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ABSTRACT: Metal-terminated bimetallic carbide nanoparticles
(NPs) of tungsten and tantalum are synthesized in a
monodisperse particle size distribution of 2−3 nm. The
bimetallic particles feature enhanced electrocatalytic behavior
with respect to the monometallic composition. X-ray absorption
near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) measurements indicate that the
Ta0.3W0.7C NPs consist of a well-mixed random alloy featuring
a compressed lattice that favorably impacts stability and catalytic
activity. Electrochemical testing shows that the incorporation of
30% tantalum into the tungsten carbide lattice increases the
electrochemical oxidation resistance of the NPs. The onset of
surface passivation in 0.5 M H2SO4 shifted from +0.2 V vs RHE to +0.45 V vs RHE, and the maximum surface oxidation current
shifted from +0.4 to +0.75 V vs RHE. The activity toward hydrogen evolution (HER) of the carbon-supported Ta0.3W0.7C NPs is
preserved relative to the activity of unmodified carbon-supported WC NPs. The increase in electrochemical oxidation resistance
is attributed to the presence of surface Ta moieties as determined by X-ray photoelectron spectroscopy (XPS) while the
preservation of the HER activity is attributed to the observed lattice compression.

■ INTRODUCTION

The development of bimetallic nanoparticles (NPs) has greatly
advanced the continuing search for electrocatalysts with higher
activity and stability and lower cost. Catalytic activity can be
enhanced through strain and ligand effects between the
bimetallic alloys, often giving rise to enhanced or new catalytic
activity at the surface.1 An example would be the excellent
performance of PtRu bimetallic NPs for oxygenate electro-
oxidation.2 Similarly, catalytic stability has been enhanced by
alloying active metal sites with more electrochemically stable
metals such as gold and iridium.3,4 Bimetallic NPs have also
been used to create less expensive catalysts with unique
catalytic properties, such as in the development of PtSn,5

Pt3Ni,
6 PtMo,7 and PtW formulations.8 Unfortunately, the

advancements provided by the study of bimetallic NPs have not
been translated to the development of early transition metal
carbide (TMC) catalysts.
Nanostructured early transition metal carbides (TMCs) are a

long-sought-after class of earth-abundant materials with the
potential to transform and enable sustainable energy
technologies.9 TMCs are notable for their high thermal and
electrochemical stabilities, chemical resistance, low cost, and
unique catalytic activities.10 In particular, tungsten carbide
(WC) and molybdenum carbide (Mo2C) have attracted much
attention due to their catalytic similarities to the platinum

group metals (PGMs).11 As such, TMCs have been investigated
in numerous thermal and electrocatalytic reactions as stand-
alone catalysts,12,13 cocatalysts,14 substrates for active mono-
layers,15−17 and catalyst supports.18−24 Unfortunately, the high
synthesis temperatures (ca. >700 °C) required to synthesize
TMCs has made the study of catalytically active nanomaterials
difficult due to sintering and excess surface carbon deposi-
tion.9,12,25,26 For these reasons, the study of TMCs, and in
particular bimetallic formulations, has been relegated to low
surface area materials such as bulk microparticles27 or sputtered
thin films.28

While early TMCs are substantially less expensive and more
abundant than the PGMs, they are often considered to be less
active and stable. To this end, we have recently demonstrated
that successfully synthesizing ultrasmall TMC NPs can offset
their lower reactivity with respect to PGMs.12 We showed that
nonsintered, metal-terminated TMC NPs have high electro-
catalytic activity for the hydrogen evolution reaction (HER)
and the methanol electrooxidation reaction (MOR), with
activities approaching that of commercial PGM-based NP
catalysts.12 However, while such ultrasmall NPs are highly
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active, they become inherently less electrochemically stable due
to their greater specific surface energy.29,30 The intrinsic
instability of ultrasmall NPs is also true for PGM-based
materials. For instance, Pt NPs in the range of 2−3 nm are
highly active for ORR but feature decreased long-term
operating stability when compared to larger NPs.30

