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Abstract

Density functional theory (DFT) and ab initio thermodynamics are applied in order to investigate the most stable
surface and subsurface terminations of Mo,C(001) as a function of chemical potential and in the presence of syngas. The
Mo-terminated (001) surface is then used as a model surface to evaluate the thermochemistry and energetic barriers for
key elementary steps in syngas reactions. Adsorbtion energy scaling relations and Brgnsted-Evans-Polanyi relationships
are established and used to place Mo,C into the context of transition metal surfaces. The results indicate that the
surface termination is a complex function of reaction conditions and kinetics. It is predicted that the surface will be
covered by either C,H, or O depending on conditions. Comparisons to transition metals indicate that the Mo-terminated
Mo, C(001) surface exhibits carbon reactivity similar to transition metals such as Ru and Ir, but is significantly more

reactive towards oxygen.
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1. Introduction

Reactions involving carbon oxides and hydrocarbons
are important for numerous processes including synthetic
fuel production, methane reforming, hydrocarbon crack-
ing, and synthesis/isomerization of industrial chemicals
[1, 2, 3, 4, 5, 6, 7, 8. These reactions are tradition-
ally catalyzed with transition metals which often suffer
from high cost, poisoning, graphitization, or carburization
[1, 9, 3, 2, 10] . The use of transition metal carbides
as catalysts presents an interesting alternative due to the
possibility of unique Mars-van-Krevelen type mechanisms
[11], inherent stability against bulk carburization, and po-
tentially lower costs [3]. Carbide catalysts have been the
subject of numerous theoretical and experimental investi-
gations since their activity was compared to platinum by
Levy and Boudart [12], and have proven to be active for
many different reactions [8, 3, 13].

Molybdenum carbide in particular has shown catalytic ac-
tivity for conversion of syngas to hydrocarbons and alco-
hols [14, 15, 16, 17, 18, 19, 20, 8, 21, 22|, steam/dry
reforming [6, 18, 3, 10, 23, 24, 25], water-gas shift [26,
27, 28], methane aromatization [7, 29, 30], hydrocarbon
hydrogenolysis [6, 19, 14, 18], hydrocarbon hydrogenation
[8, 31, 32] and various other reactions involving hydrocar-
bons and alcohols [8, 33, 30, 34, 35]. The activity and se-
lectivity of molybdenum carbide differs depending on the
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synthesis procedure and reaction conditions [17], and can
be tuned using alkali metal promoters such as potassium
or rubidium [36, 37]. In order to further improve the per-
formance of molybdenum carbide catalysts it is of value
to understand the reactivity, selectivity, and stability of
molybdenum carbide under various conditions.

Numerous theoretical studies have investigated the sur-
face stability [38, 39, 40, 41], adsorption energies [42, 43,
44, 45, 46, 47, 48, 49, 50, 51, 40, 52|, reaction energetics
[53, 54, 46, 55, 52], and alkali-doping [40, 50] on Mo,C.
The most well-studied surface is the Mo,C(001) surface,
and both orthorhombic and hexagonal close packed Mo,C
have been investigated. The results have indicated that
the non-polar (011) surface is the most stable regardless
of carbon chemical potential, but that the surface energies
are sufficiently close that all surfaces are expected to be
present on nanoparticles [40, 39].

In this work we seek to provide a more complete view
of the energetics of elementary steps in syngas reforming
reactions on Mo,C under relevant conditions. Ab initio
thermodynamics [56] is employed to provide a consis-
tent framework and allow consideration of the presence
of carbon, hydrogen and oxygen. Reaction energies and
barriers of various elementary steps are then compared
to results from transition metal catalysts in order to pro-
vide intuition about the general trends of reactivity on
Mo,C catalysts. The results indicate that carbon reac-
tivity on Mo,C(001) is similar to group VIII/IX metals,
while Mo,C(001) is slightly more reactive than group VI
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metals towards oxygen and hydrogen.

2. Methods

All density functional theory (DFT) calculations are

known error trends of the RBPE functional for bulk sys-
tems [62]. Previous studies of Mo, C with generalized gra-
dient functionals have resulted in lattice constants within
0.5% [45], bulk modulii within 0.1% [48], and formation
energies within 9% [39] of reported experimental values.

performed with the GPAW code [57], and exchange—correlationThiS indicates that the generalized gradient approximation

interactions are treated by the RPBE functional [58]. A
Fermi-Dirac smearing of 0.1 eV was used to achieve conver-
gence, and results were extrapolated to 0 K. A grid spac-
ing of 0.18 A with a k-point sampling of 4x4x4 (bulk) or
4x4x1 (surface) is used for all calculations. These param-
eters are found to be sufficient to converge the energy to
within 2 meV /atom of the value at 0.1 A grid spacing and
8x8x8 k-points. Atomic geometries were relaxed using
the line-search BFGS algorithm until the maximum force
was less than 0.05 eV/atom. Bulk calculations were car-
ried out with a single unit cell with periodic boundaries in
all directions. Surface calculations were performed using
a 1x1x2 unit cell where the lower (4 layer) unit cell was
constrained to the bulk geometry while the upper unit cell
was allowed to relax. The surface was modelled using 10
A of vacuum with no periodic boundary condition in the
direction perpendicular to the surface; a dipole correction
scheme was included in the Poisson solver. The surface
unit cell is shown in Figure 1(a). Kinetic barriers were
estimated using a fixed bond length analysis. Thermody-
namic quantities were computed using statistical mechan-
ics along with previously developed formalisms. Details
are provided in the Appendix.

