, Rh/WC—-C, Rh/WC—W and WC
catalysts. However, molecular adsorption H, occurs on Cu/
WC—W catalyst, as presented in Figure S3, the dissociation of
molecular adsorption H, on Cu/WC—W catalyst has very
small activation free energies of 33.5 kJ-mol ™" at 500 K. Thus,
the dissociation of H, into H atom over the M/WC (M = Cu
or Rh) and WC catalysts easily occurs, which can provide
abundant hydrogen source to participate into the hydro-
genation reaction. Namely, H, dissociation is not the rate-
determined step in syngas-to-C, species, which does not affect
the activity of syngas-to-C, species over the M/WC (M = Cu
or Rh) and WC catalysts.

3.3.2. CO Initial Activation. CO initial activation plays a
vital role in syngas conversion,” > which mainly included CO
hydrogenation to CHO/COH and CO direct decomposition
into C and O (Figure 4) CO kinetically prefers the direct
decomposition (125.1,28.7, and 83.5 kJ-mol™") rather than the
hydrogenation of CO to generate CHO/COH over the WC—
W, Cu/WC-C, and Cu/WC—-W catalysts; CO direct
decomposition is an exothermic process by 95.6, 251.4, and
42.2 IJ-mol™". Meanwhile, our previous studies’ showed that
CO is easily hydrogenated to produce CHO (105.8 kJ-mol™")
over Cu(111). Thus, WC support in the Cu/WC—C and Cu/
WC—W catalysts could alter the optimal path of CO activation
and effectively enhance the ability of CO activation compared
to Cu catalyst (28.7 and 83.5 vs 105.8 kJ-mol™"). Furthermore,
the previous experiment found that CO direct decomposition

into C and O easily occurs over the WC—W and Mo,C
catalysts, which indirectly and directly support our results. For
example, Kelly et al.** theoretically and experimentally found
that WC catalyst is responsible for C—O bond breakage of
CH;OH to generate CH,. Ren et al.”” experimentally showed
that the WC—W catalyst prefers the C—O bond cleavage
during the process of C; oxygenates conversion to propene.
Kelly et al.* found that the bare Mo,C surface was active for
the C—O breakage of ethanol to generate ethylene.

The Rh/WC—C catalyst kinetically prefers the reaction of
CO + H — CHO (170.1 kJ-mol™") in comparison with CO —
C + O and CO + H — COH. However, COH generation
(94.7 KJ-mol™') over Rh/WC—W catalyst is preferable
kinetically; our previous studies*' showed that Rh(111) prefers
the reaction of CO + H - CHO (139.9 kJ-mol™") rather than
the reactions of CO + H - COH and CO — C + O. Thus,
compared to the Rh catalyst, the exposed termination of WC
support in the Rh/WC catalysts can change the optimal CO
activation path, especially the Rh/WC—W catalyst enhances
the ability of CO initial activation.

The above analysis shows that the Cu/WC—C catalyst has a
higher CO activation ability in comparison with the Cu/WC—
W catalyst, so the C-termination is more preferable for CO
activation in the Cu/WC catalysts. However, the W-
termination is more preferable for CO activation in the Rh/
WC catalysts. Among the five types of catalysts, the Cu/WC—
C catalyst has the highest CO initial activation ability.

3.4. Optimal Path of CH,(x = 1-3) and Methanol
Formation. For the CH,, (x = 1-3) and CH;OH generation,
all possible reaction paths in Figure 3 are considered (see
details in the Supporting Information); Figure S only presents
the optimal path of CH,, (x = 1—3) and methanol formation
over these five types of catalysts.

For CH generation, over the WC—W, Cu/WC-W, and Cu/
WC—C catalysts (Figures Sa—c), the path of CO + H - C +
O + H — CH + O is a dominant process. Meanwhile, previous
results’ show that CH generation mainly originated from the
process of CO + H —» CHO + (H) - CHOH — CH + OH
over Cu(111). Thus, compared to the Cu catalyst, the WC
support in the Cu/WC—W and Cu/WC—C catalysts alters the
optimal path of CH generation. In Figure 5d,e, over the Rh/
WC—C and Rh/WC—W, the process of CO + H — COH +
(H) > CHOH — CH + OH is kinetically favored; however,
the process of CO + H - CHO + (H) - CHOH — CH +
OH is kinetically favored over Rh(111);*' namely, WC
support changes the optimal path of CH generation.

