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ABSTRACT: To understand the mutual interaction and synergistic effect
of transition metals and supports in heterogeneous catalysis, the less S
coordinated and more active surface Mo, atoms were substituted with Fe,
Co, Nj, Cu, Pd, and Pt doping atoms for investigating the adsorption of
CO, H,, H,0, and CO, as well as OH, H, and O. Metal loading affects the
surface electronic structure. On these surfaces, Fe, Co, Ni, Cu, and Pd
doping atoms are positively charged, indicating electron transfer from the
metal to the surface, while Pt doping atoms are slightly negatively charged,
revealing electron transfer from the surface to the metal. On the pure
surfaces and surfaces doped with four metal atoms (4M, 25%), surface
Mo, atoms are most preferred adsorption sites. By replacing all surface
Mo, atoms with eight doping atoms (8M, 50%), the more coordinated
and less active surface Moy atoms become active. Not only surface metal
atoms but also surface carbon atoms are active for the adsorption of
surface species. Depending on doping metals, the adsorption of surface species can become slightly more or less exothermic.
Exploring the dissociative adsorption of H,O and CO, reveals metal- and loading-dependent potential energy surfaces. Full H,O
dissociative adsorption is favored thermodynamically on the 4M-doped surfaces and more exothermic than on the pure surface while
doping metal-dependent on the 8M-doped surfaces. CO, dissociative adsorption is thermodynamically favored on the 4M-doped
surfaces, while it becomes endothermic on the 8M-doped surfaces, which prefer either molecular adsorption or equilibrium between
molecular and dissociative adsorption. Comparing the adsorption of CO, OH, O, and H on the pure and doped Mo,C(101) surfaces
as well as the corresponding metallic low-index M(hkl) surfaces reveals their similarity and difference. These results provide a basis
for studying the mechanisms of reactions involving these surface species.
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B INTRODUCTION

In supported heterogeneous catalysis, enormous efforts have

excellent catalytic activities in various chemical transforma-
tions, that is, Mo,C-catalyzed methanol reforming gave a high

been devoted toward improving the catalytic performance by
designing and controlling the loading, shape, and size of active
catalysts.' " However, one problem of supported catalysts is
the agglomeration of metal particles during the reactions,
especially at high temperatures,” and great attention has been
paid to thermal stabilization of nanostructures. Alternatively,
structurally embedded catalysts, normally embedding metal
nanoparticles in an inorganic matrix or supports, have attracted
great interest due to their stable catalytic activity and capacity
for limiting the sintering of metal nanoparticles at high
temperatures.6

To prepare a promising metal-atom-embedded catalyst,
choosing suitable materials as matrixes (or supports) is of great
significance as they could play multiple roles in specific
chemical reactions. Among various supports, group IV—VI
transition-metal carbides are intriguing as they possess strong
interactions with doping metals and exhibit a non-negligible
influence on the geometric and electronic structures of metal
species.” As one of the most frequently studied transition-metal
carbides, molybdenum carbides have been reported to have
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H, yield (75%) and selectivity at 723 K.* In addition, ethanol
decomposition to H, and hydrocarbons catalyzed by Mo,C
deposited on silica showed almost 100% conversion at 623—
673 K.” Recently, Ma et al.'” doped various transition metals
(Pt, Fe, Co, and Ni) into molybdenum carbides by in situ
carburization of metal-doped molybdenum oxide and found
that the f/-Mo,C phase was formed in most of the cases and
metal-doped molybdenum carbides showed higher methanol
conversion and H, yield compared to pure molybdenum
carbides, and Pt-doped molybdenum carbide had the highest
catalytic activity and selectivity among the prepared catalysts
and methanol conversion reached 100% even at a temperature
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as low as 473 K and a long-time stability with a stable
methanol conversion. By preparing Cu-doped molybdenum
carbide (Cu@Mo,C,) catalysts from the carburization of Cu-
doped molybdenum oxide, Ma et al."' found that Cu loading-
dependent phase transition and these carbides (Cu@Mony)
exhibited promising activity for methane decomposition and
long-term stability at 473—673 K. It is reported that noble
metal Pt-embedded molybdenum carbides can hinder Pt
sintering at high temperature and promote the interaction
between Pt and molybdenum carbide,'” and this catalyst
exhibited excellent and stable catalytic activity for water-gas
shift reaction at low temperature. By doping Fe and Ni into the
lattice of molybdenum carbide, Wan and Leonard,"” reported
that Fe-doped -Mo,C are more active electrocatalysts than
pure B-Mo,C in H, evolution reaction, while Ni-doped j-
Mo,C are less active due to not only the electronic structure
but also particle size. Very recently, Chen et al.'* reported that
incorporation of copper species in Mo,C plays a crucial role in
modifying the morphologic structure of Cu—Mo,C as well as
tuning the electronic state of Mo active sites, resulting in an
important enhancement in the catalytic performance. They
also observed a strong synergistic effect between Cu and Mo,C
in hydrogenation of dimethyl oxalate (DMO) to achieve a
higher ethanol yield over the pure catalyst (67.2 vs 13.7%) at
673 K as well as excellent catalytic stability during the
hydrogenation of DMO to ethanol for longer than 300 h.

Using periodic density functional theory (DFT) methods,
Liu and Rodriguez'® studied water-gas shift reaction on Mo-
and C-terminated $-Mo,C(001) surfaces. Our group studied
the activation mechanisms of various intermediates on
different Mo,C surfaces.'®"” Recently, we systematically
studied the coverage-dependent adsorption structure and
stability of Co, Ni, Cu, Pd, and Pt on the hexagonal
Mo,C(001) and Mo,C(101) surfaces as well as the cubic
non-polar 6-MoC(001) surface. Compared to pure Mo,C
surfaces, theoretical investigations into the structures of metal-
doped molybdenum carbides are rather limited. By investigat-
ing the transition-metal-atom-embedded graphene, Krashenin-
nikov et al.'® found that the bonding between the transition-
metal atom and neighboring carbon atoms determines the
magnetic and electronic properties. By substituting one surface
Mo atom with one Ni atom on the Mo- and C-terminated
orthorhombic Mo,C(001) surfaces, Assary et al.'” found that
the Ni-doped Mo-terminated surface destabilizes the adsorp-
tion of surface O* and OH* and promotes the reaction
associated with the removal of surface oxygen. Chen et al”
studied the promotion effect in water-gas shift reaction on M/
MoS, by substituting one surface Mo atom (M = Fe, Co, Ni)
and found that Ni has the largest promotion effect in reducing
the effective barrier (0.72 eV), followed by Co (0.45 eV),
whereas Fe has the smallest effect (0.04 eV) compared with
pure MoS, (2.45 eV).