3. Results and Discussion

3.1. Orthorhombic Mo,C

3.1.1. Bulk structure

Molybdenum carbide exists in three stable phases at
temperatures below 1500 K: orthorhombic Mo,C at low
temperatures, and hexagonal Mo, C or MoC at higher tem-
peratures [59]. This study focuses on the orthorhombic
Mo, C crystal structure, henceforth abbreviated as simply
Mo,C. The orthorhombic structure consists of Mo atoms
distorted slightly from hexagonal positions with carbons
inserted into the interstitial sites as shown in Figure 1(a).

provides an accurate description of the electronic struc-
ture of Mo,C. The RPBE functional is used for this study
since it provides an improved description of the adsorption
properties of surfaces [58].

3.1.2. Mo,C(001) Surface

The surface energies of various hexagonal Mo, C basal
planes have been thoroughly investigated by Shi et. al.
[39], Han et. al. [40], and Wang et. al. All stud-
ies have determined that the lowest energy surface is the
Mo,C(011) surface regardless of carbon chemical poten-
tial. However, Wulff constructions have shown that the
Mo,C(001) surface is expected to exist on nanoparticles.
Han et. al. [40] showed that there is no dominant surface
for Mo, C nanoparticles when the carbon chemical poten-
tial is below that of graphite since all surface energies were
relatively close (2.2-3.4 J/m?). Wang et. al. [41] found
that the Mo,C(001) surface is still present when more re-
active carbon is present, although to a lesser extent. No
previous studies have investigated the effects of hydrogen
or oxygen on surface energies. The Mo,C(001) surface is
chosen as a starting point to investigate effects of hydro-
gen and oxygen on Mo,C surface stability since it has a
simple structure, is the most close-packed surface, and is

predicted to have significant presence on nanostructured
Mo,C [40, 41].

The Mo, C(001) surface can be either Mo- or C-terminated

as shown in the top and bottom surfaces of Figure 1(a).
The cleavage energy for the formation of the two surfaces
is computed to be 6.12 J/m?, in good agreement with the
value of 5.94 J/m? calculated by Han et. al. [40]. The
Mo-terminated Mo, C(001) surface is used as the reference
point for this work since the surface carbons of the C-
terminated surface can participate in reactions and desorb
during a catalytic cycle.

The Mo-terminated surface has four unique threefold-
hollow sites: one above a lower-layer carbon (Hg(y), one

The bulk lattice constants were determined to be a=4.839  ahove an upper-layer carbon (He), and two sites above

A, b=6.173 A, and ¢=5.322 A which are within 2.5% of the
experimental values (a=4.72, b=6.01, ¢=5.20) [59]. The
relative stabilities of different carbon positions within the
interstitial sites was also investigated. The results confirm
the experimentally observed Fe,N-C structure [59] as the
most stable. The bulk modulus and formation energy of
Mo,C was also evaluated. The bulk modulus was found
to be 282.3 GPa, which is within 10% of the experimen-
tal value of 307.5 GPa [60]. The formation energy was
found to be -0.21 eV/Mo,C which should be compared to
the experimental value of -0.49 eV /Mo,C [61]. This large
discrepancy, as well as the smaller discrepancies for lat-
tice constants and bulk modulus, are consistent with the

Mo atoms - one which exhibits stronger binding (Hyo(s))
and one which exhibits weaker binding (Hyio(w)) [see Fig-
ure 1(b)]. The reactivity of each site was examined for
carbon, hydrogen, and oxygen. Each atomic adsorbate
followed a similar trend with the Hg()) site showing the
highest reactivity in agreement with several previous stud-
ies [45, 46, 49, 40]. The specific adsorption energies for
carbon and oxygen are shown in Figure 1(c). On-top and
bridge sites were also investigated, but were found to be
unstable for atomic adsorbates. The trend in reactivity
from Figure 1(c) was assumed to be valid for all C,H,0O,
adsorbates since the trend was valid for carbon, hydrogen,
and oxygen adsorption, and molecular adsorption energies
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Figure 1: Computational unit cell for Mo,C(001) (a), definition of
adsorption sites on Mo-terminated Mo, C(001) (b), and relative re-
activity towards carbon/oxygen for various surface sites (c). Adsorp-
tion energies shown are calculated for carbon and oxygen assuming
syngas deposition and water decomposition (see Appendix Section
Appendix C). AGfinite is neglected.

have been previously shown to scale with atomic adsorp-
tion energies [63]. Therefore, the He) site was used as an
initial position for the relaxation of all C,H,O, adsorbates
at 0.25 ML coverage.