For CH, generation, as shown in Figure 5a,b, over the WC—
W and Cu/WC—C catalysts, the process of CO + (H) — C +
O + (H) - CH + (H) — CH, is more feasible. Over Cu/
WC—W (see Figure Sc), CH, generation is mainly from CO +
H — CHO + (H) » CH,0 + (H) —» CH,0H — CH,+OH.
Previous results over Cu(111)° showed that the optimal
process of CH, generation is CO + H - CHO + (H)—
CHOH + H — CH,0H — CH,+OH. Thus, compared to Cu
catalyst, the WC support in Cu/WC—C catalyst changes the
optimal path of CH, generation. Over the Rh/WC—C and Rh/
WC—W catalysts (see Figure Sd,e), the process of CO + H —
COH + (H) - CHOH — CH + OH + (H) —» CH, + OH is
more kinetically favored; however, CH, generation mainly
undergoes the process of CO + H —» CHO + (H) - CH,0—~
CH,+O over Rh(111);*" namely, the optimal path of CH,
generation depended on the WC support.
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Figure S. Potential energy profile for the optimal path of CH,, (x = 1—
3) and CH;0H production over the (a) WC—W, (b) Cu/WC-C,
(c) Cu/WC—W, (d) Rh/WC—-C, and (e) Rh/WC—W catalysts. The
corresponding structure are presented in Figures S4—S9.

For CH; generation, as shown in Figure 5a,b, over the WC—
W and Cu/WC—C catalysts, CO + (H) - C + O + (H) —
CH + (H) —» CH,+(H) — CHj; is dominant. Over Cu/WC—
W (see Figure Sc), CH; generation mainly undergoes the
process of CO + H - CHO + (H) » CH,0 + (H) —
CH,0H— CH,+OH + (H) — CH;+OH. However, previous
results over Cu(111)° showed that CH; generation mainly
undergoes the process of CO + H - CHO + (H) - CH,O +
(H) —» CH;0 — CH,; + O. Thus, the WC support in the Cu/
WC—C and Cu/WC—W catalysts changes the optimal path of
CHj; generation in comparison with Cu catalyst. Furthermore,
as shown in Figure 5d,e, over the Rh/WC—C and Rh/WC-W
catalysts, the process of CO + H - COH + (H) - CHOH —
CH + OH + (H) - CH,+(H) — CHj is more kinetically
favored. Over Rh(111),*' CHj; is mainly originated from the
process of CO + H— CHO + (H) - CH,O + (H) —» CH;0
— CH; + O. Thus, the optimal path of CH; generation is
greatly impacted by WC support.

The above analysis about the optimal path of CH,
generation indicates that the generation of CH is first, and
then CH, and CHj are formed via CH hydrogenation; namely,
CH can serve as the precursor to generate CH, and CHj.

For CH;OH generation (Figure Sa), over WC—W, CO + H
— CHO + (H) » CHOH + (H)— CH,0H + (H) —
CH;OH is dominant. Over Cu/WC—C, (Figure 5b), CH;OH
is mainly from the process of CO + H - CHO + (H) —
CH,O + (H) —» CH;0 + (H) — CH;OH. Over Cu/WC-W
(Figure 5¢), CO + H - CHO + (H) » CH,0 + (H) —»
CH,0H + (H) — CH;OH is more kinetically favored.
Meanwhile, previous results’ show that CH;OH generation
over Cu(111) mainly undergoes the process of CO + H —
CHO + (H) - CH,0 + (H) —» CH,OH + (H) - CH,0H
and CO + H - CHO + (H) - CHOH + (H)— CH,OH +
(H) —» CH;OH. Thus, the WC support in Cu/WC-C
changes the optimal path of CH;OH generation compared to
the Cu catalyst. Furthermore, (Figure 5d), over Rh/WC—C,
the process of CO + H - CHO + (H) - CH,0 + (H) —
CH;0 + (H) » CH;OH is more feasible. Over Rh/WC—-W
(Flgure Se), the process is CO + H —» COH + (H) - CHOH
+ (H) - CH,0H + (H) — CH;OH. Over Rh(111),*
CH;O0H is generated mainly via the process of CO + H —
CHO + (H) » CH,0 + (H) » CH,0 + (H)— CH,OH.
Thus, the optimal path of CH;OH generation greatly depends
on the WC support.

3.5. Abundant CH, (x = 1-3) Monomer. As shown in
Figure 6a, the generation of CH, CH,, and CHj; through the
optimal path have the same overall barriers over the WC—W
(125.1 kJ'mol™), Cu/WC—C (28.7 kJ-mol™"), Rh/WC—C
(252.6 kJ-mol™"), and Rh/WC—W (121.5 kJ-mol™") catalysts,
so CH, CH,, and CH; could serve as the abundant CH,
monomer, in which CH is the precursor to generate CH, and
CH;; namely, CH is the abundant CH, monomer. However,
CH generation requires a lower overall barrier compared to
CH, and CHj; generation over Cu/WC—W catalyst (155.7 vs
160.7 and 160.7 kJ-mol™"), suggesting that CH should be the
abundant CH, monomer. Furthermore, previous studies
showed that the abundant CH, monomer were both CH,
and CHj, with the overall barriers of 149.3 and 145.6 kJ-mol™*
over the Cu(111) surface,” whereas CH serves as the abundant
CH, monomer over Rh(111) surface, which requires the
overall barrier of 225.9 kJ-mol™"."'