The development of bimetallic carbide NPs offers the
possibility of preserving the high activity of ultrasmall NPs
while mitigating their intrinsically lower stability. While
increased durability under oxidizing conditions is important
for applications of TMCs as standalone catalysts, it is also
critical for applications in which TMCs act as electrocatalyst
supports or as substrates in core−shell formulations. In these
applications, oxidation and/or dissolution of the TMC surface
would be detrimental to the supported active phase. Extensive
surface science studies on polycrystalline foils have identified
highly stable carbide materials in acidic media. While Mo2C and
hexagonal WC foils begin to passivate below +0.4 and +0.7 V vs
RHE, respectively,31,32 titanium carbide (TiC) and tantalum
carbide (TaC) foils are stable up to +1.6 and +1.2 V vs RHE in
acidic media, respectively.33 Unfortunately, bulk TaC has low
reactivity, exhibiting an overpotential for the onset of HER
around 250 mV greater than bulk WC.34 To date, detailed
investigations of the impact of alloying stable but unreactive
carbides with more reactive but less stable ones in nanoparticle
formulations have not been performed.
In this study, we synthesize, characterize, and electrochemi-

cally test the performance of bimetallic tantalum tungsten
carbide (TaxW1−xC) NPs with the ultimate goal of combining
the favorable reactivity of WC and the exceptional stability of
TaC into a single material. We show that Ta0.3W0.7C NPs in the
2−3 nm range exhibit the same HER activity as 2−3 nm WC
NPs while the onset of passivation is increased from +0.2 to
+0.45 V vs RHE. The maximum surface oxidation current is

increased from +0.4 V vs RHE to +0.75 V vs RHE, resulting in
a substantially increased stability window. X-ray absorption fine
structure (XAFS) spectroscopy is used to probe the internal
structure of the new bimetallic nanoparticles, offering insights
into how bimetallics can be used to further enhance TMC
stability without affecting catalytic activity by modulating strain
effects.

■ EXPERIMENTAL SECTION

WC and TaxW1−xC NPs were synthesized using our recently
developed reverse microemulsion (RME) method that allows
for the design of nonsintered, metal-terminated TMC NPs with
tunable sizes and crystal phases.12 This method, modified for
the synthesis of bimetallic TaxW1−xC NPs, is depicted in
Scheme 1. Briefly, an optically transparent water-in-oil (w/o)
RME consisting of discrete nanosized water domains dispersed
in a continuous nonpolar media was made by mixing 240 mL of
n-heptane, 7.8 mL of deionized water, 0.7 mL of reagent grade
ammonium hydroxide, and 54 mL of polyoxyethylene (4)
lauryl ether (Brij L4, a commercial nonionic surfactant).35

Metal alkoxide precursors were then diluted in 120 mL of n-
heptane and slowly added to the RME under constant
mechanical stirring. For the synthesis of WC, tungsten(VI)
isopropoxide (WIPO, 5% w/v in isopropanol) was used as the
metal precursor to make WOx NPs. For the synthesis of
TaxW1−xC, WIPO was first mixed with tantalum(V) isoprop-
oxide (TaIPO, 5% w/v in isopropanol) in the desired molar
ratio (30:70) before addition to the RME to form Ta0.3W0.7Ox
NPs as depicted in step 1a of Scheme 1. The RME mixture
containing the mono- or heterometallic oxide NPs was then
coated in silica by slowly injecting 2.6 mL of reagent-grade
ammonium hydroxide followed by 1.2 mL of tetraethyl
orthosilicate (TEOS) into the RME, forming SiO2/WOx or
SiO2/TaxW1−xOy core−shell NPs as depicted in step 1b of

Scheme 1. Synthesis of Nonsintered, Metal-Terminated TaxW1−xC NPs Supported on Carbon Black

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.5b02922
J. Phys. Chem. C 2015, 119, 13691−13699

13692

http://dx.doi.org/10.1021/acs.jpcc.5b02922


Scheme 1. After 16.5 h, the core−shell NPs were precipitated
by the addition of 300 mL of methanol. After decanting, the
NPs were rinsed with 30 mL of acetone to remove excess
surfactant and recovered via centrifugation at 4000 rpm for 10
min. A TEM image of the SiO2/Ta0.3W0.7Ox NPs is provided in
step 1b of Scheme 1, showing that the bimetallic metal oxide
NPs are singly coated within silica shells.
In step 2 of Scheme 1, the SiO2/WOx and SiO2/TaxW1−xOy

NPs were then calcined at 450 °C for 1 h under 100 sccm of air
to burn off excess surfactant and increase the microporosity of
the silica shells.12 The core−shell NPs were then heated to 900
°C (1173 K) in a tube furnace under 33 sccm of methane and
120 sccm of hydrogen for 4 h to form silica-encapsulated
transition metal carbides: SiO2/WC or SiO2/TaxW1−xC. The
core−shell NPs were then held at 900 °C for 1 h under 120
sccm H2 to remove excess surface carbon. The core−shell NPs
were then allowed to naturally cool to room temperature under
120 sccm H2 with the furnace lid closed. Once at room
temperature, the material was passivated for 3 h in a 1% O2/Ar
atmosphere. A heating ramp rate of 2 °C/min was used
throughout the entire synthesis procedure. The hold times are
reported once the steady-state temperatures were achieved. A
TEM image of the resulting SiO2/Ta03W0.7C material shows
that while the sacrificial silica shells have sintered, they have
prevented the sintering of the Ta0.3W0.7C NPs.
In step 3 of Scheme 1, the silica shells were removed from

