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ABSTRACT: Early transition metal carbides (TMCs) can be used as
supports for platinum-group metals as low-cost electrocatalysts. The
determination of electrochemical stability of TMCs is important to identify
their potential use in electrochemical and photoelectrochemical applica-
tions. Various TMC thin films were synthesized and characterized with X-
ray diffraction and photoelectron spectroscopy. Chronopotentiometric-
titration measurements were used to map the stability regions of the TMC
thin films over a wide pH range. The stability of the TMC thin films was
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correlated to the oxygen binding energy of the parent metal. All of the
TMC:s studied are stable for hydrogen evolution/oxidation; most are stable for alcohol oxidation, and titanium, tantalum, and
zirconium carbides are stable for oxygen evolution/reduction reactions.
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1. INTRODUCTION

Fuel cells and electrolyzers typically require the use of
significant amounts of precious metals, such as platinum (Pt),
palladium (Pd), and iridium (Ir), which can greatly increase the
cost of these devices. It has been established that early
transition (groups 4—6) metal carbides (TMCs) often share
similar electronic and catalytic properties with the Pt-group
metals"” and can be used as supports to reduce the overall
loading of the precious metals.” The parent metals of TMCs are
orders of magnitude more abundant in the earth’s crust and less
expensive than Pt-group metals. Economically, any replacement
of Pt with TMCs can result in a great reduction in the catalyst
cost.”> These properties of TMCs make them ideal supports
for Pt-group metals. Previous work in our research group has
found that an ultralow loading of one monolayer (ML) of Pt
can be stable on several TMC supports while behaving as active
as bulk Pt for the hydrogen evolution reaction (HER).>®
Tungsten carbide (WC) has been studied extensively as both
a stand-alone electrocatalyst and as a support for Pt-group
metals for the HER,*’~® hydrogen oxidation reaction
(HOR),”'® methanol oxidation reaction,'' and oxygen
reduction reaction (ORR).'"™? However, the promising
properties of other TMCs can also be advantageous; for
example, the low synthesis temperature of titanium carbide
(TiC) results in high surface area powders being available for
purchase.'* Pt-group metals supported on vanadium (VC) and
tantalum (TaC) carbides have been shown to have synergistic
effects for the ORR,'>' and zirconium carbide (ZrC) was
shown to be a good support for HOR."” There are ongoing
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efforts to synthesize TMC particles that have surface areas high
enough to be used as powder supports.'®~>°

An electrocatalyst or support must be stable under a given
range of pH and potential values to be useful. For pure metals,
the stability information can be typically obtained in widely
available Pourbaix diagrams. These diagrams do not exist for
TMCs, and therefore, there is need to explore the stability of
TMCs under a large range of electrochemical conditions.
Pseudo-Pourbaix diagrams®"*> can be used to identify three
regions of electrochemical stability of the TMCs by use of
chronopotentiometric (CP)-titration measurements: immunity,
passivation, and sustained oxidation from an applied potential.
In CP-titration measurements, the open circuit potential
(OCP) is recorded as a function of pH, and this potential
represents the balance between the overall reduction and
oxidation reactions. Above the OCP, the TMC begins to
oxidize and may form a passivation layer that prevents further
oxidization, allowing the surface to remain stable. If the applied
potential is high enough, the passivation layer breaks down and
the TMC undergoes oxidization and becomes unstable. In this
work, the potential at a current density of +0.1 mA cm™> was
chosen as the onset of sustained oxidization to identify regions
of stability of TMCs for various electrochemical applications.
These pseudo-Pourbaix diagrams provide guidance on the
operational pH and applied potential for a TMC to remain in
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Figure 1. XRD patterns of (a) TiC, (b) VC, (c) ZrC, (d) NbC,

and (e) TaC films.

the immunity or passivation regions and avoid sustained
oxidization.