More importantly, compared to the Cu catalyst, the Cu/
WC-C catalyst greatly enhances the activity of the abundant
CH, monomer (149.3 and 145.6 vs 28.7 kJ-mol™"), while the
Cu/WC—W catalyst decreases the activity of the abundant
CH,, monomer (155.7 vs 149.3 and 145.6 kJ-mol™). Similarly,
compared to the Rh catalyst, the Rh/WC—W catalyst increases
the activity of the abundant CH, monomer (121.5 vs 225.9 kJ-
mol™"), whereas the Rh/WC—C catalyst reduces the activity of
the abundant CH, monomer (252.6 vs 225.9 kJ-mol™).

Thus, the WC support in the M/WC (M = Cu or Rh)
catalysts alters the existence form of the abundant CH,
monomer, and its generation activity compared to the Cu
and Rh catalysts. Moreover, the exposed surface termination of
WC can also change the activity of the abundant CH,
monomer.

4. GENERAL DISCUSSIONS

4.1. Influences of Surface Termination and Sup-
ported Metal Types on CO Activation. Above analysis
results show that the reactivity of CO activation is closely
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Figure 6. (a) Overall barrier (kJ-mol™") at 500 K for the optimal path
of CH, (x = 1-3) and CH;0H production based on the DFT
calculations. (b) Rate (molecules-s™'-site™") at 500 K of CH,, (x = 1—
3) and CH;O0H production from syngas based on the microkinetic
modeling over the WC—W, Cu/WC—-C, Cu/WC—-W, Rh/WC-C,
and Rh/WC—W catalysts.

linked with the surface termination and supported metal types.
First, on the basis of the geometric parameters, the WC—W,
Cu/WC—-C, and Cu/WC—W catalysts prefer direct CO
decomposition into C and O atoms, whereas the Rh/WC—-C
and Rh/WC—W catalysts contribute to CHO or COH
generation by CO hydrogenation, which is attributed to
different C—O bond lengths in the activated CO. Specifically,
the C—O bond lengths in CO over the WC—W (1.205 A),
Cu/WC—C (1.189 A), and Cu/WC-W (1.186 A) catalysts
are longer than those over the Rh/WC—C (1.168 A) and Rh/
WC—W (1.164 A) catalysts; correspondingly, the C—O bond
rupture of CO more easily occurs over the WC—W, Cu/WC—
C, and Cu/WC—W catalysts.

However, the change of CO activation ability could be
attributed to the difference of CO adsorption energy caused by
the change of electronic properties, such as d-band center of
surface.”” The adsorption energies of CO at 500 K are —158.1,
—131.9, —94.5, —82.9, and —69.5 kJ-mol ' over the Rh/WC—
C, WC-W, Cu/WC-C, Rh/WC—-W and Cu/WC-W
catalysts, respectively; correspondingly, the d-band center
follows the sequence WC—W and Rh/WC—W (—2.20 eV) >
Cu/WC-C (-2.54 eV) > Cu/WC—W (—2.60 eV) > Rh/
WC—C (—2.83 eV). The moderate CO adsorption ability on
Cu/WC—C catalyst corresponds to the moderate d-band
center; as a result, the C—O bond cleavage of CO easily occurs
to show high CO activation ability on Cu/WC—C catalyst.

However, CO adsorption ability is too weak or too strong over
the WC, Cu/WC—W, Rh/WC—C, and Rh/WC—W catalysts
with the d-band center either too far or too close from the
Fermi level; thus, the C—O bond activation of CO becomes
difficult, leading to the weaker CO activation ability.
Furthermore, CO activation ability affects the activity of CH,,
(x = 1-3) monomers generation.

4.2. Influences of Surface Termination and Sup-
ported Metal Types on the Activity of the Abundant
CH, (x = 1-3) Monomer Based on Microkinetic
Modeling. The reaction pressure and the coverage of
intermediate species also greatly affect the activity and
selectivity of product; for example, DFT calculations by
Braga et al*’ showed that the activation barrier of the
metallocarbene reacting with a diazo molecule (dimerization
reaction) is lower than that of the metallocarbene reacting with
alkane (alkane activation), which is not consistent with the
experimental conclusion that the high activity corresponds to
alkane activation, this situation is attributed to that the high
coverage of alkane is not considered, resulting in the lower rate
of dimerization compared with alkane activation. Moreover,
the reaction pressure also affects the activity of ammonia
synthesis on Fe catalyst, and the reaction rate increases with
the pressure increasing.’* Based on above analysis, the
generation of the abundant CH, (x = 1—3) monomer is
significant for C, species. Aiming at elucidating the influences
of the surface termination and supported metal types on the
activity of the abundant CH,, (x = 1—3) monomer under the
actually experimental condition, the generation rate of syngas
conversion to CH, is estimated by microkinetics modeling*
over the WC—W and M/WC (M = Cu or Rh) catalysts, which
consider the impacts of the reaction temperature and pressure,
the coverage of the species (see details in the Supporting
Information).

