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Abstract: Molybdenum carbide has attracted much
research attention for its precious metal-like catalytic
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and interfaces, one can control the transition between ' L 80
different phases and surface structures for molybdenum
carbide nanoparticles. In this context, it is essential to understand their surface compositions and structures under
operating conditions in addition to their intrinsic ones under ambient conditions without external cues. The
necessity of surface study also comes from the mild oxidation brought by passivation in carbide nanoparticles.
made using the bottom-up synthesis or solid-gas phase temperature-programmed reduction. In this perspective,
we first introduce the relevant crystal structures of molybdenum carbides and highlight the features of the three
types of chemical bonding within. We then briefly review the studies of thermodynamically favored surface
components and nanostructures for partially oxidized molybdenum carbide nanoparticles based on both
experimental and theoretical data. An electrochemical oxidation method is used to illustrate the feasibility in
controlling and understanding the surface oxidation. Finally, structure-property relationship is discussed with
several recent examples, focusing on the effect of phase dependency on the adsorption energy of reaction
intermediates.
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1. Introduction

Renewable energy such as hydropower, wind, solar, and biofuel occupies a growing share of global energy
consumption, playing an important role in steadily reducing the dominant status of fossil fuels. Sustainable
electrochemical technologies focusing on fuel cells, electrolyzers for water splitting, and batteries have been
intensively studied for their large-scale commercialization [1,2]. Design of electrocatalysts and electrode materials
is crucial to bring out the maximum activity and durability of the energy devices, achieving both energy- and cost-
efficiency. Noble metals such as platinum and palladium are conventional electrocatalysts but less favorable due
to their high cost [3,4]. As potential substitutions for precious metals, molybdenum carbide (Mo»C) materials have
been widely studied for their application in electrochemical catalysis, especially for hydrogen evolution reaction
(HER) [5,6] oxygen evolution reaction (OER) [7], nitrogen reduction reaction (NRR) [8], and carbon dioxide
reduction reaction (CO2RR) [9]. While the mechanisms for their Pt-like properties are still under investigation, it
has been reported that the (111) surface of B-Mo2C exhibits comparable Gibbs free energy to that of Pt (111)
plane [10]. After modification of surface components of carbide materials, a balanced adsorption/desorption of
reacting species, intermediates, and products on catalyst surface can be achieved, which is beneficial to facilitate
the kinetics of a target reaction [11,12]. Considerable approaches have been examined, such as exposing active
sites by nanoengineering [13,14], surface modification using heteroatom doping [12,15], interface engineering by
incorporation of catalyst supports [16,17], and structural design using porous and hierarchical materials [18,19].
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All strategies require a comprehensive understanding of surface compositions of Mo.C and how these
compositions may modify the interaction between surface sites and reactants.

The necessity to understand surface components also arises from the synthetic conditions of MoxC materials.
Using B-MozC as an example, it can be made in three major approaches: solid-solid, solid-liquid, and solid-gas
methods [20,21]. In a solid-solid phase method, carbon is used as support in the process of carburization of Mo
precursors. The synthesis is carried out at high temperatures (>1500 °C) to overcome the energy barrier of carbon
diffusion into Mo lattice, resulting in large particle size, low specific surface area, and inferior catalytic
properties [18,22]. The solid-liquid phase method, which usually uses urea glass, alcohol, and phenolic resin as
the carbon source, can reduce the reaction temperature to 600~900 °C [20,21].

An effective, current synthesis is based on solid-gas phase temperature programmed reduction (TPR) method.
In this approach, hydrocarbon gases such as methane may be reduced by hydrogen gas to produce the carbon in
metal carbides, which greatly lowers the synthetic temperature to make nanometer (nm)-sized carbide
particles [23,24]. The benefit of using gaseous carbon sources includes flexibility in the choice of catalyst support,
especially allowing for a delicate size and morphology control of carbide nanoparticles. The choice of carbon-
containing gas is also reported to affect the structure of the obtained carbide [20,25]. Using solid-gas synthesis
may have its challenges as well. The incomplete combustion of excess carbon-containing gases may result in the
formation of carbon residue on carbide surface [26]. The carbon residue not only complicates the microscopic
study of carbide nanomaterials but also deactivates the surface. As Mo,C nanoparticles are pyrophoric due to their
highly reactive surfaces, post-treatment, such as mild passivation, may also be needed for their safe use under
ambient conditions [27], resulting in surface oxidation [23]. The partially oxidized surface, known as oxycarbide,
can be either carbidic or oxidic based on oxygen coverage [28]. There is much research interest in characterizing
the surface of oxidized molybdenum carbide [29,30] and studying the impact of controlled oxidation on catalytic
properties [23,31,32], because surface composition often determines catalytic activity.