the SiO2/WC or SiO2/TaxW1−xC NPs using a room temper-
ature solution consisting of 20 wt % ammonium bifluoride
(ABF) in water. An appropriate mass of Vulcan XC-72r carbon

black (CB) was added to 20 mL of a 20 wt % ABF solution
containing 200 mg of SiO2/WC or SiO2/TaxW1−xC to generate
WC/CB or TaxW1−xC/CB supported catalysts with a loading
of 40 wt %. The ABF/water/TMC NP/CB suspension was
mechanically mixed for 18 h and then neutralized dropwise
with reagent-grade ammonium hydroxide to a pH of 6−7. The
resulting WC/CB or TaxW1−xC/CB material was recovered by
centrifugation and rinsed thoroughly with DI water.
The loadings of the material on carbon black were

characterized using thermogravimetric analysis (TGA) and
inductively coupled plasma atomic emission spectroscopy
(ICP-AES). For the bimetallic carbide, the molar ratio of
Ta:W was determined using ICP-AES and X-ray photoelectron
spectroscopy (XPS). The phase purity and average crystallite
size of the materials were determined using powder X-ray
diffraction (PXRD). The particle size distributions (PSDs) were
determined using transmission electron microscopy (TEM),
and images of the material were also taken using high angle
annular dark field scanning transmission electron microscopy
(HAADF-STEM). PSDs were obtained from manual measure-
ments on five images taken from different areas of the TEM
grid.
XAFS was performed at the Brazilian Synchrotron Light

Laboratory (LNLS) at CNPEM, Campinas, Brazil, using the
XDS beamline. The measurements were performed in trans-
mission mode at room temperature at the W L3-edge (10207
eV) and the Ta L3-edge (9881 eV). WO3, WO2, W, WC, W2C,
Ta, and TaC bulk standards were purchased from a commercial
vendor (Alfa Aesar) and consisted of micron-sized particles. All

Figure 1. Materials characterization of β-WC and β-Ta0.3W0.7C nanoparticles: (a) PXRD diffractograms of SiO2/β-WC and SiO2/β-Ta0.3W0.7C; (b)
PSD for 2−3 nm β-WC NPs supported on carbon black; (c) PSD for 2−3 nm β-Ta0.3W0.7C NPs supported on carbon black; (d) a wide-view
HAADF-STEM image of β-Ta0.3W0.7C NPs supported on carbon black; (e) XPS of β-Ta0.3W0.7C NPs supported on carbon black.
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samples were pelletized and mounted on slides using Kapton
tape. The standards were mixed with boronitride powder while
the silica-encapsulated carbide NPs were pelletized directly. For
all XAS measurements, each scan took ca. 30 min, and three
complete scans were measured for each material and then
merged.
Electrocatalytic testing was performed using a CH Instru-

ments 627e potentiostat/galvanostat. The electrolyte consisted
of room temperature 0.5 M H2SO4 prepared using ultrahigh
purity DI water. The electrolyte was saturated using a pure H2
or Ar gas bubbler for at least 1 h before measurements were
taken. An Ag/AgCl in 1 M KCl solution reference electrode
(+0.239 V vs SHE) was used in the characterization, but all
potentials are reported versus RHE in 0.5 M H2SO4. A Pt wire
was used as the counterelectrode. Working electrodes were
prepared by sonicating 7.5 mg of β-WC/CB or β-TaxW1−xC/
CB catalyst in 1 mL of DI water with 100 μL of a 5% Nafion
112 solution to form a catalyst ink. 7 μL of this ink was then
dripped onto a 3 mm glassy carbon disk electrode polished to a
mirror finish with 0.05 μm alumina powder. The working
electrode was then dried under vacuum for 1 h, dipped in 0.1 M
NaOH solution to remove surface passivated oxides,12,31 and
then rinsed with copious amounts of water before being placed
in the electrolyte.