As shown in Figure 6b, microkinetics modeling shows that
over the WC—W, Cu/WC-C, and Cu/WC—W catalysts, CH
serves as the abundant CH, monomer. However, CH, and
CH, serve as the abundant CH, monomer over Cu(111).?
Over the Rh/WC—C and Rh/WC—W catalysts, CH; and CH,
serve as the abundant CH, monomer, respectively, whereas
CH serves as the abundant CH, monomer over Rh(111).*'
The WC support in the M/WC—C (M = Cu or Rh) catalysts
impacts the existence of the abundant CH, monomer in
comparison with the Cu and Rh catalysts. Meanwhile, the
generation rate (s™':site™') of the abundant CH, monomer
follows the sequence Cu/WC—C (1.65 x 10') > Rh/WC-W
(2.89 X 107) > WC—W (6.32 X 10™°) > Rh/WC—C (4.00 X
107) > Cu/WC-W (2.04 x 107'); namely, Cu/WC-C
presents the highest activity toward abundant CH, monomer.
Thus, the synergistic effect of the C-termination and the
monolayer M in the M/WC—C (M = Cu or Rh) catalyst
presents excellent activity toward abundant CH, monomer,
which is also supported by the previously reported studies; for
example, the AuPt/WC with W-termination is more preferable
for H, dissociation compared to the Au(111) surface.”® The Pt
or PtRu monolayer supported over Ti, ;W ,C catalysts
achieves higher activity toward methanol electrooxidation
compared to the Pt catalyst."”

Furthermore, as shown in Figure 7, the relationship between
the d-band center of surface metal atoms and the rate of
abundant CH,, monomer generation presents a volcano-shaped
curve over the WC—W and M/WC (M = Cu or Rh) catalysts,
in which the moderate d-band center of Cu/WC-C
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Figure 7. Relationship of d-band center of surface metal atoms with
the activity of the abundant CH, monomer over the WC—W, Cu/
WC-C, Cu/WC—-W, Rh/WC—C, and Rh/WC—W catalysts.

corresponds to the highest activity of abundant CH, monomer.
Moreover, previous reports also showed that the moderate d-
band center carried out the best catalytic performance;*** for
example, the activity of 2-propanol dehydrogenation over the
M/SiO, (M = Ag, Rh, Cu, Pt, Ru, Nj, Ir, Pd, and Co) catalysts
has a volcano-shaped dependences on the d-band center.*®
The relationship of H, production rate from ethanol reforming
with d-band center has a volcano-shaped curve over the M/
TiO, (M = Au, Pd, and Pt).*

4.3. Influences of Surface Termination and Sup-
ported Metal Types on the Selectivity of CH,
Intermediate Based on Microkinetic Modeling. During
the process of CH, (x = 1—3) generation, the intermediates
CH,OH (x = 1, 2) and CH,O (x = 1—3) may undergo
hydrogenation to produce unwanted CH;OH, which could
decrease the selectivity of CH, (x = 1-3) intermediate. As
shown in Figure 6b, the WC—W, Cu/WC—-C, and Rh/WC-C
catalysts prefer the generation of the abundant CH,, monomer,
in which CH;0H can be effectively inhibited. Correspond-
ingly, the selectivity of CH is 99.81, 100, and 60.47%,
respectively (Table S4). However, the Cu/WC—W and Rh/
WC—W catalysts dominantly contribute to CH;0H produc-
tion; correspondingly, CH;OH selectivity is 93.35 and 98.78%
(Table S4). The above results show that the surface
termination and supported metal types in the M/WC (M =
Cu or Rh) catalysts greatly alter the selectivity of CH,(x = 1—
3) and CH;OH; more importantly, the C-termination in the
M/WC—C (M = Cu or Rh) catalysts could effectivity inhibit
CH;O0H production compared to the W-termination.

4.4. Electronic Properties of M/WC—C (M = Cu or Rh)
with Noble Metal-Like Character. As mentioned above, the
C-termination in the M/WC—C (M = Cu or Rh) catalysts
could effectivity inhibit CH;OH production compared to the
‘W-termination, which could be attributed to the formation of
metal carbide consisted of the monolayer Cu/Rh with the C-
termination of WC in the M/WC-C (M = Cu or Rh)
catalysts, facilitating the rupture of C—O bond. For example,
the formation of Cu,C significantly improves the activity of
acetylene hydrogenation over the Cu,O nanocubes catalyst.*’
The production of RhC, enhances the activity and selectivity
of ethanol from syngas conversion over RhMn/SiO, catalyst,
in which CH, is easily produced.’’ y-Fe;C,(001) with Fe-

termination favors CO direct conversion to C and O atoms,
which performs the great activity toward the FTS reaction.”