Since metal-doped or embedded molybdenum carbides are
promising in various catalysis processes as shown above, it is
interesting and worth to systematically investigate the
structures of metal-doped molybdenum carbides and their
adsorption properties of valuable chemical intermediates
involved in various important chemical reactions. In this
present study, therefore, we selected the hexagonal Mo,C-
(101) surface for doping Fe, Co, Ni, Cu, Pd, and Pt atoms at
different degrees; this is because not only the hexagonal Mo,C
phase was widely detected in the preparation of metal-doped
molybdenum carbide catalysts but also the (101) surface with

a Mo/C = 1/1 ratio and a surface energy of 2.19 ] m™> was

reported to be most stable.”’~** The aim of this work is to
shed light on the surface morphology and adsorption
properties of these doped catalysts and provide a basis for
understanding the catalytic properties of many chemical
transformations involving transition-metal-doped molybdenum
carbides.

B COMPUTATIONAL METHODS AND MODELS

Methods. All calculations were performed using the plane-
wave-based periodic DFT method implemented in the Vienna
ab initio simulation package (VASP) ,"*° where the ionic cores
are described by the projector augmented wave (PAW)
method.”® The exchange and correlation energies are
computed using the Perdew, Burke, and Ernzerhof functional
(PBE).”” To achieve accurate energies with errors of less than
1 meV per atom, the cutoff energy was set at 400 eV. The
Gaussian electron smearing method with ¢ = 0.10 eV and
ISMEAR = 0 were used. Geometric optimization converged
until the forces acting on the atoms were smaller than 0.02 eV
A~', whereas the energy threshold-defining self-consistency of
the electron density was set to 107 eV. Spin polarization was
included to correctly describe magnetic properties, which is
essential for an accurate description of all energetic data. All
transition-state structures were optimized by using the
climbing image nudged elastic band method,”® and the
frequency analysis was also processed to verify an authentic
transition state having only one imaginary frequency. For bulk
optimization, the lattice parameters for the hexagonal Mo,C
phase are determined by minimizing the total energy of the
unit cell by using a conjugated gradient algorithm to relax the
ions, and a 5 X 5 X 5 Monkhorst—Pack k-point grid®® is used
for sampling the Brillouin zone.

Models. Generally, Mo,C has orthorhombic’® and
hexagona131’32 crystalline phases. In this work, we used the
hexagonal gphase with an eclipsed configuration as the unit
cell.'™'7?1%* The calculated lattice parameters of the unit cell
are 2a = 6.079, 2b = 6.073, and c = 4.722 A, in good agreement
with the experimental values (a = b = 3.002, ¢ = 4.724 A).**
Among all hexagonal Mo,C surfaces, the (101) surface with a
Mo/C = 1/1 ratio and a surface energy of 2.19 J/m* was
reported to be most stable.”' ~>**° Hence, we used Mo,C(101)
to execute our study, and it was modeled by a periodic slab
with p(2 X 2) super cells having a surface area of 14.2 A X 12.1
A. We applied a four-layer model with the top two layers
relaxed and the bottom two layers fixed in their bulk positions.
The vacuum layer between the periodically repeated slabs was
set at 15 A to avoid significant interactions between slabs.
Surface structural relaxation and total energy calculations were
performed with 3 X 3 X 1 Monkhorst—Pack k-point sampling.
For the relevant gas-phase species, we used a cubic box with a
side length of 10 A to calculate the structures and total
energies.

The adsorption energy (E,q,) is defined according to E,4, =
E(X/slab) — [E(X) + E(slab)], where E(X/slab) is the total
energy of the slab with one X molecule, E(slab) is the total
energy of the bare slab, and E(X) is the total energy of a free X
molecule in the gas phase, and therefore, the more negative the
E.4y the stronger the adsorption. For the adsorption of atomic
H or O, half of the total energy of gas-phase molecular H, or
O, was used. The barrier (E,) and reaction energy (AE,) are
calculated according to E, = Erg — Eig and AE, = Egg — Eg,
where Eg, Egg, and Erg are the energies of the corresponding
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Figure 1. Top (top) and side (bottom) views of the (a) Mo,C(101), (b) 4M—Mo,C(101), and (c) 8M—Mo,C(101) surface structures and
possible adsorption sites (t: top, b: bridge, 3h: threefold hollow, and 4h: fourfold hollow sites; C: gray, Mo: cyan, M: pink).

initial state (IS), final state (FS), and transition state (TS),
respectively. All reported energetic data included zero-point
energy (ZPE) correction through processing the frequency
analysis. In our previous work, we used PBE to compute the
high coverage adsorption and desorption of CO on the
orthorhombic Mo,C(100) surface®® and the hexagonal
eclipsed Mo,C(001) surface®” and found that the estimated
desorption temperatures agree with the experimental values,
and this in turn validates the PBE functional and also the
calculated adsorption energies. The same is also found for the
high coverage co-adsorption of CO and H, on the CdI,-
antitype metallic Mo,C(001) surface.’® On the contrary, the
com;)uted adsorption energies including dispersion correc-
tion”” are in the range of 0.25—0.54 eV stronger than those
from only PBE and should be overestimated. Therefore, we
used only PBE for energy calculations.