3.1.3. Mo,C(001) Subsurface

Under realistic conditions it is possible that the Mo, C(001)

may form a subsurface oxide, hydride, or oxycarbide. Some
experimental reports have indicated the presence of surface
oxides or oxycarbides [8, 64, 31], while others have shown
no signs of oxygen incorporation [18, 10]. For this rea-
son we have investigated the stability of carbon, hydrogen,
and oxygen substitutions, insertions, and vacancies within
the first subsurface layer. In order to evaluate subsur-
face stabilities the surface free energy formalisms outlined
in the Appendix were used [56]. The results in Figure
2(a) show the stoichiometry of the most stable first sub-
surface layer as a function of carbon and oxygen chemical
potential. Figure 2(a) indicates that subsurface oxides or
oxycarbides will become stable when the chemical poten-
tial of oxygen is sufficiently high. This is expected to be
the case if oxygen is deposited via CO methanation or
O, dissociation (see Appendix Equation C.2). The results
also indicate that under less agressive oxidizing conditions,
such as those present when oxygen is deposited via water
or CO, decomposition (see Appendix Equation C.2), the
subsurface will be stable against oxidation.

All reference energies used assume that oxygen is pro-
vided only via an exchange with the gas-phase. In re-
ality many Mo,C catalysts are prepared by carburizing a
MoOy precursor [18, 7]. Oxygen is also ubiquitous in most
environments, and it has been hypothesized that gaseous
oxygen can diffuse into bulk Mo,C [18]. The presence
of oxygen in the bulk lattice would provide an additional
reservoir for subsurface oxygen. This could significantly
change the relevant oxygen chemical potential; however,
the nature of this effect would be synthesis dependent and
is outside the scope of this work.

Figure 2 also indicates that both carbon vacancies and
insertions will become stable depending on the carbon
chemical potential. The chemical potentials necessary to
form carbon vacancies are very unlikely to occur under
syngas reaction conditions since CO is a reactive carbon
source. Subsurface carbon insertions are also considered
unlikely. Carbon is more stable adsorbed on top of the sur-
face than when inserted into the subsurface. For this rea-
son the C-terminated Mo,C(001) surface would be more
stable than subsurface carbon insertions.

In order to improve intuition about the surface sta-
bilities the chemical potentials of carbon, hydrogen, and
oxygen were explicitly computed as a function of temper-
ature and pressure (see Appendix Section Appendix A).
Such an analysis requires knowledge of the deposition re-
actions and gas composition. We have shown the results
of several assumed deposition reactions and gas composi-
tions in Figure 2(b-d). The compositions correspond to
a syngas feedstock with an initial composition of around
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Figure 2: Thermodynamic stability of various Mo-terminated Mo,C(001) subsurfaces (schematics at top of figure) as a function of carbon
and oxygen chemical potential assuming a static pg (600 K, 1 bar) (a). Surface phase diagrams as a function of temperature and pressure
assuming carbon, hydrogen, and oxygen are deposited via several reactions and gas compositions (b-d). Hydrogen is always deposited via
dissociative adsorption. Carbon/oxygen deposition reactions and gas compositions are indicated in the figure. Relevant chemical potentials
for (b-d) are projected onto the puc — po plane by the corresponding colored boxes in (a). DFT energies of some relevent references are
indicated by arrows in (a). Shading represents relative coverage of one unit cell of the lowest energy surface according to the Boltzmann
distribution at T=600 K (white=1, black=0). AG;nit. and Uz pg were neglected for subsurfaces.
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Figure 3: Adsorption scaling shows linear relationship between

C/CHy adsorption energies (a-c) and O/OH; adsorption energies
(d). Solid lines/solid circles indicate metal (111) scaling, and dashed
lines/hollow circles indicate metal (211) scaling. Solid triangles rep-
resent adsorption at the Hc(jy site of Mo-terminated Mo,C(001).
Carbon and oxygen are referenced to syngas deposition and water
decomposition (see Appendix Section Appendix C). Lines have
mean average errors on the order of 0.1 eV (Modified from [63]). All
zero-point and thermal corrections are neglected.

3:1 H,:CO with a low conversion to the relevant product
(74:24:2 H,:CO:product). The results are found to depend
on the choice of carbon and oxygen deposition reactions
(See Appendix Equations C.2 and C.3). When oxygen is
deposited from water or carbon dioxide decomposition the
Mo, C surface is stable against subsurface oxidation. If
oxygen is deposited from CO methanation a subsurface
oxycarbide is predicted to be stable at low temperatures.
The kinetics of CO methanation are expected to be slower
than decomposition of water or carbon dioxide, therefore
the stoichiometric Mo,C surface is expected to be stable
under most syngas reaction conditions. For this reason
the Mo-terminated Mo, C(001) subsurface is chosen as the
base surface for subsequent calculations.