To analyze the bond nature between the surface M (M = Cu
or Rh) atoms and the subsurface C atoms in the M/WC—C
(M = Cu or Rh) catalysts, the electron location function (ELF)
is carried out.>® As shown in Figure 8a, the ELF of the M/
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Figure 8. (a) Electrons location function (ELF) for the M—C (M =
Rh/Cu) bonds in the Cu/WC—C and Rh/WC—C catalysts. Density
of states (DOS) consisting of surface Cu/Rh atoms and subsurface C
atoms in the (b) Cu/WC—C and (c) Rh/WC—C catalysts.

WC—C (M = Cu or Rh) catalysts is presented by slicing planes
along the M—C (M = Cu or Rh) bonds, indicating that the
bond of the subsurface C atom and the surface M (M = Cu or
Rh) atoms presents the metallic bond characteristic in the M/
WC—C (M = Cu or Rh) catalysts; furthermore, as shown in
Figure 8b,c, the DOS consisted of surface M (M = Cu or Rh)
atoms and the subsurface C atoms showed that there is no
band gap near the Fermi level.

Thus, the formation of metal carbide consisted of the
monolayer Cu/Rh with the C-termination of WC in the M/
WC—C (M = Cu or Rh) catalysts greatly enhance the catalytic
performance toward the abundant CH,(x = 1—3) monomer, as
well as significantly inhibit CH;OH generation. Cu/WC—C
presents the highest CH activity than WC—W, and the
essential reason is attributed to the formation of the unique
CuC, structure, which exhibits the special activity toward CO
direct dissociation to facilitate CH formation.

4.5. Influences of the Temperature and H,/CO Ratio
on the CH, (x = 1-3) and CH;OH Production.
4.5.1. Influences of the Temperature. Reaction temperature
has a significant influence on the catalytic performance of
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syngas conversion to produce CH, (x = 1-3) and CH;OH.">*
Since this process often takes place at 500—623 K,>*° the
temperatures of 500, 523, 550, 573, 600, and 623 K are carried
out. As shown in Figure 9a—e and Table SS, over the WC-W
and M/WC (M = Cu or Rh) catalysts, the rate of CH, (x = 1—
3) and CH;OH generation gradually increase with the
increasing temperature.
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Figure 9. Rate change trend of CH, (x = 1-3) and CH;OH
production with the temperature increasing (a—e) and the H,/CO
ratio increasing (f—j) over the WC—W, Cu/WC-C, Cu/WC-W,
Rh/WC—C, and Rh/WC—W catalysts.

Over the WC—W, Cu—WC—C, and Rh—WC—C catalysts,
as presented in Figure 9a,b,d, CH, (x = 1—3) generation rates
are still higher than CH;OH generation rates with the
temperature increasing, resulting in high CH, (x = 1-3)
selectivity. Meanwhile, over the WC—W and Cu/WC-C
catalysts, the increasing degree of CH rate is similar to that of
CH,OH rate, so the selectivity of CH (99.81 and 100%) and
CH;OH (0%) remained unchanged. However, over Rh/WC—
C, the increasing degree of CHj rate is slightly slower than that
of CH;OH rate, resulting in the increasing of CH;OH
selectivity (35.42, 35.98, 36.57, 37.03, 37.51, and 37.89%).
As shown in Figure 9c,e as well as Table S5, CH,, (x = 1-3)
generation rates are still lower than CH;OH generation rates
with increasing temperature, resulting in high CH;OH
selectivity. Over Cu/WC—W, the increasing degree of CH,
rate is quicker than that of CH;OH rate with the temperature

increasing, which decreases CH;OH selectivity (93.35, 92.40,
91.23, 90.18, 88.90, and 87.78%). Over Rh/WC—-W, the
increasing degree of CH, rate is slightly quicker than that of
CH;OH rate at first with the temperature increasing and then
lower than that of CH;OH, which decreases CH;OH
selectivity at first and then increases CH;OH selectivity
(9878, 98.57, 98.28, 95.27, 97.72, and 97.41%).

Above analysis shows that the reaction temperature greatly
impacts the catalytic performance toward CH,(x = 1-3) and
CH;0H generation over the M/WC (M = Cu or Rh). The
temperatures of 623, 500, and 573 K are the most suitable to
inhibit CH;0H production over the Cu/WC—W, Rh/WC-C,
and Rh/WC—W, respectively.