■ RESULTS AND DISCUSSION
The composition of the SiO2/TaxW1−xC bimetallic carbide NPs
was 30% Ta and 70% W, and the loading of the metal NPs in
silica was 26 and 20 wt % on a metals basis for Ta0.3W0.7C and
WC, respectively (as determined by ICP-AES). Figure 1a shows
that after carburization both SiO2/WC and SiO2/Ta0.3W0.7C
were crystallized in phase-pure face-centered cubic (fcc)
lattices. While bulk WC traditionally crystallizes in a hexagonal
lattice (α-WC), it has recently been shown that the face-
centered cubic (fcc) lattice (β-WC) is also stable in the
synthesis of ultrasmall NPs.12 This is in agreement with density
functional theory (DFT) calculations showing that the fcc and
hexagonal lattices are both stable configurations of WC in
ultrasmall NPs.36 Unlike WC, monometallic TaC natively
crystallizes in an fcc lattice.
The two metals within a bimetallic NP can exist in four main

configurations: a random alloy, perfect intermetallic mixing, a
core−shell configuration, or as a Janus particle.5,37 The RME
method is driven by the diffusion-limited cohydrolysis of WIPO
and TaIPO metal alkoxide precursors, which ensures good
mixing of Ta and W within a single bimetallic carbide NP.
These alloyed oxides can then be reduced and carburized at
high temperatures. While the starting bimetallic oxides are
likely random hydrated mixtures, the extent of mixing in the
final carbide NPs is controlled by lattice mismatch between the
two metals and the kinetics of solid state interdiffusion between
the two metals at the high carburization temperatures. The
PXRDs in Figure 1a suggest that the resulting bimetallic carbide
contains Ta moieties distributed throughout the W lattice
rather than in a separate phase. Figure 1a shows that the NPs
are single-phase and that the lattice parameter for the bimetallic
β-Ta0.3W0.7C NPs is larger than the monometallic β-WC NPs.
Specifically, using the peak positions for the (111) crystallo-
graphic plane, the lattice parameter for the 2−3 nm β-WC NPs
is calculated to be 4.12 Å while the lattice parameter for the 2−
3 nm β-Ta0.3W0.7C NPs is calculated to be 4.19 Å. We note that
the native lattice parameter for bulk β-WC is 4.24 Å (PDF 00-
020-1316) and for bulk fcc TaC is 4.45 Å (PDF 00-035-0801).

These data suggest that the NPs exhibit lattice compression
relative to the bulk carbides while the bimetallic β-Ta0.3W0.7C
NPs exhibit tensile strain relative to the unmodified β-WC NPs.
TEM images were used to obtain particle size distributions

(PSDs) for the WC and Ta0.3W0.7C NPs by measuring the
diameters of over 100 nanoparticles. The PSDs are shown in
Figures 1b and 1c, respectively. Both PSDs are narrow with the
majority of NPs in the 2−3 nm regime. The WC NPs had an
average diameter of 2.2 ± 1.1 nm while the Ta0.3W0.7C NPs had
an average diameter of 2.7 ± 0.8 nm. Figure 1d depicts a
HAADF-STEM image of the Ta0.3W0.7C NPs dispersed on
carbon black at ∼40 wt %.
XPS was used to examine the surface composition of the NPs

as well as the extent of surface passivation with TaxW1−xOy
species. Figure 1e shows the XPS spectrum of as-synthesized β-
Ta0.3W0.7C/CB. Surface silica was undetectable (Si 2p signal
not shown), indicating the dissolution procedure resulted in its
complete removal. The W 4f7/2 and 4f5/2 peaks at 31.4 and 33.6
eV, respectively, correspond to reduced W while the higher
binding energy peaks correspond to surface WOx passivation
species. The Ta 4f7/2 and 4f5/2 peaks at 23.2 and 25.1 eV,
respectively, correspond to reduced carbidic Ta while the
higher binding energy peaks correspond to surface TaOx
passivation species. Deconvolution and integration of the entire
W 4f and Ta 4f signals (reduced and oxidized features) show
that the surface composition is 24% Ta and 76% W, in close
agreement with the bulk composition determined by ICP-AES.
XPS also allows the extent of surface passivation to be
examined via peak deconvolutions. For this analysis, the area of
the oxidation peaks for each signal was compared to the total
area of that signal. For the Ta0.3W0.7C/CB catalyst, 34% of
detectable Ta is present as passivating surface TaOx species
while 16% of detectable W is present as passivating surface
WOx species. The higher extent of oxidation of Ta in
comparison to W is in agreement with recent studies on TaC
foils where DFT shows a higher oxygen binding energy for TaC
than for WC.33 Likewise, the synthesized TaC foils had
substantial surface passivation features. It was suggested that
the high stability of surface TaOx species gives rise to the high
electrochemical stability of TaC.
The total percentage of surface passivating oxide signal