Figure 1 shows the top and side views of the Mo,C(101),
4M—Mo,C(101), and 8M—Mo,C(101) surfaces. For Mo,C-
(101), there are totally 16 surface Mo and 16 surface C atoms.
Four types of surface atoms with different coordination
patterns are exposed. The surface C, atom interacts with
four Mo atoms and has two dangling bonds (saturated bulk
Mo coordinating with three C atoms), and the surface Cy atom
interacts with five Mo atoms and has one dangling bond. The
surface Mo, atom interacts with seven Mo atoms, and the
surface Moy atom interacts with eight Mo atoms. These four
different surface atoms build four top sites (t1—t4), eight
bridge sites (b1—b8), three threefold hollow sites (3h1—3h3),
and two fourfold hollow sites (4hl and 4h2) for adsorption.
The t1—t4 sites are on the C,, Mo,, Cg, and Mog, respectively.
The bl (Mo,—Mo,) site has two Mo, atoms; the b2 (C,—
C,) site has two C, atoms; the b3 (Moyz—Moy) site has two
Moy atoms; the b4 (Mo,—C,) site has one Mo, atom and one
C, atom; the bS (Mog—C,) site has one Moy atom and one
C, atom; the b6 (Mo,—Cg) site has one Cy atom and one
Mo, atom; the b7 (Moz—Cjy) site has one Cy atom and one
Moy atom; the b8 (Mo,—Mog) site has one Mo, atom and
one Mog atom. The 3h1 (2Mo,—Cjy) site has two Mo, atoms
and one Cy atom; the 3h2 (Mo,—Moz—Cjp) site has one Mo,
atom, one Moy, atom, and one Cy atom; and the 3h3 (2Mog—

Cg) site has two Moy atoms and one Cy atom. The 4hl
(2Mo,—2C,) site has two Mo, atoms and two C, atoms,
while the 4h2 (2Moy—2C,) site has two Moy atoms and two
C, atoms. The total supercell contains a Mog,C, unit.

The 4M—Mo,C(101) surface, formed by substituting 4
surface Mo, atoms on the pure Mo,C(101) surface with 4
doping metal atoms, has 12 surface Mo, 4 doping metal, and
16 surface C atoms. As shown in Figure 1b, nine types of
surface atoms can be recognized with different coordination
environments. The surface M atom interacts with six Mo
atoms and one M atom. The surface C, atom interacts with
four Mo atoms; surface C,’ interacts with three Mo atoms and
one M atom; the surface Cy atom interacts with five Mo
atoms; the surface Cy’ atom interacts with four Mo atoms and
one M atom; the surface Cy” atom interacts with three Mo
atoms and two M atoms. Surface Mo,  interacts with six Mo
atoms and one M atom; the surface Moy atom interacts with
eight Mo atoms; the surface Moy’ atom interacts with seven
Mo atoms and one M atom.

On the 8M—Mo,C(101) surface (Figure lc), all surface
Mo, atoms on the pure Mo,C(101) surface are replaced with
doping metal atoms. Therefore, this surface has totally 8
surface Mog atoms, 8 surface doping M atoms, and 16 surface
C atoms. There are four types of surface atoms with different
coordination environments. The surface M atom interacts with
five Mo and two M atoms. Surface C,’ interacts with three Mo
atoms and one M atom, the surface Cg” atom interacts with
three Mo and two M atoms, and the surface Moy atom
interacts with seven Mo atoms and one M atom.

B RESULTS AND DISCUSSION

Since doping metals have different electronic configurations, it
is meaningful to investigate the changes in geometric,
electronic, and adsorption properties with the respect of
catalysis. At first, we analyzed the projected density of states
(PDOS) of the d-orbitals of all these doped surfaces. We
compared our results with those reported previously® and
found good accordance. On pure Mo,C(101), the PDOS
shows that the d-orbitals of Mo, with sevenfold coordination is
closer to the Fermi level than Moy with eightfold coordination
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Table 1. Average Bader Charge for Surface Metal Atoms on Pure Mo,C(101), 4M—Mo,C(101), and 8M—Mo,C(101) (M = Fe,

Co, Ni, Cu, Pd, and Pt)

4M—Mo,C(101)

8M—Mo,C(101)

site Mo,C(101) Fe Co Ni Cu Pd
MOAa 0.79 0.85 0.88 0.89 0.88 091
MoBb 0.89 0.86 0.86 0.87 0.89 0.90
Cy —-1.14 -1.13 -1.12 —-1.12 —-1.13 -1.10
Cg —1.32 —-1.29 —1.25 —1.24 —1.25 —1.20
M 0.51 0.32 0.27 0.33 0.04

Pt Fe Co Ni Cu Pd Pt

091

0.90 0.86 0.85 0.90 0.93 0.93 0.92
—1.08 —-1.10 —1.08 —1.06 —-1.10 —1.02 -0.99
—-1.17 —-1.23 -1.14 —-1.12 —1.16 —1.03 —0.98
—0.12 0.54 0.36 0.27 0.37 0.10 —0.03

“Average Bader charge of surface Mo, atoms in 4M—Mo,C(101). bAverage Bader charge of surface Moy and Moy’ atoms in 4M—Mo,C(101) or

surface Moy’ atoms in 8M—Mo,C(101).

4h1 (2C,-2Moy,)
(-1.56 eV)

4h2 (2C,/-Moy-Moy')
Co (-1.54 eV)

t2 (Moy)
Pt (-1.49 eV)

4h1 (2C,-2Mo,)

Fe (-1.56 eV)
Ni (-1.52 eV)
Cu (-1.64 eV)
Pd (-1.46 eV)

4h2 (2Mo,’-2C,)
Fe (-1.60 eV)
Co (-1.81 eV)
Ni (-1.57 eV)
Cu(-1.21eV)
Pd (-0.77 eV)
Pt (-0.86 eV)

Figure 2. Most stable adsorption configurations and energies (in parentheses) of CO on (a) pure Mo,C(101), (b—d) 4M—Mo,C(101), and (e)
8M—Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; O: red, C in CO: black, C in Mo,C: gray, Mo: cyan, M: pink).

and surface Mo, atoms are more active than Moy atoms. For
8M—Mo,C(101), with all surface Mo, atoms replaced with
doping metals (Figure S1), surface Mog has no obvious change
in PDOS, while the PDOSs of Fe and Co are closer to the
Fermi level compared to those of Ni, Cu, Pd, and Pt. The same
situation has also been found on the fourM—Mo,C(101)
surfaces (Figure S2).