In this Perspective, we highlight the understanding of surface compositions of MoxC nanoparticles and their
effects on electrochemical catalysis. We first present the crystal structures and summarize the key relevant features
of chemical bonding in Mo.C. We then discuss the thermodynamically favored surface components and
nanostructures of partially oxidized Mo.C nanoparticles based on both experimental and theoretical data.
Relationship between catalytic properties and compositional and structural parameters of Mo.xC nanocatalysts is
explained based on adsorption energy of reaction intermediates. The effects of phase dependency on catalytic
applications are highlighted using selected recent examples.

2. Structure of Molybdenum Carbides and Key Features of Chemical Bonding

Molybdenum carbides can be regarded as interstitial compounds, where large transition Mo atoms serve as
the host lattice, and small carbon atoms occupy the interstitial vacancies. Experimentally, X-ray diffraction (XRD)
is a common technique to study the crystal structure of Mo.C. There are mainly three types of packing structures
for interstitial carbides, i.e., face-centered cubic (fcc), hexagonal closed packed (kcp), and simple hexagonal (%ex)
structures. Their corresponding standard XRD patterns are illustrated in Figure 1. In a cubic structure, each Mo
atom is surrounded by six C atoms. The hexagonal Mo.C forms a structure with alternating Mo and C layers [33].
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Figure 1. (a) Illustration of the three common Mo.C crystal structures. Reprinted with permission from Ref. [34].
(b) The corresponding standard XRD patterns of MoCi-x, Mo2C, and MoC.

There are three kinds of bonding in the Mo.C materials, i.e., metallic bond between Mo atoms, covalent bond
between Mo and C, and ionic bond caused by charge transfer between Mo and C. The electron localization function
(ELF) topological analysis was applied to study the chemical bonding in molybdenum carbide nanoparticles [35].
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A detailed electronic structure calculation shows the local maxima of electron density are contained in a basin as
illustrated in the isosurfaces of each configuration (Figure 2a—c). The core basin (i.e., C(X), X = Mo or C) contains
a nucleus meanwhile the valence basin (i.e., V(mX, nY), X, Y = Mo or C, m and n are integers) includes a number
of core basins. For MoiC1 configuration, the electron density maximum is found 0.624 A from Mo and 1.067 A
from C, with a low basin population of 0.2e. This calculation implies the ionic character of the Mo-C bonding
(Figure 2a). In contrast, two bonding basins of Mo-C (i.e., V(C, Mo)) in the Mo2C: configuration have 1.8e,
indicating a significant change to a more covalent character (Figure 2b). The ELF method was further applied to
a more complex Mo2sCi4 configuration regarding its Mo-terminated surface. Three-center basins V(3Mo) and
four-center basins V(C, 3Mo) are observed and reported to related to the three kinds of three-fold hollow sites (Vc,
Hu, He) for surface adsorption [36].