4.5.2. Influences of the H,/CO Ratio on CH, (x = 1-3) and
CH30H Production. The H,/CO ratios in syngas also impact
the catalytic performance, so the H,/CO ratio from 0.45 to 3 is
adopted in experiment.”® In this study, the H,/CO ratio
focuses on 0.5, 1, 1.5, 2, and 2.5. As shown in Figure 9f,g,i as
well as Table S6, CH, (x = 1—3) generation rates over the
WC-W, Cu/WC—C, and Rh/WC—C catalysts are still higher
than the CH;OH generation rates, resulting in high CH,, (x =
1-3) selectivity with increasing H,/CO ratio. Meanwhile, over
the WC—W and Cu/WC—C catalysts, the increasing degree of
CH rate is similar to that of the CH;OH rate with the
increasing H,/CO ratio. Thus, CH;OH selectivity (0%)
remained unchanged, whereas the increasing degree of CHj
rate over Rh/WC—C is lower than that of CH;OH rate, which
increase CH;OH selectivity with the increasing H,/CO ratio
(31.51, 34.01, 34.94, 35.42, and 35.73%).

As shown in Figure 9h,j as well as Table S6, the rate of
CH;O0H generation is still higher in comparison with that of
CH, (x = 1-3) monomers, resulting in high CH;OH
selectivity with increasing H,/CO ratio over the Cu/WC—-W
and Rh/WC—W catalysts. Meanwhile, over Cu/WC—W, the
increasing degree of CH rate is lower than that of CH;OH rate
with the H,/CO ratio increasing, so CH;OH selectivity
increases (92.95, 93.17, 93.28, 93.35, and 93.40%). Over Rh/
WC-W, the increasing degree of CH, rate is slightly quicker
than that of CH;OH rate with the increasing H,/CO ratio,
which slightly decreases CH;OH selectivity (99.10, 99.02,
98.90, 98.78, and 98.65%).

Thus, the H,/CO ratio affects the catalytic performance
toward the generation of CH,, (x = 1—3) and CH;OH over the
WC-C and M/WC (M = Cu or Rh) catalysts. The H,/CO
ratios of 0.5, 0.5, and 2.5 are the most suitable to inhibit
CH,OH over the Cu/WC—W, Rh/WC—-C, and Rh/WC—-W,
respectively.

4.6. Influences of Surface Termination and Sup-
ported Metal Types on C, Species. Once the CH,, (x = 1—
3) intermediate was generated, its related reactions easily
occur, including CH, hydrogenation to CH,, CH, reacting
with CO to CH,CO, and CH,, (x = 1-3) self—coupling.56 Since
CH;O0H generation over the WC—W, Cu/WC-C, and Rh/
WC—C catalysts could be inhibited, leading to great CH, (x =
1-3) selectivity. However, the Cu/WC—W and Rh/WC-W
catalysts prefer CH;OH generation rather than CH,, (x = 1—
3), resulting in the difficult production of C, species. For the
Cu/WC and Rh/WC catalysts, the C-termination of WC
contributes to C, species generation, while the W-termination
is only preferable for CH;OH generation. Thus, starting from
CH, CH,, and CH3, the generation of methane and C, species
over the WC—W, Cu/WC—-C, and Rh/WC—C catalysts are
considered to identify the most suitable catalyst toward C,
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Figure 10. Free energy profiles for the generation of methane, the preferred C, oxygenate precursor and C, hydrocarbons over the (a) WC—W, (b)

Cu/WC—C, and (c) Rh/WC—C catalysts.

species generation (see the details in the Supporting
Information). Figure 10 only presents the overall barriers of
methane, the abundant C, oxygenate precursor and C,
hydrocarbon.

As presented in Figure 10, over WC—W, the overall barriers
of C, oxygenate precursor (CHCO), methane, and C,
hydrocarbon (C,H,) are 114.0, 274.6, and 93.0 kJ-mol™",
respectively, which shows that C, hydrocarbon C,H, is the
abundant product. Over Cu/WC—C, the overall barriers of C,
oxygenate precursor (CHCO), methane, and C, hydrocarbon
(C,H,) are 89.4, 86.9, and 23.7 kJ-mol ™", respectively, so C,
hydrocarbon C,H, is the dominant product. On Cu(111),’
CH;0H generation more easily occurs in comparison with
CH,, (x = 1-3) generation, resulting in the abundant product
CH;OH instead of C, species, so the WC support in Cu/WC—
C catalyst alters the type of main product. Over Rh/WC—C,
the overall barriers of C, oxygenate precursor, methane, and C,
hydrocarbon are 145.7, 88.3, and 220.4 kJ-mol ™", respectively,
which indicates that the product primarily focus on methane.
However, on Rh(111),*" the main product is CHCHO rather
than methane; thus, the WC support in Rh/WC—C catalyst
also changes the type of dominant product.