In this current paper, TiC, VC, ZrC, niobium carbide (NbC),
and TaC films were synthesized and characterized with X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy
(XPS). CP-titration measurements were performed on these
TMC films to determine the stability under a wide range of pH
and potential values. These results, along with previous CP
titration data on WC and Mo,C, were used to identify regions
where TMCs will be stable as electrocatalysts or supports for
common electrochemical energy conversion applications.
Density functional theory (DFT) was used to identify a trend
for the stability and resistance toward electrooxidation of the
various TMCs. The systematic examination of the TMC
electrochemical stability can be helpful for the identification of
TMCs in electrocatalytic and photoelectrocatalytic applications.

2. EXPERIMENTAL SECTION

2.1. TMC Synthesis. Niobium foil (0.127 mm thick,
99.97% excluding Ta), vanadium foil (0.075 mm thick, 99.8%),
titanium foil (0.127 mm thick, 99.99+%), tantalum foil (0.25
mm thick, annealed 99.95%), and zirconium foil (0.127 mm
thick, annealed 99.5%) were purchased from Alfa Aesar and
rinsed with acetone and then 0.3 M sodium hydroxide (NaOH)
before being carburized. All metal foils except Ti were
carburized in a tube furnace with a flow rate of 122 cm®
min~" of hydrogen (H,) and 32.6 cm® min™" of methane (CH,)
at 1273 K for 1 h before being cooled to 1123 at 3.3 K min~}, at
this point, the CH, was turned off and the temperature was
held for 15 min before the furnace was turned off to help
remove excess surface carbon.*® After the films were cooled to
room temperature, the H, flow was turned off, and a gas
mixture of 1% oxygen/99% nitrogen was flown over the films to
passivate for 1 h before exposure to the atmosphere. Ti foil was
carburized with a flow rate of 108 cm® min™ for H, and 46 cm?®
min~! for CH, at 1373 K for 4 h. After the TiC film was
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passivated in a manner identical to that for the other TMC
films, the excess surface carbon was peeled off the TiC film.

2.2. Characterization. Scintag X2 advanced diffraction
system with a Cu Ka X-ray source was used to measure
symmetric XRD with a count time of 2 s and step size of 0.05°.
A Phi 1600 XPS system with an Al X-ray source and
hemispherical analyzer was used for XPS measurements.

2.3. Electrochemical Methods. The TMC films were
stored under vacuum before and after electrochemistry to
prevent oxidation from atmosphere and were dipped in 0.3 M
NaOH to remove surface metal oxides immediately before
electrochemical measurements. A new TMC film was used for
every CP-titration measurement. CP-titration measurements
were conducted using a three-electrode set-up with a Pt gauze
counter electrode and a double-junction saturated calomel
reference electrode (Pine Research Instrumentation), and a
Princeton Applied Research VersaSTAT 4 or VersaSTAT 3F
was used as a potentiostat/galvanostat. The electrolyte
consisted of a nitrogen-saturated solution of 0.1 M phosphoric
acid buffer (Fisher Chemical, 85% certified ACS), 0.1 M
sodium sulfate (Fisher Chemical, anhydrous certified ACS) to
ensure that both sodium and sulfate ions were present, and
various amounts of concentrated sulfuric acid (Fisher Chemical,
TraceMetal grade) and concentrated NaOH (Fisher Chemical,
certified ACS) to achieved the desirable pH values. The CP
measurements were taken at a pH value starting at ~0.5 and
ending at ~13. The pH was measured continuously with an
Accumet AP61 pH meter and titrated with concentrated
NaOH. The potential was allowed to reach steady state before
the pH was changed. For more details on the CP-titration
measurements, see the literature.*"*>

2.4. Theoretical Methods. All DFT calculations were
performed with the Vienna Ab Initio Simulation Package
(VASP).>*"*” The PW 91 functional®® was used in the
generalized gradient approximation (GGA)*® calculation, and
a kinetic cutoff energy of 396 eV was chosen for the plane wave
truncation. The most close-packed surfaces of Mo(110),
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Figure 2. Chronopotentiometric (CP)-titration curves for (a) TiC, (b) VC, (c) ZrC, (d) NbC, and (e) TaC. The uncertainty associated with the
average variation in steady state potential is smaller than the size of the data points shown.