Analysis of density of states (DOS) is another method to investigate the electronic structure of Mo.C [33].
Different phases of Mo.C have different C 2s bands in shape and energy between —10.5 and —13.5 eV (Figure 2d).
For 8-MoC and o-MoC, the bands around the Fermi energy (Er) have a narrow close-to-zero region, which
separates the whole band into the covalent bonding and antibonding areas (Figure 2d,e). These two regions are
composed of C 2p and Mo 5d electrons, though the metallic nature of carbide mainly comes from Mo. The DOS
of 8-MoC has the sharpest peaks, indicating the most localized distribution of electrons and mixed ionic-covalent
bonding. For -Mo2C, however, it has the most metallic character because Er is within the electronic bands. Due
to the strong interaction between carbon and metal atoms, Mo.C (e.g., M0o2C) possesses a high melting point
(2520 °C) with its electric and thermal conductivity similar to ceramics [34]. These properties make them attractive
functional materials, especially after they were found to exhibit catalytic activity in electrochemical
reactions [5,37,38].
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Figure 2. ELF isosurfaces of (a) MoiCi, (b) M02C1, and (¢) Mo2sC14 complexes. V(X, Y) indicates the valence
basin between two centers (X, Y = C or Mo), and C(C) and C(Mo) indicate a carbon and molybdenum core basin,
respectively. Reprinted with permission from Ref. [35]. (d) Total and projected DOS for Mo.C with different bulk
structures. (e) Projected DOS for the most stable low Miller-index surfaces of 8-MoC and a-MoC phases. Reprinted
with permission from Ref. [33].

3. Surface Composition: Experimental and Quantum Simulation Studies

3.1. Phase Behaviors of MoxC Nanomaterials

Size and composition control is crucial in synthesizing MoxC nanomaterials to bring out their precious metal-
like catalytic properties. Molybdenum carbides have been reported to exhibit multiple crystal structures
(Figure 3a) and reactions conditions can be modified to prepare different targeted products. The transition between
different carbide structures becomes easier when the particle size is reduced to nm-sized scale. The large surface
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area-to-volume ratio means contribution of surface energy to the total energy becomes significant, making those
metastable phases with low surface energy becomes thermodynamically preferable at small sizes
(Figure 3b—d) [14]. In another word, nanosized carbide particles may have different phases from those suggested
by the conventional phase diagram (Figure 3b). To obtain this size-dependent phase diagram, the bulk free energy
values (AQuuik) of different MoxC were estimated as a function of the chemical potential of carbon (Auc)
(Figure 3c). Surface energies were incorporated into the calculation of size-dependent free energy based on the
Gibbs-Thomson equation. It is also necessary to optimize the computed Wulff constructions based on equilibrium
particle morphologies of different carbide phases to address the relationship between surface energy and Miller
index (Figure 3d). Combining both bulk phase and surface energy terms, 5-MoC phase dominates in the size
regime of <3.3 nm and a-Mo2C phase is the preferable product in the range of 3.3~40 nm. When the resulting
nanoparticle is larger than 40 nm, y-MoC and B-Mo2C are expected to form (Figure 3b).

Other than thermodynamic considerations, the structural transformation can also be realized through
formation of energetically favored interface [39]. Density functional theory (DFT) calculations suggest the
feasibility of Zn-facilitated phase transformation. The adhesion energy of MoC(101)|[M02C(101) interface is found
to be smaller than the sum of surface energy of MoC(101) and M02C(101). Thus, the epitaxial growth of MoC
from Mo2C should be thermodynamically favored. A Zn-modified MoC(101)/M02C(101) interface is calculated
to be more stable than a Zn-free interface, further benefiting the formation of MoC/Mo2C interface. This structural
transformation can be demonstrated by the XRD patterns of carbide samples with different Zn/Mo ratios
(Figure 3e). The characteristic peaks of MoC (101) and Mo2C (101) are located at 36.3° and 39.6°, respectively.
With a higher Zn/Mo feeding ratio, the peak intensity ratio between MoC (101) and Mo2C (101) also increases.
With bulky phase information characterized by XRD, researchers rely on X-ray photoelectron spectroscopy (XPS)
to study the surface chemical constituents. Figure 3f shows the Mo 3d spectrum for Zn-MoC/Mo2C-0.5. Peak
deconvolution was performed to assign each XPS peak to the four oxidation states of Mo, i.e., Mo(II), Mo(III),
Mo(IV), and Mo(VI). Peaks around 228.6 ¢V and 231.8 eV refer to Mo(II) 3ds» and 3ds2 of Mo2C, which have
comparable peak intensity to those for Mo(III) of MoC. The co-existence of MoC and Mo:C in the surface region
is consistent with the XRD results as shown in Figure 3e. It should be noted that Mo(IV) and Mo(VI) are commonly
observed in Mo carbide nanosized samples unless they are prepared and characterized in situ without exposure to
air. These oxides are a result of surface oxidation of Mo.C nanoparticles under ambient conditions.
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Figure 3. (a) Binary phase diagram of Mo and C. Reprinted with permission from Ref. [22]. (b) Lowest energy
2-D phase diagram by projecting 3-D diagram onto Apc-1/d axis. (¢) Free energy of Mo,C at different chemical
potentials of carbon (Apc). (d) Computed Wulff constructions of the equilibrium particle morphologies of different
carbide phases at Auc = —0.15 eV. This value of Apuc was chosen because it roughly corresponds to common
composition and temperature synthesis conditions. Reprinted with permission from Ref. [14]. (e) XRD patterns of
the Zn-MoC/Mo2C catalysts with different Zn/Mo feeding ratio (I: 0, II: 0.1, I11:0.2, IV: 0.5). (f) High resolution
XPS spectrum of Mo 3d for the Zn-MoC/Mo2C-0.5 catalyst. Reprinted with permission from Ref. [39]. Copyright
2021 American Chemical Society.
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3.2. Controlled Surface Oxidation by an Electrochemical Approach