In addition to PDOS, we have analyzed the electronic effect
(Bader charge analysis*') of different doping metals (Table 1).
On pure Mo,C(101), both Mo, and Moy are positively
charged. On both 4M—Mo,C(101) and 8M—Mo,C(101) for
3d metals, the positive Bader charge of the doping metal is in
the order of Fe (0.51) > Cu (0.33) = Co (0.32) > Ni (0.27)
and Fe (0.54) > Cu (0.37) ~ Co (0.36) > Ni (0.27),
respectively, in line with the order of the Allen electro-
negativity of Fe (1.80) < Co (1.84) ~ Cu (1.85) < Ni (1.88).*
Comparatively, Pd atoms are slightly positively charged for
4M— and 8M—Mo,C(101) (0.04 and 0.10, respectively), while
Pt atoms are slightly negatively charged (—0.12 and —0.03,

11422

respectively), although the electronegativities of Pd and Pt are
1.59 and 1.72, respectively. The difference among Ni, Pd, and
Pt might be associated with their different electronic
configurations, that is, 3d®4s® for Ni, 4d'°Ss’ for Pd, and
5d%6s' for Pt. In all cases, surface C, and Cy are negatively
charged due to the much larger electronegativity (2.544), and
C, is more negatively charged than Cy. However, both C, and
Cp become less negatively charged upon transition-metal
doping, and the largest change is Cy on the 8M-doped surface.
That the doped Cu atoms are positively charged agrees with
the X-ray photoelectron spectroscopy analysis,'' and these
positively charged Cu species could result in high activity for
methanol conversion and high stability, which might result
from the strong interaction between Cu and the Mo,C
support. Having these results in hand, we computed the
adsorption properties of CO, H,O, H,, and CO,.

CO Adsorption. First, we studied CO adsorption. Figure 2
shows the most stable adsorption configurations, while the less
stable adsorption configurations are given in Figure S3. On

https://doi.org/10.1021/acs.jpcc.1c03372
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t2 (Mo,) t2 (Moy) t2 (M)
(-0.29 eV) Fe (-0.28 eV) Fe (-0.10 eV)
Co (-0.30 eV) Co (-0.16 eV)
Ni (-0.26 eV)
Cu (-0.24 eV)
Pd (-0.26 eV)
Pt (-0.28 eV)

Figure 3. Most stable adsorption configurations and energies (in parentheses) of H, on (a) pure Mo,C(101), (b) 4M—Mo,C(101), and (c) 8M—
Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; H: yellow, C: gray, Mo: cyan, M: pink).

& (c)$

y( 7

—é‘l(" |/
X
1 (Cy) t1(Cy)
Fe (-0.64 eV) Fe (-0.70 eV)
Co (-0.69 eV) Co (-0.88 eV)
Ni (-0.70 eV) Ni (-0.90 eV)
Cu (-0.67 eV) Cu (-0.68 eV)
Pd (-0.59 eV) Pd (-0.75 eV)
Pt (-0.58 eV) Pt (-0.73 eV)

Figure 4. Most stable adsorption configurations and energies (in parentheses) of H on (a) pure Mo,C(101), (b) 4M—Mo,C(101), and (c) 8M—
Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; H: yellow, C: gray, Mo: cyan, M: pink; using gaseous H, as a reference).

pure Mo,C(101), CO prefers the 4hl (2C,—2Mo,) site with
the strongest adsorption energy of —1.56 eV, followed by the
t2 (Mo, ) site (—1.53 eV), indicating their competition, while
the t4 (Mog) and 4h2 (2C,—2Moy) sites have much lower
adsorption energies (—0.96 and —0.67 eV, respectively, Figure
S3). At the 4h1 site (2C,—2Mo,), the C atom of CO interacts
with two surface C, atoms and the O atom interacts with two
surface Mo, atoms. At the 4h2 (2C,—2Moy) site, the C atom
of CO interacts with two surface C, atoms and the O atom
interacts with two surface Moy atoms. The stronger adsorption
at 4h1 than at 4h2 shows that Mo, is more active than Mog.
These results match well with those reported previously.'*’
On 4M—Mo,C(101), where half surface Mo, atoms on
Mo,C(101) are replaced with doping metals, CO prefers the
4h1 (2C,—2Mo,’) site for M = Fe, Ni, Cu, and Pd with
adsorption energies of —1.56, —1.52, —1.64, and —1.46 eV,
respectively. For M = Co and Pt, CO prefers the 4h2 (2C,'—
Mog—Mog') and t2 (Mo,’) sites with adsorption energies of
—1.54 and —1.49 eV, respectively, while the 4hl (2C,—
2Mo,’) site has lower adsorption energies (—1.45 and —1.42
eV, respectively). It is noted that CO adsorption at the top site
of doping metal t2 (M) at the t4 (Mog') site and at the 4hl
(2M—2C,’) site (vertically at the 2C,’ bridge site) for Pd and
Pt is less or much less stable (Figure S3). This shows that the
doping metal does not significantly affect CO adsorption at the

4h1 (2C,—2Mo,’) site but increases CO adsorption energy at
the 4h2 (2C,’—Mog—Moy’) and t2 (Mo,’) sites. However,
CO adsorption around the doping metal is not competitive
and favorable.

On 8M—Mo,C(101), CO prefers the 4h2 (2Mog'—2C,’)
site for M = Fe, Co, Ni, Cu, and Pt with adsorption energies of
—1.60, —1.81, —1.57, —1.21, and —0.86 €V, respectively. For M
= Pd, both 4h2 (2Moy'—2C,’) and t4 (Moy’) sites have the
same CO adsorption energy (—0.77 eV). On the contrary, CO
adsorption at the top site of doping metal t2 (M), at the t4
(Moy’) site, and at the 4h1 (2M—2C,) site is less or much less
stable (Figure S3). This shows that the doping metal promotes
CO adsorption at the 4h2 (2Moy'—2C,’) site, while CO
adsorption around the doping metal is not competitive and
favorable.

In addition to the adsorption configurations and energies, we
computed CO stretching frequencies (Table S1). It is found
that CO stretching frequencies at fourfold hollow sites are in
the range of 1000—1300 cm™’, while those at the top sites are
in the range of 1900—2100 cm™'. However, CO stretching
frequency does not correlate with the adsorption energy since
CO has close adsorption energy at fourfold hollow and top
sites, that is, at 4h1 (2C,—2Mo,) and t2 (Mo,) sites on pure
Mo,C(101) (—1.56 and —1.53 eV, respectively), at 4hl
(2C,—2Mo,’) and t2 (M) sites on 4Fe—Mo,C(101) (—1.56
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Figure 5. Most stable adsorption configurations and energies (in parentheses) of H,O on (a) pure Mo,C(101), (b) 4M—Mo,C(101), and (c)
8M—Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; H: yellow, O: red, C: gray, Mo: cyan, M: pink).
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Figure 6. Most stable adsorption configurations and energies (in parentheses) of OH on (a) pure Mo,C(101), (b) 4M—Mo,C(101), and (c,d)
8M—Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; H: yellow, O: red, C: gray, Mo: cyan, M: pink).

and —1.55 eV, respectively), and at 4h2 (2Moy'—2C,’) and t4
(Mog') sites on 8Pd—Mo,C(101) (—0.77 and —0.77 eV,
respectively). These results should provide theoretical
reference for assigning specific adsorption sites with the
corresponding stretching frequencies.