3.2. Adsorption Thermochemistry

3.2.1. CuH,0, Adsorption Energies

The reactivity of the Mo-terminated Mo,C(001) sur-
face towards various hydrocarbon and alcohol intermedi-
ates is shown in Table 1. The adsorption energies are
calculated using Equation C.4 (T=0 K) and reference en-
ergies assuming water decomposition and syngas deposi-
tion (see Equations C.2 and C.3). Table 1 indicates several
important trends amongst various intermediates. First, al-
cohol intermediates exhibit lower binding energies in gen-
eral, which could explain the observation that Mo,C is
selective towards hydrocarbons. Secondly, hydrogenation

of most carbon-containing species is thermodynamically
favorable, providing a driving force for converting car-
bon species into hydrocarbons or alcohols; however, hy-
drogenation of O* and OH* is thermodynamically uphill,
which indicates that the surface is susceptible to a buildup
of adsorbed oxygen.

Previous work on transition metals has revealed a lin-
ear correlation between the binding energies of C and CHy
as well as O and OH, [63]. These scaling relations can
be used to examine how adsorption to Mo,C(001) Hy
site compares to adsorption on metal surfaces. The ad-
sorption energies of CH, and OH, species were compared
with transition metal (211) [M(211)] and (111) [M(111)]
surfaces. Figure 3(a) indicates that Mo,C is most similar
to the M(211) surfaces, and is slightly more reactive to-
wards CHy/3 species than metals with comparable carbon
adsorption strengths. This indicates that Mo,C should
be a favorable catalyst for hydrogenation reactions and
may be less susceptible to graphite poisoning due to an in-
creased affinity towards hydrocarbons. Figure 3(b) shows
that O/OH, binding on Mo, C(001) is similar to binding on
M(211) surfaces. It can also be seen that Mo,C is highly
reactive towards oxygen, which indicates that oxygen poi-
soning may be an issue on Mo,C surfaces.

8.2.2. CHy and OH, coverages

The thermodynamics of chemisorption under reaction
conditions will determine the equilibrium surface coverages
of various adsorbates. Surface free energies of adsorbates
at various coverages were evaluated using the surface free
energy formalism (see Appendix Section Appendix B).
For this analysis the energy of H, CO, CHy, and OHy
species adsorbed at 0.25, 0.5, 0.75, and 1 ML on the Mo-
terminated Mo,C(001) surface was calculated explicitly.
First, CHy<3 species were adsorbed at the Hey) sites. Ad-
ditional CHy .3 species were most stable when adsorbed at
the Hyjqo(s) sites. This resulted in spontaneous coupling of
the CHy<3 adsorbates to form adsorbed CoHoy. Sponta-
neous coupling was only observed when the two species
began in adjacent adsorption sites (e.g. Hey/Huo(s) Or
He)/Hao(w))- At high coverages CoHay formation is
thermodynamically favorable, and spontaneous coupling
between adjacent sites indicates that it will also be kinet-
ically facile. This attractive interaction between CHy<3
species is unusual; most surface adsorbates exhibit repul-
sive interactions [40, 65], and carbon coupling is often
activated even for adjacent adsorption sites [65, 66]. This
propensity towards coupled carbons is consistent with the
activity of Mo, C for methane aromatization [7] and Fischer-
Tropsch synthesis [15, 16, 17, 22].

In the case of H, CO, CH3 and OH, species the ad-
sorbates were also first adsorbed at the Hc() sites for
coverages of 0.25/0.5 ML. The most stable adsorption at
0.75/1.0 ML was found to occur via the Hcy) sites. This
behavior is attributed to strong adsorbate-adsorbate re-
pulsions between these adsorbates.
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Figure 4: Thermodynamic stability of various CO/CH./OH, surface coverages (schematics at top of figure) on Mo-terminated Mo,C(001)
surface as a function of carbon and oxygen chemical potential assuming a static g (600 K, 1 bar) (a). Surface phase diagrams as a function of
temperature and pressure assuming carbon, hydrogen, and oxygen are deposited via several reactions and gas compositions (b-d). Hydrogen is
always deposited via dissociative adsorption. Carbon/oxygen deposition reactions and gas compositions are indicated in the figure. Relevant
chemical potentials for (b-d) are projected onto the e — po plane by the corresponding colored boxes in (a). DFT energies of some relevent
references are indicated by arrows in (a). Shading represents relative coverage of one unit cell of the lowest energy surface according to the
Boltzmann distribution at T=600 K (white=1, black=0).
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0 1 H* -0.755 0 0 o* -1.908
1 0 C* -1.335 0 1 OH* -1.267
1 1 CH* -1.72 0 2 H,O* -0.058
1 2 CHy* -1.78 1 0 CO* -1.851
1 3 CHs* -2.144 1 1 HCO* -1.482
2 0 CC* -2.749 1 2 CH,O* -1.712
2 1 CCH* -3.128 1 3 CH50* -2.093
2 2 CHCH* -3.394 2 0 CCO* -2.54
2 3 CHCH,* -2.75 2 1 CHCO* -3.171
2 4 CH5CH,* -2.952 2 2 CHCHO* -3.068
2 5 CH,CH3* -3.109 2 3 CH3CO* -3.236
2 4 CH3CHO* -2.996

Table 1: Binding energies of C;Hy and C;HyO at the Hg(y) adsorption site. Carbon and oxygen references are syngas deposition and water
decomposition (see Appendix Section Appendix C). AG finite is neglected.