intensity, denoted as IOx/Itot, was determined by summing the
intensities of the W 4f and Ta 4f oxidation signals (the
unlabeled peaks in Figure 1e) and dividing by the total
intensities of the W 4f and Ta 4f signals. It was determined that
19% of the total detectable metal signal is present as surface
passivating oxide moieties. While XPS is a surface-sensitive
technique, in the case of 2−3 nm NPs, the detectable signal
results from both the surface and bulk of the NP. Assuming the
NPs are 2.5 nm face center-cubic cuboctahedrons, then
approximately 33% of atoms reside in the top monolayer of
the NP. Therefore, if both the surface and bulk metal atoms in
the 2−3 nm NPs contributed equally to the detectable XPS
signal, then a value of approximately 33% for IOx/Itot would
correspond to a complete monolayer coverage of passivating
metal oxides. In reality, the signal from the bulk metal atoms is
screened by the surface atoms, thereby contributing less to the
detectable XPS signal.38 In this case, a complete monolayer
coverage of passivating surface metal oxides would correspond
to an IOx/Itot value that is greater than 33%. Therefore, an IOx/
Itot value of 19% for the 2−3 nm β-Ta0.3W0.7C NPs corresponds
to submonolayer coverage of surface passivating oxide moieties.
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XAS was used to probe the local electronic structure and
coordination environment within the NPs. This technique has
been especially useful to determine the size and structure of
ultrasmall bimetallic NPs but has not been applied to the study
of ultrasmall WC NPs.39 To our knowledge, our study presents
the first XAS analysis of monometallic and heterometallic W-
based TMC NPs. Figure 2 depicts the Ta L3-edge X-ray

absorption near-edge structure (XANES) spectra for the
bimetallic carbide NPs as well as for micron-sized powders of
metallic Ta and TaC standards. Extended X-ray absorption fine
structure (EXAFS) was not collected for the Ta L3-edge due to
the presence of the W L3-edge in the bimetallic NPs. Figures 3a
and 3b show the XANES spectra for the W L3-edge while
Figures 3c and 3d show the k2-weighted EXAFS analysis of the
materials in R-space. Because WC NPs have not been studied
using XAS techniques, a variety of bulk micron-sized powders
were used as references, including metallic W, α-WC, WO2, and
WO3. We note that WO3 is not stable under synchrotron
radiation and undergoes partial reduction during analysis.40

Therefore, WO3 is reported as WO3−x in Figure 3. A
commercial bulk W2C powder was also analyzed, but the
PXRD diffractogram shown in Figure S1 indicates that this
material is actually a mixture of α-WC and W2C. It is therefore
labeled as W2C-WC in Figure 3 and is included only as a
qualitative reference.
Edge shifts were determined from the maximum in the first

derivative of the XANES spectra. Analysis of the Ta L3-edge in
Figure 2 and the W L3-edge in Figure 3a shows the edge shifts
to higher energy for increasing oxidation state. Relative to
metallic Ta in Figure 2, both the bulk TaC standard and the
SiO2/β-Ta0.3W0.7C NPs had edge shifts of +1.5 eV, indicative of
a +4 oxidation state. Relative to metallic W in Figure 3a, both
α-WC and WO2 exhibited an edge shift of +1.5 eV, indicative of
a +4 oxidation state. WO3−x has the highest oxidation state and
therefore had the highest edge shift of +3 eV. The bulk W2C-
WC powder had an edge shift of only +0.5 eV. We observed
that both SiO2/β-WC and SiO2/β-Ta0.3W0.7C had W L3-edge
shifts of +1.5 eV, indicating that their oxidation states are
similar to α-WC.
The “white line” is the intense absorption peak at the top of

the edge in the XAS spectra of Figures 2 and 3a. The intensity

of the white line is indicative of the electronic density of
unoccupied d states.41 As shown in Figure 3a, the white line
intensity for the tungsten-based reference powders increases
with increasing oxidation state, indicative of charge transfer
from tungsten to the nonmetal ligands. The following trends
were observed in order of decreasing white line intensity: SiO2/
β-WC NPs > SiO2/β-Ta0.3W0.7C NPs > WO3−x > α-WC >
WO2 > W2C-WC > W. The data showed that the β-WC NPs
are more electronically similar to hexagonal α-WC than W2C-
WC while also showing an increased density of unoccupied d
states for the ultrasmall NPs relative to bulk metal carbides or
bulk metal oxides. An increased white line intensity is also
observed for the Ta L3 edge of β-Ta0.3W0.7C NPs vs bulk TaC
in Figure 2.
Differences in the lattice environment were further

investigated using the k2-weighted EXAFS analysis of the
materials in R-space for the W L3-edge, shown in Figures 3c
and 3d. We note the α-WC spectrum in Figure 3c agrees
closely with that reported in the literature.40 With the exception
of the mixed-phase bulk W2C-WC, the bulk reference powders
had larger Fourier transform (FT) magnitudes arising from
larger amplitude oscillations in k2 space when compared to the
two NP carbide materials. This is consistent with previous
literature comparing bulk metallic W with W NPs.42