Hydrogen Adsorption. As reported previously,”” molec-
ular H, can occupy the top site of the surface Mo atom
vertically and horizontally, and the former is slightly more
stable than the latter; thus, we only considered the vertical type
in the present study.

On pure Mo,C(101) (Figure 3a), H, adsorption at the t2
(Mo,) site is exothermic (—0.29 eV), while at the t4 (Moy)
site, it is endothermic (0.13 eV) (Figure S4). On 4M—
Mo,C(101), H, prefers the t2 (Mo,’) site with adsorption
energies of —0.28, —0.30, —0.26, —0.24, —0.26, and —0.28 eV
for M = Fe, Co, Ni, Cu, Pd, and Pt, respectively (Figure 3b),
close to that on the pure surface. On the contrary, H,
adsorption at the t2 (M) site has either very low or negligible
adsorption energy (Figure S4). On the t4 (Mog or Mog') sites,
H, has adsorption energies close to 0 (Figure S4). These show
that on 4M—Mo,C(101), the doping metal does not
significantly affect H, adsorption at the t2 (Mo,’) site, and
H, adsorption around the doping metal is not favored and
competitive. On 8M—Mo,C(101), H, adsorption at the t2
(M) site has very low adsorption energies (—0.10 and —0.16
eV, respectively) for M = Fe and Co (Figure 3c) and negligible
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adsorption energy for M = Ni, Cu, Pd, and Pt (Figure S4),
indicating the complete suppression of H, adsorption.

As H, prefers dissociation adsorption (—0.92 eV) on the
pure Mo,C(101) surface with a very low barrier (0.31 eV),'°
we computed the adsorption of a H atom for H, dissociative
adsorption. The most stable adsorption configurations are
listed in the Figure 4, and other less stable adsorption
configurations and energies are summarized in Figure SS.

As shown in Figure 4, the H atom prefers the C, (or C,’)
sites on pure and metal-doped surfaces. On pure Mo,C(101),
the adsorption energy at the C, site is —0.46 eV (Figure 4a),
much stronger than that at the other adsorption sites (Figure
SS). Based on the results on pure Mo,C(101), we mainly
considered the different top sites for H adsorption on the 4M—
and 8M—Mo,C(101) surfaces. On 4M—Mo,C(101), it is
interesting to note that H adsorption has stronger adsorption
energy at the top of C,’ site than at the C, site (—0.64 vs
—0.43 eV, —0.69 vs —0.43 eV, —0.70 vs —0.42 eV, —0.67 vs
—0.43 eV, —0.59 vs —0.41 eV, and —0.58 vs —0.41 eV for M =
Fe, Co, Ni, Cu, Pd, and Pt, respectively), while H does not
adsorb at all other sites. On 8M—Mo,C(101), the adsorption
energies at the top of the C,’ site for M = Fe, Co, Ni, Cu, Pd,
and Pt are —0.70, —0.88, —0.90, —0.68, —0.75, and —0.73 eV,
respectively. These results show that the doping metal
promotes hydrogen atom adsorption at the top site of the
surface carbon atom. On the contrary, the adsorption of the
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Figure 7. Most stable adsorption configurations and energies (in parentheses) of O on (a) pure Mo,C(101), (b) 4M—Mo,C(101), and (c) 8M—
Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; O: red, C: gray, Mo: cyan, M: pink; using gaseous O, as a reference).

Table 2. Dissociation Barrier (E,, €V) and Reaction Energy (AE,, eV) as Well as the Critical O—H Distance (d, A) in the

Transition State

H,0 - TS1 - OH + H

surfaces E,
Mo,C(101) 023 —0.94
4Fe—Mo,C(101) 0.28 —0.79
4Co—Mo,C(101) 031 ~0.87
4Ni—Mo,C(101) 0.30 —0.75
4Cu—Mo,C(101) 027 ~0.90
4Pd—Mo,C(101) 031 —0.73
4Pt—Mo,C(101) 036 —0.62
8Fe—Mo,C(101) 0.10 —048
8Co—Mo,C(101) 0.08 072
8Ni—Mo,C(101) 0.05 —0.61
8Cu—Mo,C(101) 0.05 —0.53
8Pd—Mo,C(101) 0.18 —0.40
8Pt—Mo,C(101) 021 ~0.40

AE

OH+H — TS2 - O +2H

d (TS1) E, AE, d (TS2)
1.307 0.72 —0.30 1.314
1311 0.77 —0.38 1.325
1.312 0.80 —0.40 1.316
1.306 0.79 —0.39 1.319
1.304 0.77 —0.40 1.321
1.318 0.81 —0.39 1.325
1.326 0.81 —0.37 1316
1313 0.65 —0.58 1.354
1.265 0.60 —0.70 1.326
1.278 0.68 —0.64 1.360
1.307 0.73 —0.49 1.388
1.307 0.87 —0.55 1.410
1.302 0.85 —0.51 1.388

hydrogen atom around the doping metal has either negligible
or endothermic adsorption energies.

H,O Dissociative Adsorption. Figure 5 shows the most
stable H,O adsorption configurations on all these surfaces, and
the less stable adsorption configurations are listed in Figure S6.
On pure Mo,C(101), H,O prefers the t2 (Mo,) site with an
adsorption energy of —0.61 eV,'® while adsorption on the t4
(Mog) site is less stable (—0.31 eV, Figure S6). For 4M—
Mo,C(101), H,O also prefers the t2 (Mo,’) site for all doped
surfaces with adsorption energies of —0.65, —0.70, —0.68,
—0.64, —0.67, and —0.70 eV for M = Fe, Co, Ni, Cu, Pd, and
Pt, respectively (Figure Sb), while adsorption at other top sites,
t2 (M), t4 (Mog), and t4 (Moyg'), is much less stable. It is also
to note that metal doping increases slightly the adsorption
energy.