Figure 4(a) shows the predicted surface terminations
as a function of carbon and oxygen chemical potential for
various adsorbate coverages. It is found that the domi-
nant surface species will depend upon the source of both
carbon and oxygen. The surface energies were explicitly
calculated under some specific reaction conditions, similar
to the previous analysis for subsurfaces. The results are
shown in Figure 4(b-d). Under the considered conditions
there are two regimes: hydrocarbon (C,Ha,) terminated
and oxygen terminated surfaces. The hydrocarbon termi-
nation is dominant at low temperatures with a reactive
carbon source such as CO, and the oxygen termination
is dominant at high temperatures or with a stable car-
bon source such as CH,. These results suggest that the
most relevant Mo, C(001) surface to use for studying syn-
gas reactions is the oxygen passivated surface or hydro-
carbon terminated surface. Previous work has suggested
that the oxygen passivated surface may temper the high
reactivity of the Mo-terminated Mo,C(001) surface, lead-
ing to improved catalytic activity [52]. Adsorbed oxy-
gen, carbon, or hydrocarbons can desorb as part of cat-
alytic cycles, therefore the termination will depend on both
thermodynamic conditions and reaction kinetics. The Mo-
terminated surface is well-defined since its composition will
not change during a reaction, and it represents the most re-
active state of Mo,C(001). For this reason Mo-terminated
Mo, C(001) surface is a good starting point for understand-
ing the reactivity of Mo,C, and is the focus of the remain-
der of this study. The surface coverage analysis conducted
here does not include the possibility of mixed adsorption
between H, CH, and OH, species, or the formation of
species containing more than two carbons. Furthermore,
only the Mo-terminated Mo,C(001) surface with coverages
between 0.25 and 1 ML are considered. Despite this, the
analysis provides insight into the competition between hy-
drocarbon and oxygen adsorption on Mo,C and reveals
that the C-terminated Mo,C(001) surface which has been

previously studied is not expected to be stable under real-
istic conditions since carbon dimerization and hydrogena-
tion are both thermodynamically favorable.

3.3. Bond dissociation energetics

The kinetics of reactions depend upon the energetic
barriers of elementary steps. Brgnsted-Evans-Polanyi (BEP)
relationships provide a useful framework for relating the
thermodynamic driving force and the transition-state en-
ergy of dissociation reactions. BEP relations were orig-
inally conceived [67, 68] as a relationship between the
reaction energy (AFE,,,) and the activation energy (AE,)
as shown schematically in Figure 5.

Dissociation and coupling of carbon and oxygen species
plays an important role in the reactivity and selectivity of
syngas conversion reactions. Hydrogen assisted dissocia-
tion of CO is the rate-limiting step for methane synthesis
on Ni [69], and barriers for carbon-carbon coupling deter-
mine the mechanism and average chain length in Fischer-
Tropsch synthesis [66]. Thus, the energy barriers for these
types of elementary reactions on Mo,C(001) provide im-
portant information about the catalytic activity of the sur-
face.

The reaction energies and energetic barriers for CH,-O
(C-0) dissociation are given in Figure 6(a). The activa-
tion energy of CO dissociation is relatively low (1.43 eV)
compared to active transition metal catalysts such as Ni
(2.10 €V) [9]. It also interesting that hydrogenation of
CO leads to significantly lower CO dissociation barriers.
This suggests that CO dissociation may occur via a hydro-
genated intermediate on Mo,C, and could also explain the
low selectivity towards alcohols [21, 4]. The energetics of
CH,-CH, (C-C) and some CH,-CH,O (C-CO) coupling
reactions are shown for Mo-terminated Mo,C(001) in Fig-
ure 6(b). All coupling barriers are below 1.5 eV, and many
are below 1 eV which suggests that carbon-carbon coupling
is kinetically facile on Mo-terminated Mo,C(001). The
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Figure 6: Reaction and activation energies for CH,-O (red) dissoci-
ation (a) and CH,-CH;/CH.-H,CO (green/blue)

fact that couplings involving HCO are more favorable than
most CH,, couplings supports the hypothesis that Fischer-
Tropsch type reactons occur via the oxygenate mechanism
on Mo,C [71]. The particularly low barrier for CH-CH
couplings is supported by the activity of molybdenum car-
bide for methane aromitization [7, 29].

For the purpose of microkinetic modeling and compar-
ison with previous work, it is useful to also consider the
BEP relationship between the adsorption energy of the
dissociated species (AFEg;ss) and the transition-state ref-
erenced to the gas-phase (Erg) as given by Equation 1
and 2 respectively.