While there is a great incentive to control the surface chemistry of metal carbide to optimize their catalytic
properties, it is non-trivial to develop a proper synthetic approach with the precision that is needed. Surface
oxidation can be best controlled with those Mo,C nanomaterials made using the solid-gas synthesis [23]. This
method significantly reduces the reaction temperature of MoxC nanomaterials, preventing severe overgrowth of
carbide while enabling the exposure of active surfaces using the bottom-up synthesis. In a typical synthesis, a
mixed forming gas consisting of a short-chain hydrocarbon (e.g., methane) and hydrogen is often used. Heat
treatment of metal precursors in such a reducing atmosphere gives rise to the formation of highly reactive carbide
nanoparticles, whose surface can be partially oxidized to result in metallic-like H-adsorption sites and Brensted
acid hydroxyl sites [40]. Catalytic properties of Mo.,C nanoparticles thus are readily tunable by the surface
oxidation [41]. Controlled treatment through oxidation of surface sites was reported to help adjust the acidic site
density of 2~5 nm Mo2C nanoparticles [42]. Product selectivity could also be affected by the oxygen coverage on
carbide surface [30,43].

While the solid-gas phase synthesized Mo.C can be oxidized readily, the approach is lacking the control in
the degree of oxidation. Electrochemical oxidation appears to be an ideally suited approach to making partially
and fully oxidized Mo.C nanoparticles, meeting the technical challenge on quantitatively control over the degree
of oxidation. In our recent study, different degrees of surface oxidation were achieved by applying predetermined
upper limit of oxidation potential in an aqueous electrolyte, shown in cyclic voltammetry (CV) (Figure 4a) [23].
In this synthesis, electrooxidation of f-Mo2C could occur at an onset potential of around 0.6 V (vs. RHE) and the
peak current density was achieved at ~0.8 V. When the upper limit was raised to 1.2 V, the oxidation current
density was close to zero, suggesting a complete surface oxidation. X-ray photoelectron spectroscopy (XPS) study
indicates the complete surface oxidation started at a high potential, ranging from 0.975 V and 1.2 V. Our XPS
study indicates the carbidic peaks appearing between 0.4 V and 0.85 V in Mo spectra can be assigned to (Mo)
oxycarbides.