On 8M—Mo,C(101), H,O prefers the t4 (Mog') site with
adsorption energies of —0.46, —0.50, —0.50, —0.40, —0.37, and
—0.41 eV for M = Fe, Co, Ni, Cu, Pd, and Pt, respectively
(Figure Sc), while H,O adsorption at the top of the t2 (M)
doping metal is less stable with adsorption energies of —0.40,
—0.38, —0.27, —0.28, —0.15, and —0.10 €V for M = Fe, Co, Ni,
Cu, Pd, and Pt, respectively (Figure S6).

Next, we computed the adsorption of OH and O, the
intermediates of H,O dissociative adsorption. For OH, the
most stable adsorption configurations are shown in Figure 6,

and the other less stable adsorption configurations are listed in
Figure S7.

On pure Mo,C(101) (Figure 6a), OH prefers the bl
(Mos—Mo,) site with an adsorption energy of —4.26 eV,
followed by that at the t2 (Mo,) site (—3.85 eV), while
adsorption at other sites (t4, b4, b3, and t3) is much less
stable. On 4M—Mo,C(101), OH also prefers the bl (Mo, —
Mo,’) site with adsorption energies of —4.18, —4.13, —4.18,
—4.27, —4.14, and —4.06 eV for M = Fe, Co, Ni, Cu, Pd, and
Pt, respectively (Figure 6b). Since OH prefers the bridge sites
over the top sites, we also computed other bridge sites, bl
(M—Mo,’) and bl (M—M) as well as b3 (Moz—Mog), b3
(Mog'—Mog), and b3 (Mog'—Mog'), and all these sites have
lower OH adsorption energies (Figure S7).

On 8M—Mo,C(101), dramatic changes have been found.
For M = Co and Pt (Figure 6¢,d), b5 (C,’—~Mog') and b3
(Mog'—Moy') sites have the same adsorption energy (—3.62
and —3.46 eV, respectively). For M = Ni and Pd, the bS (C,'—
Mog') site has a stronger adsorption energy than the b3
(Mog'—Moy') site (—3.60 vs —3.42 eV for Ni and —3.46 vs
—3.39 eV for Pd). For M = Fe and Cu, the b3 (Moy'—Moy’)
and bS (C,'—Moy’) sites have close adsorption energies
(—3.48 vs —3.46 eV for Fe and —3.41 vs —3.37 eV for Cu). On
the contrary, the bl (M—M) site has much lower OH
adsorption energy (Figure S7). It shows that metal doping can
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Scheme 1. Potential Energy Surface of H,0 Dissociative Adsorption on (a) 4M—Mo,C(101), Left, and (b) 8M—Mo,C(101),
Right (M = Mo, Fe, Co, Ni, Cu, Pd, and Pt; the Magnified Surface in the Dash Line Square)
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lower OH adsorption energy to a large extent on the 8M—
Mo,C(101) surfaces by about 15—20%, and this might affect
the reactions associated with surface OH.

Next, we computed surface oxygen adsorption (Figure 7).
On pure Mo,C(101), O prefers the t2 (Mo,) site with an
adsorption energy of —3.20 eV. Similarly, O also prefers the t2
(Mo,’) site on 4M—Mo,C(101) with adsorption energies
close to that on the pure surface. On 8M—Mo,C(101),
however, O prefers the t1 (C,’) site with adsorption energies
of —=2.79, —2.94, —2.84, —2.58, —2.87, and —2.83 eV for M =
Fe, Co, Ni, Cu, Pd, and Pt, respectively. The t4 (Moy’) site is
the second most stable site with adsorption energies of —2.44,
—2.49, —2.54,—2.35, —2.52, and —2.53 eV for M = Fe, Co, Nj,
Cu, Pd, and Pt, respectively. It is also noted that O adsorption
at the t2 (M) site has a very low or even positive adsorption
energy and therefore not favored. It shows that metal doping
can lower the adsorption energy to a large extent on the 8M—
Mo,C(101) surfaces by about 10—20%, and this might affect
the reactions associated with surface O.

On the basis of these most stable adsorption sites of H,O,
OH, O, and H, we explored H,O sequential dissociation on
these surfaces. The barriers, reation energies, and breaking
bond distances are listed in Table 2, and the adsorption
structures of the IS, TS, and FS are summarized in Figures S9
and S10. The simplified potential energy surfaces are shown in
Scheme 1.

On the pure Mo,C(101) and 4M—Mo,C(101) surfaces, the
adsorption configurations of the first H,O dissociation step
(H,O — OH + H) are very similar since they start at the Mo,
or Mo, sites, and the potential energy surfaces are also very
similar (Scheme 1a, left). Compared to the pure Mo,C(101)
surface (0.23 and —0.94 V), the dissociation barrier becomes
higher, while the dissociation energy becomes less exothermic,
and the largest change has been found for Pt doping (0.36 and
—0.62 eV). In addition, the corresponding transition states also
have similar breaking O—H distances (Table 2).

For the second dissociation step (OH + H — O + 2H), their
configurations in IS, TS, and FS are also similar on both pure
and 4 M—Mo,C(101) surfaces (Figure S10) but vary in H
atom migration. After the first dissociation step, the H atom
migrates to the more stable remote site (C, or C,’) which is
also the most stable adsorption site for the pure single H atom
(Figure 4). Compared to the pure Mo,C(101) surface (0.72
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and —0.30 eV), the dissociation barrier increases slightly (0.81
eV for Pd and Pt) and the dissociation energy becomes slightly
more exothermic (—0.40 eV for Cu and Co). In addition, the
corresponding transition states have similar breaking O—H
distances (Table 2).

On the 8M—Mo,C(101) surface, where all Mo, atoms are
replaced with doping metal atoms, H,O adsorbs at the t4
(Mog') sites (Figure S9). The adsorption configuration of the
first H,O dissociation step (H,O0 — OH + H) is similar
compared to pure and 4M—Mo,C(101) but with different
orientation for O—H bond breaking. As shown in Scheme 1b
(right), H,O has not only lower adsorption energy but also a
much lower barrier for the first-step H,O dissociation (H,O —
OH + H), as compared to the 4M—Mo,C(101) and pure
Mo,C surfaces. In addition, the first dissociation step on 8M—
Mo,C(101) is also much less exothermic than that on the
4M—Mo,C(101) and pure Mo,C surfaces. Compared to the
4M—Mo,C(101) surface, the barrier of the second dissociation
step (OH + H — O + 2H) is lower for M = Fe, Co, Ni, and Cu
but higher for M = Pd and Pt, while the reaction is more
exothermic.