AEdiss = A-Eads,A + A-Eazds,B
—FE4, —FEp

gas

(1)
(2)

Ers =FEs i — Eymoyc

gas

where AFEqqs,x is the adsorption energy of X at the H¢y
site, £ 4_ gt is the transition-state DFT energy of A-B dis-

sociation, Ffo,c is the energy of a Mo-terminated Mo, C(001)

slab, and Fx, . is the gas-phase reference energy of X.
Oxygen and carbon gas-phase energies are based on water
decomposition and methane cracking (Equations C.2a and
C.3a). All zero-point contributions are neglected. This
set of definitions allows direct comparison with previously
published BEP relations for M(211) surfaces [70] and is
shown schematically in Figure 5. Comparison to (211)
step sites is relevant since these undercoordinated surfaces
are often considered to be the active site for catalysis on
transition metals [72]. Furthermore, adsorption on the
Mo,C(001) Hey site is most simliar to adsorbate scaling
relations for M(211) sites (Figure 3).

Using the BEP relations between adsorption of dissoci-
ated species and the transition-state energy, it is possible
to place the thermodynamics and kinetics of elementary
steps on Mo,C(001) into the context of transition metal
catalysts. Mo-terminated Mo, C(001) is compared to pre-
viously determined adsorption BEP relations for M(211)



surfaces [70] in Figure 7. The transition-state energies of
C-0 dissociation reactions [Figure 7(a)] are slightly higher
compared to BEP relations for M(211) surfaces. However,
the dissociation of C-O bonds is more thermodynamically
favorable on Mo,C(001) than on the transition metals in-
cluded in this comparison. The BEP relations from Figure
7 are assumed to be valid in the range where the transition-
state resembles the product [70], so it is unsurprising
that the exothermic C-O dissociations on Mo-terminated
Mo, C(001) deviate from the BEP lines [73].

Transition-state energies for C-C dissociation on Mo-
terminated Mo,C(001) are similar to transition metals with
comparable dissociation energies [Figure 7(b)]. This is a
consequence of the fact that carbon and CH,, binding ener-
gies are similar to late transition metals, as shown in Fig-
ure 3(a). Figure 7(c) shows that the transition-state ener-
gies of C-CO dissociations are slightly lower compared to
the BEP lines for transition metals. Low barriers for C-CO
dissociations could explain the relatively low average chain
length of higher hydrocarbons and alcohols obseved from
syngas conversion over Mo,C. If chain propagation occurs
via an oxygenate mechanism then the low transition-state
energy of the activated C-CO complex would lead to a
competition between coupling and dissociation of carbon-
carbon bonds.

3.4. Comparison to Transition Metals

the carbon/hydrogen scatter plot, and Ir has been directly
compared to Mo,C for steam reforming [3].

The results of this analysis indicate that the compar-
ison between the activity of Mo,C and transition metals
such as Ru and Ir is an oversimplification. The reactiv-
ity of Mo,C is dependent upon reactant composition and
reaction conditions. In reactions where the primary inter-
mediates are adsorbed hydrocarbons, Mo, C may produce
reactivity/selectivity patterns similar to Ru, Ir, Fe, Co, or
other late transition metals; however, when oxygen is a
key intermediate then Mo,C is likely to exhibit behavior
more similar to W or Re. This is supported by the rapid
oxidation of Mo,C oxygen reduction electrocatalysts [74].
The decoupling of carbon and oxygen chemistry separates
Mo, C from transition metals. The behavior suggests that
Mo, C catalysts could exhibit unique activity and selectiv-
ity patterns, but that the surface is also more susceptible
to oxygen poisoning.

4. Conclusion

Understanding Mo, C and other carbide materials un-
der reaction conditions is not straightforward and requires
consideration of environmental carbon, oxygen, hydrogen,
and any other elements present. The formalism of ab ini-
tio thermodynamics provides a framework for conducting
such analyses. Thermodynamic conditions will change as

The idea that carbides are less reactive than their transitiona function of time and space within a reactor, and are

metal counterparts was suggested by Levy and Boudart in
their comparison of tungsten carbide and platinum [12].
Since then Mo,C has been compared to Ru [12, 14, 19]
and Ir [3] for CO hydrogenation and methane reforming.
The binding energies of carbon, oxygen, and hydrogen are
displayed as scatter plots for various M(211) surfaces along
with Mo,C(001) in Figure 8. Figure 8 suggests that the
chemistry of carbon on Mo-terminated Mo,C(001) is in-
deed similar to Ru and Ir, as well as Fe, Co, Rh, Ni and
Pd. The fact C/CH, binding on Mo,C(001) is similar
to the M(211) C/CH, adsorbate scaling relations [Figure
3(a)] indicates that Mo,C should exhibit similar activity
to these metals for reactions where hydrocarbons are the
main intermediates.

It is also found that the Mo-terminated Mo,C(001)
surface exhibits a unique decoupling of carbon and oxy-
gen/hydrogen chemistries as compared to transition met-
als. Figure 8(a) shows that Mo,C(001) is much more re-
active towards oxygen than transition metals with sim-
ilar carbon binding energies, and actually binds oxygen
stronger than metallic molybdenum. FEven as the oxy-
gen surface coverage is increased, Mo,C(001) binds oxy-
gen more strongly than transition metals with compara-
ble carbon binding energies. Figure 8(b) shows a similar
trend for hydrogen binding, although the absolute differ-
ences between Mo, C(001) and transition metals are much
smaller than for the oxygen case since hydrogen binding
energies vary much less even across transition metals. It is
interesting to note that Mo, C(001) is most similar to Ir in

therefore ill-defined in realistic scenarios. By making as-
sumptions regarding these unknowns it was shown that
Mo, C(001) is predicted to be terminated with hydrocar-
bons or oxygen under syngas reaction conditions. It was
also found that carbon-carbon coupling becomes sponta-
neous at CH, coverages greater than 0.5 ML. These find-
ings are consistent with the activity of Mo, C for conversion
of syngas to light hydrocarbons, and indicate that Mo,C
is a possible candidate for Fischer-Tropsch catalysis.