Our density functional theory (DFT) simulations further catch this change from carbides, to oxycarbides, and
ultimately to oxides in detail, providing strong atomic analysis of relationship between surface structure and degree
of oxidation (Figure 4c—f). Oxygen-covered surface configurations are thermodynamically more stable than those
of oxygen-free configurations across the potential range from 0 to 0.6 V (Figure 4d). In the range of 0 to 0.28 V,
1/3 of Mo sites and all C sites are covered with oxygen ((Mo-O)1(C-O)s). The DFT simulation also reveals that,
on a carbon-terminated facet, surface carbon is more sensitive to oxidation than surface Mo, which is consistent
with our spectroscopic data. When the oxidation potential increases, the surface oxycarbide structure transforms
into more oxidized configurations, i.e., (M0-0O)3(C-O)s) and (M0-0)4(C-O)s. Our quantum simulation results
further indicate a fully oxygen-covered carbide surface may be on a nanoparticle that is not fully oxidized. With
an oxidation potential higher than 0.6 V, a substitutional oxidation pathway may occur, where oxygen-covered
surface carbons further react to form CO and CO: species. These carbon derivatives subsequently desorb from the
surface, exposing carbide subsurfaces, allowing oxidization of sublayer Mo and C sites, and triggering the
structural transformation from oxycarbide to oxide (Figure 4e). The DFT simulation suggests such a process is
thermodynamically favorable at a wide range up to an oxidative potential of 1.2 V and explains the experimentally
observed peak current density around 0.8 V in CV scans (Figure 4a).

The DFT and experimental studies developed for f-Mo>C nanoparticles were applicable to analyze the
surface composition of a-MoC [44]. Both computational and experimental data indicate that a-MoC is more
resistant to electrochemical oxidation than B-Mo2C, i.e., the surface structural transformation of a-MoC to
oxycarbide and oxide is more difficult (Figure 5a—c). This resistance to oxidation is attributed to the unfavored
substitutional oxidation. The ab initio thermodynamics calculation suggests a-MoC(311)-Mo and -Mo2C(011)-
C surfaces as the most dominant facets under synthetic conditions. Considering the adsorption of O*/OH*/H*, the
pH-dependent surface Pourbaix diagram for a-MoC(311)-Mo facet was obtained (Figure 5a). At pH = 1, the
oxidized surface, with all Mot sites and half of Cip sites covered with oxygen, is stable up to 0.71 V. A structural
transformation from (Mo-0)s(C-O)4 to (Mo-O)s(C-O)s configuration happens in the potential range from 0.71 to
0.84 V. This conversion is limited by H20O dissociation and is thus considered as a slow oxidation. After reaching
0.84 V, the product, (Mo-O)s(C-O)s, becomes thermodynamically favorable, thus promoting the reaction rate of
surface oxidation. Further oxidation is expected if the oxidative potential is above 0.84 V at pH = 1. For -Mo2C,
however, the slow and fast oxidation steps happen at the potential of 0.23 and 0.46 V, respectively (at pH =1 in
Figure 5b). This stability analysis is based on the thermodynamically stable (311)-Mo facet of a-MoC. It appears
the metal-terminated surface adds to the difficulty of oxidation and retards the oxidation of C atoms to CO and
CO:z species. In contrast, the carbon-terminated B-Mo2C(011)-C facet may react with O* and form mobile CO*
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species. The experimental results show a more pronounced and broader oxidation peak for 3-Mo2C than a-MoC
(Figure 5c¢), which is consistent with the theoretical predictions.
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4. Electrocatalysis of Molybdenum Carbide Nanoparticles

Properties of electrocatalysts are closely related to the adsorption/desorption of reactants, their intermediates
and final products. Catalytic performance of Mo.C is often dependent on different structural factors, including
crystal phase, metal dopant, and Mo valence. Dependency of performance on surface structures can be illustrated
through hydrogen evolution reaction (HER) by Mo.C electrocatalysts. Figure 6 shows the results of a theoretical
study of the effects of twenty-nine atomic configurations of seven different surfaces on HER [11], including their
atomic configuration, stability, and adsorption of O* and HO*. Figure 6a shows the free-energy change of
hydrogen (AGu) at different hydrogen coverages on the bare, oxygenated, hydroxylated, or
oxygenated/hydroxylated surfaces. The exchange current densities for each surface were derived to reflect their
predicted HER activities (Figure 6b). An absolute value of 0.20 eV of AGn is regarded as too large for a favorable
adsorption/desorption. Based on this criterion, the sites on top of O of oxide 5-(111)-Mo, on top of C of hydroxyl
G-(110), and hep site of oxide -(001)-Mo are regarded to be catalytically favorable. The values of AGu were
further optimized by considerations of different hydrogen coverages. Based on the hydrogen coverage determined
by hydrogen adsorption ability on each surface, the calculated exchange current densities for every potential facet
were combined into a volcano plot (Figure 6b). Nine surfaces were found to exhibit an exchange current density
larger than 0.1 mA/cm?. It is interesting that most of them are terminated with carbon atoms and not covered by
either oxygen or hydroxyl. This result suggests positive effects from surface carbon sites and inferior adsorption
of water on Mo.C surfaces for HER.
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Reprinted with permission from Ref. [11].