In addition to the individual steps, the general trend of H,O
dissociative adsorption over 4M- and 8M-doped surfaces in
comparison with the pure surface can be seen in Scheme 1.
Due to the similar or same adsorption site of the 4M-doped
surface (Mo,’ vs Mo,) and the pure surface (Scheme 1, left),
the same trend has been found, that is, the first H,O
dissociation step has a barrier lower than the H,O adsorption
energy and the dissociation is very exothermic, indicating that
dissociation is more preferred than desorption. Next, the
second dissociation step has a higher barrier and is less
exothermic than the first dissociation step. Compared to the
pure surface, the total reaction on the 4M-doped surface is
more exothermic, indicating the enhanced thermodynamic
trend. This shows that the 4M-doped surface can bind surface
intermediates more strongly than the pure surface. On the 8M-
doped surface with Moy as the favored adsorption site, the
first H,O dissociation step also has a barrier lower than the
H,O adsorption energy, and the dissociation is very
exothermic, indicating that dissociation is more preferred
than desorption, and the dissociation is less exothermic than
that on the pure surface. All these changes are to a lesser extent
than those on the corresponding 4M-doped surfaces. Different

6 https://doi.org/10.1021/acs.jpcc.1c03372
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Figure 8. Most stable adsorption configurations and energies (in parentheses) of CO, on (a) pure Mo,C(101), (b) 4M—Mo,C(101), and (c,d)
8M—Mo,C(101) (M = Fe, Co, Ni, Cu, Pd, and Pt; O: red, C in CO,: black, C in Mo,C: gray, Mo: cyan, M: pink).

from the 4M-doped surface, the transition state of the second
dissociation step is higher in energy for M = Cu and Pd and
lower in energy for M = Fe, Co, Ni, and Pt than that of the first
dissociation step, indicating that surface OH can be a stable
intermediate for M = Cu and Pd. Next, the second dissociation
step has a higher barrier than the first dissociation step, and the
reaction energy is close to the first dissociation step. Compared
to the pure surface, the total reaction on the 8M-doped surface
is less exothermic apart from M = Co, indicating the doping
metal dependence.

CO, Dissociative Adsorption. The adsorption of CO, on
the pure and metal doping surfaces is computed, and the most
stable adsorption configurations are listed in Figure 8, while
the less stable configurations and energies are listed in Figure
S11.

On pure Mo,C(101), the most stable adsorption config-
uration of CO, has a tridentate mode, in which the C atom
interacts with surface C, and the O atoms interact with surface
Mo, and Moy, and the adsorption energy is —0.95 eV,
followed by that at the bl (Mo,—Mo,) site (Figure S11,
—0.90 eV), and the b3 (Moz—Moy) site has a positive
adsorption energy (Figure S11, 0.45 eV). On the 4M-—
Mo,C(101) surface (Figure 8b), the most stable CO,
adsorption has the same configuration and similar energy as
on the pure surface, while CO, adsorption at the Mog—C,'—M
site is less stable (Figure S11). In addition, CO, adsorption at
other bridge sites also becomes less stable or has a positive
adsorption energy. On 8M—Mo,C(101), the most stable CO,
adsorption has a bidentate mode for M = Co, Nij, Pd, and Pt, in
which the C atom interacts with surface C," and one O atom
interacts with Moy’ and another O atom does not interact with
the doping atom, and a tridentate mode for M = Fe and Cu;
also, the adsorption energies are lower than those on 4M—
Mo,C(101). Besides, their corresponding C—O stretching
frequencies are also calculated (Table S2). The stretching
frequencies are similar between the 4M—Mo,C(101) and pure
Mo,C(101) surfaces due to their similar adsorption config-
urations. On the 8M—Mo,C(101) surfaces, significant differ-
ences in C—O stretching frequencies between the bidentate
modes (Fe and Cu) compared to tridentate (Co, Ni, Pd, and
Pt) adsorption configurations are found.

On the basis of the most stable adsorption configurations of
CO,, CO (Figure 2), and O (Figure 7), we computed CO,
dissociation on these surfaces. The barriers, reation energies,
and breaking C—O bond distances are listed in Table 3, and
the adsorption structures of the IS, TS, and FS are given in

Figure S12. The simplified potential energy surfaces are shown
in Scheme 2.

Table 3. Dissociation Barrier (E,, eV), Reaction Energy
(AE,, eV), and Critical C—O Distance (d, A) in the
Transition State

CO, > TS - CO + O

surfaces E, AE, d (TS)
Mo,C(101) 0.56 —0.63 1.602
4Fe—Mo,C(101) 031 —0.70 1.640
4Co—Mo,C(101) 0.48 —0.68 1.648
4Ni—Mo,C(101) 0.16 —0.76 1.660
4Cu—Mo,C(101) 0.05 ~0.86 1.665
4Pd—Mo,C(101) 0.16 ~0.76 1.661
4Pt—Mo,C(101) 028 —0.66 1.660
8Fe—Mo,C(101) 0.97 0.30 1917
8Co—Mo,C(101) 0.50 0.09 1.620
8Ni—Mo,C(101) 0.80 0.33 1717
8Cu—Mo,C(101) 0.82 0.56 1.652
8Pd—Mo,C(101) 0.88 0.57 1.700
8Pt—Mo,C(101) 0.83 0.50 1.694

On the pure surface, CO, dissociation has a barrier (0.56
eV) lower than the adsorption energy (—0.95 eV) and is
exothermic (—0.63 eV), and the same trend is found on 4M—
Mo,C(101) with a lower barrier and the dissociation is more
exothermic, indicating that the doping metal can promote CO,
dissociation, although it does not participate in CO,
dissociation directly. On 8M—Mo,C(101), totally different
results have been found, that is, CO, dissociation becomes
endothermic compared to that on the pure and 4M-doped
surfaces, indicating the doping effect. In addition to these
individual values, the general trend can be seen in Scheme 2. It
shows that on pure and 4M-doped surfaces, CO, dissociation
barriers are lower than their adsorption energy, indicating that
dissociation is favored over desorption. In addition, the
dissociated state is in close energy to that on the pure surface
for M = Fe, Co, Ni, and Pd but less stable for M = Pt and more
stable for M = Cu. On 8M—Mo0,C(101), the CO, dissociation
barrier is higher than the adsorption energy for M = Fe, Pd,
and Pt, close to that of Cu, and lower than that for M = Ni and
Co. This indicates that at an elevated temperature, CO,
desorption is more preferred than dissociation for M = Fe,
Pd, and Pt, while molecular and dissociative adsorption might
have equilibrium for M = Ni, Cu, and Co.