It was also shown that the hydrocarbon reactivity of
Mo-terminated Mo,C(001) is similar to Ru, Ir, Fe, Co,
Rh, Ni, and Pd; however, Mo-terminated Mo,C(001) was
found to be significantly more reactive towards oxygen and
hydrogen. This decoupling distinguishes Mo-terminated
Mo, C(001) from transition metals, and implies that com-
parisons between carbides and transition metals are only
valid under certain reaction conditions. Furthermore, the
unique carbon and oxygen chemistry of Mo-terminated
Mo, C(001) could lead to novel reaction mechanisms for
syngas reactions.

A further understanding of syngas reactions on Mo,C
will require a comparison of kinetics for specific reaction
mechanisms. This work provides a platform for such analy-
ses. In the future, mechanistic models can be constructed
and used to explain specific phenomena which currently
hinder the widespread use of Mo,C catalysts such as low

alcohol selectivity, deactivation due to oxidation/graphitization,

and the formation of only short hydrocarbon chains. By
understanding the origin of such issues it may be possible
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Figure 8: Scatter plot of carbon/oxygen (a) and carbon/hydrogen (b) binding energies for transition metals (black o), Mo-terminated Mo,C
(red solid A), and Mo, C with various coverages of oxygen (red hollow A). Adsorption energies for M(211) surfaces are taken from [63].
Carbon and oxygen references are syngas deposition and water decomposition respectively (see Appendix Section Appendix C).

to improve the performance of Mo,C and other carbide
catalysts.
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Appendix A. Gibbs Free Energies and Chemical
Potentials

Computing surface free energies requires knowledge of
the Gibbs free energy (G) and chemical potential (u) of
surfaces and gasses at finite temperatures and pressures.
This is accomplished via the equation:

Eprr +Uzpe + AG finite(T, P)

where N; represents the number of molecules of species
i, Eppr is the DFT energy (henceforth the variable E
corresponds to the DFT energy), Uzpg is the zero-point
vibrational energy (3, hé’ ) and AGinite is the change in
Gibbs free energy due to finite temperature and pressure.
AG inite is estimated using statistical mechanics. Gasses
are assumed to be ideal, and adsorbates are treated using
the harmonic approximation where all degrees of freedom
are treated as frustrated harmonic vibrations and PV con-
tributions are neglected.

Vibrational modes were estimated using a finite dif-
ference approximation of the Hessian matrix where en-
ergies were calculated with atoms displaced by +0.01 A
in the x,y,and z directions. Moments of inertia of gas
molecules were calculated based on the optimized geome-
tries. The vibrational modes of an adsorbate were cal-
culated at a coverage of 0.25 ML and it is assumed that
these modes are independent of coverage. Coverage depen-
dent frequency shifts are on the order of 10 cm™! for CO
on platinum [75] which is negligible compared to the DFT




error. Thermodynamic properties were calculated from vi-
brational frequencies using standard statistical mechanical
equations evaluated through the thermochemistry module
of the Atomic Simulation Environment [76]. The Gibbs
free energy values calculated for the gas molecules of inter-
est (Hy,H,0,CO,CH,) are within 0.01 eV of the tabulated
values from NIST across the temperature range of 300-
1300 K.

Appendix B. Surface Energies

Analyzing the most stable surfaces under reaction con-
ditions has been accomplished via the ab initio thermody-
namics formalism developed previously [56], but the gen-
eral equations will be reviewed in the context of an Mo,C
surface in contact with an atmosphere containing carbon
(C), hydrogen (H), and oxygen (O). The Mo,C surface
is considered to be in equilibrium with an atmosphere at
a fixed temperature 7" and pressure P containing gasses
composed of C, H, and O. The gasses have partial pres-
sures p; where j represents all CyH,O, species present.
The gas-phase can thus act as a reservoir for C, H, and O
and the system can be described by the total Gibbs free
energy Giot(T,p;, N;) where N; represents the number of
1=C,H,0O atoms in the system. It is assumed that the bulk
phonon modes are not significantly perturbed by the pres-
ence of the surface or adsorbates, as justified previously for
another non-metallic system [56]. With this assumption
the total energy can be separated into the free energy of
the bulk Mo, C, the Mo,C surface free energy, and the free
energy of the gas-phase reference with which the surface
is in equilibrium.

Gtot = Gbulk + Gsurf + Gref (Bl)

Gaurf = Grot — Gyuk — Y AN pi; (B.2)

where AN; is the number of additional atoms of i (N; surp—
N; puik) and p; is the reference chemical potential for atomic
species i. Substituting Equation A.1 into Equation B.2
and normalizing to the surface area A gives the surface
energy which is minimized by the most stable surface.