To determine the local coordination environment within the
carbide NPs, the EXAFS spectra in Figures 3c and 3d were
curve-fit to theoretical standards using IFEFFIT.43,44 Details of
the fitting methodology as well as all k2χ(k) and Re[χ(R)] plots
are provided in the Supporting Information. Briefly, multishell
fits were performed on the bulk WO2, bulk W, and bulk α-WC
reference powders, with the tabulated results provided in Table
S1. The data and fits are presented as k2χ(k) and Re[χ(R)] in
Figures S2−S4. The fitting results from the α-WC standard
were used to constrain the amplitude reduction factor (S0

2) and
the energy threshold correction (ΔE0) in the NP fits. A
multishell fit using the first 36 scattering paths of β-WC was
performed on the SiO2/β-WC NP EXAFS data to obtain first
shell coordination numbers (NW, NC), bond lengths (rW−C,
rW−W), and the variances in the bond lengths (σ2W−C, σ

2
W−W).

Without any alteration, the model for the SiO2/β-WC NPs was
then applied directly to the SiO2/β-Ta0.3W0.7C NPs EXAFS
data over an appropriate k-range to determine how the
incorporation of Ta affected the local coordination environ-
ment. The data and fits for the monometallic and bimetallic
carbide NPs are presented as k2χ(k) and Re[χ(R)] in Figures
S5 and S6, respectively.
Table 1 summarizes the coordination numbers, bond lengths,

and bond length variances obtained from the EXAFS
experiments. In bulk β-WC, the first shell W−C and W−W
coordination numbers are 6 and 12, respectively. In ultrasmall
NPs, termination effects resulting from surface atoms cause the
average bulk coordination numbers to decrease.45 Within the
statistical uncertainty in the EXAFS fits, both the monometallic
and bimetallic formulations were determined to have an average
W−C coordination number of 4 and an average W−W
coordination number of 9. These decreases in bulk average
coordination numbers are consistent with NPs in the 2−3 nm
regime.46 The equivalent reduction in coordination numbers
between the two carbide NPs is consistent with the similar
TEM PSDs in Figures 1b and 1c. In bulk β-WC, the first shell
bond lengths are 2.12 Å for rW−C and 3.00 Å for rW−W. In
agreement with the PXRD data in Figure 1a, both NP
formulations are compressed relative to bulk β-WC while the

Figure 2. XANES spectra of the Ta L3 edge for SiO2/β-Ta0.3W0.7C
NPs compared to the XANES spectra for bulk micron-sized TaC and
Ta powder references.
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incorporation of Ta expands the NP lattice. This effect is
evidenced by the decrease in rW−W to 2.95 Å for the β-WC NPs
and the increase to 2.97 Å for the β-Ta0.3W0.7C NPs in the
EXAFS fits in Table 1. The lattice compression had little effect
on the first shell W−C bond length, rW−C, which is nearly
identical to the bulk W−C bond length in both NP
formulations. Similarly, the disorder parameter in the first
shell W−C bond length, σ2W−C, was the same for both the
monometallic and bimetallic carbide NPs. However, the
addition of 30% Ta into the β-WC lattice greatly increased
the disorder parameter in the first shell W-metal bond length,
σ2W−W, which showed a statistically significant 85% increase.
This large increase in lattice disorder signifies that the bimetallic
β-Ta0.3W0.7C NPs are well-mixed random alloys.
The HER electrochemical activity of the β-Ta0.3W0.7C NPs

was compared to that of the monometallic β-WC NPs in a H2-
saturated 0.5 M H2SO4 solution at room temperature using

linear sweep voltammetry (LSV). Figure 4 shows that the HER
activity of β-Ta0.3W0.7C/CB is comparable to that of β-WC/CB
with both materials exhibiting onset potentials of ca. 100 mV vs
RHE. Empty Vulcan XC-72r is shown for comparison. Figure
S8 shows a Tafel analysis of the LSV data in Figure 4, yielding
Tafel slopes of 60 and 72 mV dec−1 for β-WC/CB β-
Ta0.3W0.7C/CB, respectively, which are lower than for other
nanoscale WC-based materials reported in the literature.14,47

Using chronopotentiometry (CP), the overpotential required
to drive 1 mA cm−2 of hydrogen evolution was 166 mV for the
carbon-supported β-Ta0.3W0.7C NPs, which is comparable to
that of obtained for carbon-supported α-WC NPs.12 At an
overpotential of 166 mV, the specific activity of the supported
β-Ta0.3W0.7C NPs was 3.7 mA mg−1. On the basis of the
EXAFS and TEM analysis of the average NP size, we estimated
the turnover frequency (TOF) as 1.4 mol H2 (mol surface
metal)−1 min−1. We note that this mass activity is similar to that