The above analysis indicates that the abundant product over
Rh/WC-C is methane; however, the WC—W and Cu/WC—-C
catalysts mainly contribute to the generation of C, species.
Among these, the Cu/WC—C catalyst not only gives an
excellent activity and selectivity toward CH, (x = 1-3) to
provide the abundant CH, for C, species but also shows high
activity for C,H, generation starting from the abundant CH,
monomer. Moreover, Cu/WC—C catalyst could be exper-
imentally prepared. For example, Yao et al.”” synthesized Cu/
WC catalyst, in which Cu/CF(Cu foam) was first obtained by
a wet chemical method and an electrochemical method, and
then the WC layer was directly deposited onto Cu/CF by the
process of magnetron sputtering. Kelly et al.>® prepared Rh/
WC catalyst via the physical vapor deposition; specifically, the
Rh wire was heated under a desirable temperature to evaporate
Rh atoms onto WC catalyst. Meanwhile, the coverage of Rh
atoms was estimated using the Rh/W AES peak intensity ratio.
Liu et al.'” prepared Rh/W,C catalyst by the method of
incipient wetness impregnation; it was dried at 383 K for 3 h,
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and then reduced under H, flow at 723 K, using a temperature
ramp of 1 K-min™.

However, based on the previous studies,””° the generation
rates of CH,, C, hydrocarbons, and C, oxygenate precursor
(rcua renireny and ropico/cno) can be expressed by eqs 2—4,

respectively (see details in the Supporting Information).
_ —EM/RT
fen, =Ae 0CH39H
_ —EM4E,/RT 3
=Ae Y00y

=A e_Eeff’CH“/RT t39C9H (2)

_ 4 —EY/RT
TcH+CH; = Ae GCH,GCH].
—EY+E+E/RT ,i+jp2
= A o EHEF i/ tl+l‘9c

= A e_EefECH,+CH]/RT t”’fgé (3)

_Ei,CO/CHO/RT
TcH+co/cHo = A @ 0CH,-6CO/CHO

_ a4 —EXCO/CHOLE/RT i
=Ae ™ 0000, cHo

= A e Eemcn+coscno/RT tiQCQCO/CHO )
According to above equations, the ratio for the rate of C,H,
(C,H,0) generation to that of CH, generation, as well as the
ratio for the rate of C,H, generation to that of C,H,O
. o1 59,60
generation can be expressed by eqs 5—7, respectively.

’
CH, _ e~ AEaicon-cnp/RT o x
TcH, ©)
"c,H,0 _AE JRT
2 —e eff(CyH,O—CHy) x X
Tew, (6)
TC,H, —AE /RT
_2x — e eff(CoHy— CaH,O) x X
Te,H0 (7)
— i) =i
X=t 0c/0co (8)

where AE.; (C,H, — CH,) and AE.; (C,H,O — CH,) are the
effective barrier differences between C,H, (C,H,0) and CH,
generation and AEg (C,H, C,H,0O) represents that
between C,H, and C,H,O generation. More importantly, the
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ratio for the rate of C,H, (C,H,O) generation to that of CH,
generation, as well as the ratio for the rate of C,H, generation
to that of C,H,O generation are greatly impacted by AE.
owing to its exponential influence, suggesting that AE put a
greater influence in comparison with 0-/6co and t. Thus, C,
species selectivity could be reflected by the effective barrier
difference (AE.;). Moreover, when the value of E for C,
species is lower than that of methane, this leads to a negative
value of AE. and high C, species selectivity. Conversely, the
positive value of AE 4 means the low C, species selectivity.

As in Table S7, the values of E.4 (C,H,) are smaller than
those of E.s (CH,) and E, (CHCO) over the WC—W
(=120.4 vs 236.0 and 7.3 kJ-mol™!) and Cu/WC—C (—156.1
vs 226.1 and —0.5 kJ-mol™'), suggesting that the product
dominantly focuses on C, hydrocarbons C,H,. The values of
E. (CH,) are smaller than those of E. (C,Hs) and E
(CH,CHO) on Rh/WC—C (153.6 vs 371.6 and 211.0 kJ-
mol™"); namely, the main product is CH,, which agrees with
the results based on the activation barrier.

However, AE,; (CHCO—-CH,), AEy (C,H,—CH,), and
AE; (C,H,—CHCO) on the WC—W catalyst (Table S7) are
—228.7, —356.4, and —127.7 kJ-mol™", respectively; namely,
the WC—W catalyst dominantly contributes to the production
of C,H, hydrocarbon rather than CHCO and CH,. The same
thing also occurs on Cu/WC—C catalyst, and C,H, hydro-
carbon is the dominant product. However, AE,; (CH;CHO —
CH,) and AE. (C,Hy — CH,) on the Rh/WC—C catalyst are
57.4 and 218.0 kJ-mol ™", respectively; namely, the Rh/WC—C
catalyst mainly contributes to the generation of CH, instead of
C, species. Thus, only the Cu/WC—C catalyst exhibits
outstanding selectivity of C,H,.