https://doi.org/10.1021/acs.jpcc.1c03372
J. Phys. Chem. C 2021, 125, 11419-11431


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03372/suppl_file/jp1c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03372/suppl_file/jp1c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03372/suppl_file/jp1c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03372/suppl_file/jp1c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03372/suppl_file/jp1c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03372/suppl_file/jp1c03372_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c03372/suppl_file/jp1c03372_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03372?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03372?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03372?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c03372?fig=fig8&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c03372?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry C pubs.acs.org/JPCC

Scheme 2. Potential Energy Surface of CO, Dissociative Adsorption on (a) 4M—Mo,C(101), Left, and (b) 8M—Mo,C(101),
Right (M = Mo, Fe, Co, Ni, Cu, Pd, and Pt; the Magnified Surface in the Dash Line Square)
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Scheme 3. Comparative Adsorption Energies of CO, OH, O, and H on Mo,C(101), 4M—Mo,C(101), and 8M—Mo,C(101)
and the Corresponding Metallic Low-Index Surfaces (M = Fe, Co, Ni, Cu, Pd, and Pt)
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Since both metals and supports play decisive and unique metal-doped Mo,C(101) surfaces as well as on the
roles in heterogeneous catalysis, we compared the adsorption corresponding metallic low-index Fe(110),*’™*
. . . 43,48—-50 7 43,51-54 43,54-56
properties of surface CO, OH, O, and H species, which are Co(0001), Ni(111), Cu(111),
intermediates of many catalytic reactions, on the pure and Pd(111),"%°7% and Pt(111)*****°~°! surfaces. For making
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as close comparison as possible, we compiled all these reported
data using the same or nearly the same methodology despite
their different adsorption sites and configurations (Table S3);
and the general trend is shown in Scheme 3.

For CO adsorption, the adsorption energy on the pure and
4M-doped Mo,C(101) surfaces varies only slightly but
strongly on the 8M-doped Mo,C(101) surfaces. The CO
adsorption energies on these surfaces are lower than that of the
metallic low-index surfaces apart from Cu(111), which has
lower adsorption than the pure M-doped Mo,C(101) surfaces.
For the adsorption of surface OH and O species, the
adsorption energies on the pure and 4M-doped Mo,C(101)
surfaces are more or less the same but stronger than those on
the 8M-doped Mo,C(101) surfaces, and all these adsorption
energies are stronger than those on the metallic low-index
surfaces. For the adsorption of atomic hydrogen, the
adsorption energies on the 4M- and 8M-doped surfaces are
stronger than that on the pure surface, and the 8M-doped
surfaces have stronger adsorption energies than the 4M-doped
surface apart from 4Cu- and 8Cu-doped surfaces which have
nearly the same adsorption energies. Compared to the pure
and M-doped Mo,C(101) surfaces, Fe(110) has stronger
adsorption energy, while Co(0001), Ni(111), and Cu(111)
have weaker adsorption energies. Pd(111)- and 8Pd-doped
surfaces have similar adsorption energies, and Pt(111) has
adsorption energy between 4Pt- and 8Pt-doped surfaces. All
these show their similarity and differences in adsorption, which
should also be reflected in their catalytic kinetics and
thermodynamics.

B CONCLUSIONS

Experimentally, supported transition-metal catalysts in hetero-
geneous catalysis show different activity from only metals and
pure supports due to their enhanced mutual and synergistic
interaction. To understand these effects, we computed
transition-metal doping on the hexagonal Mo,C(101) surface
by substituting the less coordinated and more active surface
Mo, atoms with Fe, Co, Ni, Cu, Pd, and Pt in 4M (25%) and
8M (50%) metal loading.

It is found that metal doping affects the surface electronic
properties based on the analysis of PDOS and creates more
adsorption sites by changing the coordination environment for
surface metal and carbons atoms. Strong electron transfer from
the metal to the surface has been found for Fe, Co, Ni, and Cu,
resulting in a positive Bader charge on the doping metal, and
this agrees with the experimentally observed effect for Cu-
doped Mo,C. On the contrary, much less electron transfer
from Pd to the surface or from the surface to Pt has been
found. Consequently, not only surface metal atoms but also
surface carbon atoms become active in adsorption of surface
species.

On the pure and 4M (25%)-doped surfaces, surface Mo,
atoms are most preferred sites for the adsorption of H,, H,O,
OH, and O, and surface carbon (C,) atoms are responsible for
the adsorption of H atoms, while surface Mo, and C, are co-
responsible for the adsorption of CO and CO,. On the 8M
(50%)-doped surfaces, the less active surface Moy and surface
Cg become active for the adsorption of CO and CO,, and the
adsorption energy depends on the doping metals. It is also
found that molecular H, has physisorption preferring the top
of the doping metal, while atomic H prefers the top of the
surface C, atom forming the C—H bond. The adsorption of
H,0 and OH prefers the top and bridge sites, respectively,

while atomic O prefers the top site of the surface C, atom
forming the C—O bond. Depending on doping metals and
adsorption sites, the adsorption of each surface species can
become more or less exothermic compared to the pure surface.

On the basis of these results, we explored the dissociative
adsorption of H,0O and CO, and found potential energy
surfaces depending on the metal and loading. Full H,O
dissociative adsorption is favored thermodynamically on the
4M-doped surfaces and more exothermic compared to that on
the pure surface but less exothermic and doping-metal-
dependent on the 8M-doped surfaces apart from Co. CO,
dissociative adsorption is thermodynamically favored on the
4M-doped surfaces but becomes endothermic on the 8M-
doped surface, preferring molecular instead of dissociative
adsorption for Co, Ni, Cu, Pd, and Pt as well as equilibrium
between molecular and dissociative adsorption for Co.
Comparing the adsorption of CO, OH, O, and H on the
pure and doped Mo,C(101) surfaces and the corresponding
metallic M(hkl) surfaces reveals their similarity and difference,
and these should also be found in the reaction kinetics and
thermodynamics. These results provide a basis for studying the
mechanisms of reactions involving these surface species, for
example, the reported promotion effect in water-gas reaction,
methanol reforming, and evolution reaction of hydrogen and

oxygen.
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