Figure 3. W L3 edge XANES and k2-weighted Fourier transform magnitudes of the EXAFS spectra for SiO2/β-WC nanoparticles and SiO2/
Ta0.3W0.7C nanoparticles in comparison with micron-sized powder references for bulk W, W2C, α-WC, WO2, and WO3−x: (a) normalized XANES
spectra; (b) magnified plot of the normalized XANES spectra; (c) k2-weighted Fourier transform magnitudes of the EXAFS spectra; (d) magnified
plot of the k2-weighted Fourier transform magnitudes of the EXAFS spectra.
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reported for the state-of-the-art carbon nanotube-supported
Mo2C NPs despite the significantly higher molecular weight of
Ta0.3W0.7C.

48

Monometallic TaC has been shown to be a poor HER
electrocatalyst with an onset potential for HER measured to be
250 mV higher than the onset potential for HER on WC.34 We
attribute the high HER activity of β-Ta0.3W0.7C/CB to strain
effects arising from the highly compressed lattice in which the
Ta atoms are situated. While bulk TaC has a Ta−Ta bond
length of 3.15 Å, the Ta atoms in the β-Ta0.3W0.7C lattice are
well mixed with the W atoms and have an average bond length
of 2.97 Å as shown in Table 1. This lattice compression
increases d-band orbital overlap, broadening the d-band, and
decreasing the d-band center, which leads to a decrease in the
hydrogen binding energy.49

Beyond HER, TMCs have been proposed as supports for
active monolayers of PGMs in a core−shell configuration or as
cocatalysts with dispersed PGM NPs.14−17 In these applica-
tions, it is critical to increase the passivation resistance of TMCs
under oxidizing potentials. Traditionally, the electrochemical
stability of TMCs has been examined using chronopotentiom-

etry (CP) where an anodic geometric current density of 0.1 mA
cm−2 is defined as the current of bulk oxidation for
measurement convenience.31−33 Anodic current densities
below 0.1 mA cm−2 are then defined as passivation currents
where only the surface metal sites are being oxidized. While this
method is convenient for screening TMC stability ranges over
large potential and pH ranges, it is not useful for examining the
onset of passivation. To better understand the onset of
passivation for β-WC and β-Ta0.3W0.7C NPs, we instead used
linear sweep voltammetry (LSV). While this is a transient
technique, a low scan rate of 2 mV/s minimizes the
contribution of capacitive effects arising from the changing
electrochemical double layer. This allows a more accurate
potential for the onset of surface passivation to be identified
since electrochemical passivation is a faradaic surface reaction.
Figure S7 shows CV scans for the empty carbon black support
from 0 to 1 V vs RHE, showing that the support is stable and
exhibits only double-layer capacitance features.
Figure 5 shows sequential LSV scans for β-WC/CB and β-

Ta0.3W0.7C/CB. The electrochemical stability of bulk WC
crystallized in an fcc lattice has not been studied before, but
interestingly, the NP formulation shown here (Figure 5a)
exhibits two surface oxidation peaks at +0.4 and +0.7 V vs RHE

Table 1. Coordination Numbers (NC, NW), Bond Lengths
(rW−C, rW−W), and Bond Length Variances (σ2W−C, σ

2
W−W) of

20 wt % SiO2/β-WC and 20 wt % SiO2/β-Ta0.3W0.7C NPs
Determined from EXAFS Experiments

β-WC NPs β-Ta0.3W0.7C NPs

k-range (Å−1) 3.3−11.8 3.3−10.8
R-range (Å) 1−4 1−4
paths 36 36
independent pts 15.8 14.1
parameters 7 7
R-factor of fit 0.005 0.013
S0

2 (fixed) 0.83 0.83
ΔE0 (eV, fixed) 7.7 7.7
NC 4.2 ± 0.6 3.8 ± 0.6
NW 8.8 ± 1.0 8.7 ± 2.2
rW−C (Å) 2.12 ± 0.00 2.13 ± 0.00
rW−W (Å) 2.95 ± 0.00 2.97 ± 0.01
σ2W−C (first shell) 0.0067 ± 0.0020 0.0068 ± 0.0025
σ2W−W (first shell) 0.0080 ± 0.0009 0.0148 ± 0.0029
σ2 (other paths) 0.0193 ± 0.0041 0.0186 ± 0.0049

Figure 4. Linear sweep voltammograms (LSVs) of 40 wt % β-WC/CB,
40 wt % β-Ta0.3W0.7C/CB, and Vulcan XC-72r at 2 mV/s in 0.5 M
H2SO4 at room temperature.