1

A
+AGfin7Lte,ads -

YT, pj, AN;) = —[Etor — Eyui + UzpE,aas + (B.3)
> AN (T, py)]
i=C,H,0

where Ejy,; is the DFT energy of the surface and adsor-
bates, Ejpyu, is the DFT energy of the bulk, Uzpg qds
is the zero-point energy of adsorbates, and AG finite,ads
is the free energy of adsorbates discussed in Section Ap-
pendix A. The chemical potentials (u;) can be explicitly
evaluated using Equation A.1 in conjunction with the for-
malisms in Section Appendix C, AN; is determined by the
stoichiometry of the surface, while 7" and p; are dictated
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by the gas composition, temperature, and pressure. Using
Equation B.3 it is possible to determine the surface energy
of a surface under a given set of reaction conditions. Given
a set of n surfaces it is possible to calculate their surface
energies v, and the most stable equilibrium surface can
be predicted by min(v,). Furthermore, the relative abun-
dance of a surface at equilibrium can be estimated using
a Boltzmann distrubution of the surface energies (infinite
slab) or a Wulff construction (finite particles) [40, 41].
The minimum energy surface and relative abundance of
surfaces determined using these methods assumes that the
only possible surfaces are the set of n surfaces for which
v is calculated, and assumes that the system is in equilib-
rium. Nevertheless, these formalisms provide a useful tool
for extrapolating DFT results to finite conditions and can
provide insight into which types of surface terminations
will be most prevalent [56].

Appendix C. Reference Energies

The values computed for surface and adsorption en-
ergies are highly dependent upon the gas-phase reference
energies selected. For the systems studied here all adsor-
bates and non-stoichiometric surfaces contain C, H, and
O atoms, and the reactions of interest include H,, H,O,
CO,, C.Hy, and C;H,O, as products and reactants. The
relevant reference energy will depend upon the source of
the adsorbed species. In the case of atomic hydrogen this
is straightforward since molecular hydrogen is a stable
molecule that can be easily dissociated according to:

H2 = 2Hx

(hydrogen dissociation)

(C.1)

Based on this the energy of H is given by %GHZ.

Oxygen can be deposited by any of the following reactions:

HyO = Hy + O% (C.2a)
(water decomposition)
CO; = CO + O% (C.2b)
(CO2 decomposition)
CO = CHy + Ox (C.2¢)
(CO methanation)
Oy = 20% (C.2d)

(oxygen dissociation)

For the conditions of interest in this study the first re-
action is most favorable and is expected to be kinetically
facile [77]. Assuming this deposition reaction, the refer-
ence energy of O is given by Gu,o - Gu,.

Carbon can be deposited by many reactions including;:



CO + Hy = HyO + C (C.3a)

(syngas deposition)

Coyraphite = Cx (C.3b)
(graphite adsorption)
2C0 = COs + Cx (C.3¢)
(CO disproportionation)
CH, = 2H, + Cx (C.3d)
(methane cracking)
CoHy = Cla1yHyy o) + Hy + Cx (C.3¢)

(hydrocarbon cracking)

Of these reactions the most straightforward is graphite ad-
sorption; however, this is only valid for surfaces covered in
graphite which are likely not active for catalysis. When
CO is the carbon source the reaction kinetics will depend
on CO dissociation, which is an activated process on Mo,C
(as shown in Section 3.3). Methane cracking requires four
dehydrogenation steps and is less thermodynamically fa-
vorable. Hydrocarbon cracking assumes the presence of
higher hydrocarbons in the gas-phase, and also requires
multiple steps, including C-C bond breaking.

These considerations imply that the carbon source will
change as a function of temperature, pressure, and reac-
tant composition. One common approach to this issue is
to simply provide results as a function of an abstract car-
bon chemical potential. The difficulty in such a strategy
is determining the range over which this abstract chemical
potential will vary. For many systems such as oxides [56]
and sulfides [78] the range is estimated by the gas-phase
and bulk energies of the compound. However, for carbides
in contact with syngas the situation is not as straight-
forward. The gas-phase carbon reservoir will depend on
the thermodynamics and kinetics of reactions C.3. Fur-
thermore, some of these reactions such as C.3a result in
gas-phase carbon which is less stable than bulk graphitic
carbon. This leads to carbon chemical potentials above
the often used upper limit of pigraphite [39, 40]. For this
reason it is considered more useful to present results either
in terms of an abstract chemical potential [Figure 2/4(a)]
or by assuming a deposition reaction and gas composition
and calculating p explicitly at various conditions [Figure
2/4(b-d)].

After determining a reference energy the surface free
energy can be calculated via Equation B.3 and the ad-
sorption free energy can be calculated as:

AGads,A = Gsurf+A - Gsurf - GA,reference (04)

so that more negative adsorption energies correspond to
stronger binding. In some cases AG e and/or Uzpg
terms from Equation A.1 are neglected when computing
the adsorption energy in order to directly compare to pre-
vious results (as noted in the text).

14