Nb(110), Ta(110), V(110), W(110), Ti(0001), and Zr(0001)
were used for the calculations. All calculations were performed
using a periodic 3 X 3 unit cell with a 3 X 3 X 1 Monkhorst—
Pack k-point grid. Each surface was modeled by adding six
equivalent layers of vacuum onto four metal layers, in which the
two bottom layers were frozen, while the top two layers were
allowed to relax to reach the lowest energy configuration.

In oxygen binding energy (OBE) calculations, oxygen was
placed on the atop, bridge, and 3-fold sites to determine the
most stable binding configuration. A coverage of 1/9 was used
for each OBE calculation. The OBE on each surface was
calculated by subtracting the energies of the bare surface and an
oxygen atom from the total energy of the slab plus the adsorbed
oxygen atom.

3. RESULTS AND DISCUSSION

3.1. Characterization of TMC films. XRD was used to
determine the structure of the TMC films (Figure 1). The
labeled crystal facets were matched from literature for Ti
[ICDD 00-044-1294], TiC [ICDD 00-032-1383], V [00-022-
1058], V,C [01-071-6320],VC [ICDD 01-073-0476], ZrC
[ICDD 00-035-0784], ZrO, [ICDD 00-036-0420], Nb [ICDD
00-034-0370], NbC [ICDD 00-010-0181], Ta [ICDD 00-004-
0788], Ta,C [ICDD 01-071-2677], and TaC [ICDD 00-035-
0801]. Figure 1d indicates that NbC films are phase-pure with
no other metallic or carbidic phases present. The XRD patterns
for VC, TiC, and TaC show mixed metallic and carbidic phases.
Similar work on WC film® synthesized in an identical manner
found that WC-phase is present near the surface, whereas the
W,C and W phases are present in the bulk. This would suggest
that fully carburized V, Ti, and Ta would also be present near
the surface. There is a mixture of Zr carbide and oxide peaks in
the ZrC film XRD, which indicates that the film is not fully
carburized.

3.2. CP-Titration Measurements. CP-titration measure-
ments were conducted at two current densities and represented
the regions of stability (Figure 2). The first current density was
at 0.0 mA cm? which approximates the boundary between
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immunity and passivation, and the second current density was
at +0.1 mA cm™> which represents the boundary between
passivation and TMC dissolution. Generally, the OCP
decreases in a linear fashion as the pH increases. This decrease
is mostly due to the pH dependence of the reversible hydrogen
adsorption/desorption potential at room temperature (—S59
mV/pH unit),” but can also be influenced by other reduction/
oxidation reactions. At low to moderate pH, the +0.1 mA cm ™
CP curves for the ZrC, NbC, and TaC films decrease at a linear
rate that has been previously attributed to the formation of
solid oxide product.”” This is in contrast to previous CP-
titration measurements for WC that found that WC possesses a
substantially decreased region of passivation at neutral and
alkaline pH values.*" The +0.1 mA cm™ CP potential decreases
rapidly at very high pH (>10) for TiC, NbC, and TaC, and this
large negative change has been corresponded to dissolution of
metal oxides into solution.”? Previous work>' found that TiC,
when subjected to galvanostatic corrosion under acidic
conditions, exhibits a plateau at two different potentials: the
first one is temporary and is due to the passivation of TiC film
(partially reduced Ti oxide), whereas the potential at steady
state reflects the dissolution of a solid oxide. The potential of
the Ti solid oxide dissolution from this prior study is very close
to that of the potential at +0.1 mA cm™> (Figure 2a) under
acidic conditions, so the CP could be more representative of Ti
oxide than Ti carbide. Generally, the CP-titration measure-
ments show that TMCs have higher stability than predicted for
the parent metals from Pourbaix diagrams.*> The TMCs also
show high stability at low pH, whereas common nonprecious,
catalytically active metals (e.g.,, Ni, Cu, and Fe) are known to be
unstable under acidic conditions.>* Therefore, TMCs could be
useful as stable materials for acidic electrocatalysis. It is
important to note that the kinetically limited CP-titration
measurements are approximating the thermodynamic stability
in a Pourbaix diagram, so there are external factors that may
shift the TMC regions of stability and also do not take into
account active corrosion that does not require an external