The above analysis shows the surface termination and
supported metal types in the M/WC—C (M = Cu or Rh)
catalyst can alter catalytic performance toward CH,, (x = 1-3),
CH;O0H, as well as C, species produced from syngas. In
particular, the Cu/WC—C catalyst is screened out to exhibit
the highest activity toward CH,, (x = 1—3) generation, which is
caused by the moderate d-band center; moreover, the greater
effective barrier difference is dominantly responsible for the
generation of C—C chain to perform the outstanding catalytic
performance toward C, species generation over Cu/WC—C
catalyst. Thus, the catalytic performance of the WC-supported
metal monolayer depends on their exposed termination, which
provides a valuable clue for rationally constructing the metal
catalyst supported over the transition metal carbides to achieve
the outstanding catalytic performance in the conversion of
syngas to C, species.

4.7. Comparisons of the Reported Results with Our
Results over the WC and M/WC(M = Rh, Cu). Griboval-
Constant et al.®' found that WC catalyst is responsible for
generation of light alkanes (C,—C, selectivity: 78%) and
heavier alkanes (Cs, selectivity: 22%) from syngas conversion,
with no alcohol production. Christensen et al.®* also found
WC catalyst promoted by K,CO; mainly produced alkane at
649 K. Meanwhile, the catalytic performance of WC catalyst is
similar to Mo,C catalyst for syngas conversion.’® Xiang et al.**
reported that hydrocarbons are main product over Mo,C
catalyst in syngas conversion. Zhang et al.”> found that
CH;OH is main product over the Rh/W,C catalyst in syngas
conversion. These results directly and indirectly supported our
obtained result that the WC catalyst is responsible for light
alkane generation and the Rh/WC—W catalyst mainly
generates CH;OH.
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Furthermore, our results also show that the Cu/WC—C and
Cu/WC—W catalysts perform the higher CO activation ability
compared with the WC—W catalyst; namely, the synergistic
effect of WC support and Cu atoms in the Cu/WC—-C and
Cu/WC—W catalysts are responsible for the higher CO
activation ability. This result is well-supported by the
previously experimental and theoretical results. For example,
Rodriguez et al.°® experimentally found that Cu/TiC catalyst
usually exhibits superior activity for CO, reduction to CO
compared with the pure TiC catalyst. Posada-Pérez et al.”
studied CH;OH generation from CO, hydrogenation over
Cu/6-MoC catalyst, suggesting that CH;OH generation
requires the apparent activation energy lower than that of o-
MoC catalyst at 550 K; more importantly, CO serves as a key
intermediate in the process of CO, hydrogenation to CH;OH,
which indicates that CO is easily activated over Cu/5-MoC
catalyst. Cu/0-MoC catalyst could present the high ability of
CO conversion. Similarly, Koverga et al®’ theoretically
reported that Cu/WC—W catalyst performs the higher ability
of CO, activation than WC—W catalyst.

5. CONCLUSIONS

In this work, the underlying function of surface termination
and supported metal types in the catalysts with the Cu or Rh
supported over WC (M/WC (M = Cu or Rh)) for the
generation of C, species from syngas is examined by DFT
calculations and microkinetic modeling. The WC—W, Cu/
WC—-C, Cu/WC-W, Rh/WC-C, and Rh/WC—W catalysts
perform the great stability evaluated using AIMD simulations.
The surface termination and supported metal types alter the
dominant existence of abundant CH, monomer; specifically,
the abundant CH, monomer is CH over WC—W, Cu/WC-C,
and Cu/WC—-W, CH; over Rh/WC—C, and CH, over Rh/
WC-W. Among these, the Cu/WC—C catalyst shows the
highest activity of CH generation due to the moderate d-band
center. The WC—W, Cu/WC—C, and Rh/WC—C catalysts
could effectively inhibit CH;OH generation with high CH, (x
= 1, 3) selectivity. Subsequently, only the WC—W and Cu/
WC—C catalysts can contribute to C, species generation, while
Rh/WC—C is responsible for CH, generation. Among five
kinds of catalysts, the Cu/WC—C catalyst is screened out to
exhibit outstanding activity and selectivity toward the
generation of C, species. Therefore, the surface termination
and supported metal types in the M/WC (M = Cu or Rh)
catalysts are the key structure information to determine the
catalytic performance, which can be used as an effective way
for rationally constructing the non-noble metal catalyst to
generate C, species with excellent activity and selectivity in
syngas conversion.
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