Figure 5. (a) LSV scans of 40 wt % β-WC/CB at 2 mV/s in Ar-
saturated 0.5 M H2SO4 at room temperature. (b) LSV scans of 40 wt
% β-Ta0.3W0.7C/CB at 2 mV/s in Ar-saturated 0.5 M H2SO4 at room
temperature. The hashed areas depict the integrations of the first scan
from 0 to +0.5 V vs RHE.
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with an onset of passivation beginning at ca. +0.2 V vs RHE.
We attribute these two passivation peaks to differing electro-
chemical stabilities between the two primary low index (111)
and (200) crystal planes of β-WC. A similar phenomenon has
been observed for Au where the onset of oxidation for Au
(111) is +0.2 V more anodic than for Au (200) in 1 M
HClO4.

50 Figure 5b shows that the alloying of fcc WC with
30% Ta significantly alters the electrochemical surface
passivation behavior with an onset of passivation at ca. +0.45
V vs RHE and a single peak at +0.75 V followed by a shoulder
at +0.9 V vs RHE. We hypothesize that this effect is due to the
protecting surface TaOx species identified from the XPS spectra
in Figure 1e before electrochemical analysis.
The passivation LSV scans in Figures 5a and 5b were

integrated to estimate the extent of electrochemical surface
oxidation from the measured anodic current. The electro-
chemical oxidation processes for WC and TaC in acidic media
are described by eqs 1 and 2, respectively.

+ → + + ++ −WC 5H O WO CO 10H 10e2 3 2 (1)

+ → + + ++ −TaC 4
1
2

H O
1
2

Ta O CO 9H 9e2 2 5 2 (2)

Based on electrode loadings used, the complete electro-
chemical oxidation of WC to WO3 requires a total of 1.48 C
cm−2, while the full conversion of Ta0.3W0.7C to its highest bulk
oxide phase requires a total of 1.44 C cm−2. Integrating the first
LSV scans in Figures 5a and 5b up to 0.5 V shows that 0.1 C
cm−2 of passivation current is passed on the WC electrode,
corresponding to 7% oxidation. However, only 0.01 C cm−2 of
passivation current is passed on the Ta0.3W0.7C electrode,
corresponding to 0.7% oxidation. This is due to its significantly
delayed onset potential for passivation.
By +0.8 V, 16% of the WC electrode is oxidized during the

first scan while only 13% of the Ta0.3W0.7C is oxidized.
Integrating all of the scans from 0 to +0.8 V for the WC
electrode and from 0 to +1.0 V for the Ta0.3W0.7C electrode
yields 26% oxidation for WC/CB and 23% for Ta0.3W0.7C/CB.
This is consistent with complete surface passivation for 3 nm
NPs, which theoretically requires ∼25% of the total charge
required for bulk oxidation to be passed for complete surface
passivation to occur. These data, taken together with the
drastically different onset potentials of passivation, show that β-
Ta0.3W0.7C has an increased resistance toward oxidation when
compared to β-WC. Further details are provided in the
Supporting Information.

■ CONCLUSIONS
WC has often been proposed as a “Pt-like” support for both
dispersed Pt NPs and a substrate for highly active Pt
monolayers in a core−shell NP configuration.14−17 For these
applications, the electrochemical stability of the WC substrate
under oxidizing potentials is critical for the development of
stable catalysts. We show here that bimetallic alloys of more
electrochemically stable (but equally earth-abundant metals),
such as Ta, offer the ability to increase the potential stability
window of WC without compromising its catalytic activity. We
demonstrate a scalable solution-processable method for
synthesizing bimetallic early transition metal carbide NPs
using a tantalum−tungsten carbide alloy as a probe candidate.
The NPs are both nonsintered and devoid of excess surface
carbon. The synthesis parameters were tuned to yield 2−3 nm

β-Ta0.3W0.7C NPs that were supported on carbon black at 40 wt
% and compared to monometallic 2−3 nm β-WC NPs.
It was observed that the bimetallic β-Ta0.3W0.7C NPs

exhibited the same high HER activity as β-WC NPs but with
a larger operating potential window. While bulk TaC is much
less active than bulk WC for HER,34 we attribute the high HER
activity of β-Ta0.3W0.7C NPs to the highly compressed lattice
environment in which the Ta atoms reside. In addition to its
high HER activity, passivation of the bimetallic NPs was
delayed by 250 mV vs RHE in 0.5 M H2SO4 while the
maximum in surface passivation current was delayed by 350 mV
vs RHE. From XPS analysis of the surface and EXAFS analysis
of the bulk, we attribute the increase in electrochemical stability
to the presence of protecting surface TaOx species and the well-
mixed nature of the β-Ta0.3W0.7C random alloy.
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