The above simulation data highlights the effect of surface composition on catalytic properties and the
potential applications to different reactions catalyzed by Mo:C such as carbon dioxide utilization, biomass
upgrading conversions, and electrochemical hydrogen generation. We examined electrocatalysis of surface
oxidized Mo,C catalysts towards HER, as this reaction is well studied and could be a good model reaction to
evaluate the reactive sensitivity of catalyst surface or interface structures (Figure 7a) [45]. We performed
controlled oxidation of Mo2C nanoparticles and studied the effects of different surface compositions on HER
activities (Figure 7b) [23]. The partially oxidized Mo2C electrodes were tested for HER activity by linear scanning
voltammetry (LSV). The HER polarization curves overlapped with each other for Mo2C electrocatalysts formed
under oxidative potentials up to 0.4 V (M02C-0.4) and 0.6 V (M02C-0.65), respectively, suggesting similar HER
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catalytic properties. Based on XPS data, both carbides were partially oxidized to produce Mo oxycarbide surfaces
under relatively mild oxidation conditions. For further oxidized Mo2C-x (x represents the upper limit of oxidative
potentials and is equal to 0.75, 0.85, 0.975, and 1.2 V), the HER current densities decreased continuously with the
increase of value x, indicating that a reduced HER activity due to the surface oxidation of Mo2C catalysts
(Figure 4).
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Figure 7. (a) Schematic illustration of electrode chemical reactions in water electrolyzer and the control of HER
reactants (protons) at unmodified (left) and covalent organic framework-modified (right) electrode surfaces.
Reprinted with permission from Ref. [45]. (b) Polarization curves of surface oxidized B-Mo2C electrocatalysts for
the HER. Insets are the corresponding illustrations of nearest neighboring atoms for a given Mo with different
oxidative states formed under different upper oxidation potentials. Reprinted with permission from Ref. [23].

5. Summary

Molybdenum carbide nanomaterials are promising electrocatalysts in multiple sustainable electrochemical
conversion technologies, such as hydrogen production. Unlike noble metal catalysts, metal carbides are opted to
surface oxidation, especially for those highly active nm-sized particles that are favored for catalysis. Controlled
surface modification could be a powerful and feasible way to affect their electrochemical applications. Precision
engineering of surface compositions and structures often require a better understanding of conversion processes.
We recently showed electrooxidation can be an effective method for the control of surface compositions of Mo.C
catalysts, especially those made by solid-gas phase synthesis, in which case the pristine surface with no surfactant
or other capping agents can be exposed. When properly excused, different degrees of surface oxidation are readily
achievable by applying predetermined oxidative potentials. In the case of nm-sized $-Mo2C nm-sized catalysts,
carbide, oxycarbide and oxide surfaces could all be controllable formed electrochemically. Quantum simulations
suggest the above compositions are feasible as computational data matched well with the experimental
observations. Interestingly, DFT calculation suggests imbedded carbon could also be selectively oxidized.

Experimentally, the surface oxidized B-Mo2C electrocatalysts indeed exhibited a great deal of sensitivity to
surface composition or oxidation, as being demonstrated in HER. As Mo.C can possess different bonds with
metallic, covalent, and ionic features, which result in a vastly different adsorption/desorption of reactive agents
and intermediates, it is no surprise that further controlling surface composition though precision electrooxidation
could be a very useful tool for post-synthesis treatment of metal carbide electrocatalysts. It is anticipated
electrooxidation should be applicable to change structural parameters of transition metal carbide nanocatalysts in
different phases with (or without) heteroatom dopants and varied Mo valences, opening new avenues of developing
non-precious metal catalysts for scalable chemical production processes.
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