applied potential.
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Figure 3. XPS spectra of (a) TiC, (b) VC, (c) ZrC, (d) NbC, and (e) TaC film pre (black line), post 0.0 mA cm™ (red line), and post +0.1 mA
cm™? (gray line) CP-titration measurement. A new TMC film was used for each CP-titration measurement.

3.3. Surface Characterization Pre and Post CP
Measurements. To investigate the oxidation state near the
surface region of the TMC films, XPS measurements were
performed before and after the CP-titration measurements
(Figure 3). The metal 2p, 3d, or 4f XPS regions for TiC, VC,
NbC, and TaC films before the CP experiment show that the
metallic components are present in their carbidic form, and
there are shoulders present at higher BE indicating that a small
amount of metal oxide is also present, as is expected for
passivated surfaces. The C 1s region of these TMC films also
confirms the presence of a carbidic C (peak location <284.8
eV) and a graphitic C (peak location ~284.8 V). The XPS
spectra of VC, NbC, and TaC films show that there is either no
metal oxide (VC) or a small amount of metal oxide (NbC and
TaC) after the CP measurements. XPS results of the ZrC film
(Figure 3c) indicate that before CP measurement, the metal
near the surface is fully oxidized, and the ZrC film does not
passivate well, so measurements may reflect the potential of
oxidation for Zr oxide. The TiC film is carbidic near the surface
before the CP measurement, but the XPS afterward shows that
the TiC surface is completely oxidized, suggesting that the 0.1
mA cm™> CP measurements for TiC could represent the
oxidation potential of titanium oxide rather than TiC.

3.4. Trends in TMC Stability. The CP-titration results are
organized under two regions of interest in electrocatalysis in
Figure 4—acidic (pH = 1) or alkaline (pH = 12; except Mo,C
for which pH = 11) conditions—and the potentials are
reported vs RHE to allow for easy comparison by eliminating
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the effects of pH. The potential that the carbide will sustain
oxidation (+0.1 mA cm™) is plotted as a function of DFT-
calculated OBE of the parent metal. There is a general
correlation between strong OBE and high potential for the
onset of oxidation for the TMC, with the correlation being
more obvious for alkaline than acidic conditions. The better
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correlation under alkaline conditions could be because of the
similarities between hydroxide present in solution and oxygen
adsorbed on the TMC surfaces. One possible reason that a
higher OBE value corresponds to a more stable TMC is
because the TMC is passivated (as identified in the XPS
results), which results in a small amount of oxidized metal
protecting the TMC from further oxidation. TiC and ZrC have
a much stronger OBE than the other metals in the current
study, which could explain why those two carbides show
complete metal oxidation in the XPS after the +0.1 mA cm™
CP measurements. Ta, W, Ti, and Zr carbide show stability
under acidic conditions; Ti, Zr, Ta, V, and Nb carbide show
stability under alkaline conditions. The general operational
potentials of common electrochemical reactions (oxygen
evolution, oxygen reduction, alcohol oxidation, hydrogen
oxidation, and hydrogen evolution) are superimposed over
the data to allow identification of potential applications of
TMCs. Generally, all of the TMCs are stable for HER/HOR,
and most are stable for alcohol oxidation. TaC, TiC, and ZrC
also show stability for ORR or OER.

4. CONCLUSIONS

TMCs are promising supports for Pt-group metal electro-
catalysts. This work identified the regions of stability for TMCs
as a guide for their selection in various electrochemical
applications. Overall, the electrochemical stability was corre-
lated with the DFT-calculated OBE values. Specifically, ZrC,
TiC, and TaC films exhibited the highest stability in both acidic
and alkaline solutions.
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