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ABSTRACT: Metallic vanadium carbide (V4C,) with cubic
symmetry is examined as an oxygen evolution reaction (OER)
precatalyst in alkaline media. Herein, we used quasi in situ scanning
electron microscopy and energy-dispersive X-ray spectrometry to
investigate the structural transformation of the precatalyst VyC,
microparticles during extended cyclic voltammetric (CV) OER
testing. Interestingly, an anisotropic morphological transformation

(from a distorted sphere to a cuboid) of V4C, was observed. Our .

theoretical and experimental results strongly suggest that this 1o A
morphological change happens due to the selective self-oxidation o ‘
and dissolution of the VzC,(110) and (111) surfaces and the ‘ e ——— i

2000 Cv
subsequent exposure of the relatively stable (100), (010), and (001) ‘500 = :
surfaces. These results also suggest that these stable facets are
preferable for the OER, and a current density of 10 mA-cm™> was delivered at an overpotential of 503 mV after the extended CV
OER testing.
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B INTRODUCTION understand the OER mechanism on the TM X-ide, pre- and
post-OER material characterizations are essential.

Among the above-mentioned TM X-ides, the transformation
of TM carbides to the corresponding TM oxides/(oxy)-
hydroxides has not been examined thoroughly. So far, several
studies providing sufficient pre- and post-OER analyses to
identify the final catalyst have reported that, as expected, TM
carbide precatalysts undergo partial or full oxidation under

Electrocatalytic water splitting to convert electrical energy into
chemical energy is a promising strategy for future energy
storage. Overall, water splitting is mainly limited by the
sluggish kinetics of the oxygen evolution reaction (OER)
rather than by the hydrogen evolution reaction (HER). This is
because the four-electron OER involves many intermediates

[ie, HO* O%* and HOO* (where * denotes a site on the OER operations.m’zof24 However, TM carbide transformation
surface)] and is more kinetically challenging than the two- during the OER testing is not always caused by simple self-
electron I‘IEI{.1 To carry out the kinetically difficult OER at a oxidation but in some cases through a very comphcated
large scale, an earth-abundant electrocatalytic material with process. According to a recent report by Yang et al,,”” the cubic
high activity and robust stability is essential. Transition metal MogNi4C precatalyst was transformed into MoNi;, MoNiy, and
carbides, borides, pnictides, and chalcogenides (here we refer amorphous carbon under OER conditions. Spontaneously,
to these collectively as “TM X-ides”) are an interesting class of these MoNi alloys were then partially oxidized into amorphous
oxygen evolution electrocatalysts that have been extensively MoO, and NiOOH, and the as-formed Mo®*-activated oxide/
studied over the past several years.” " With the exception of oxyhydroxide on the surface of MoNi alloys could promote the
some special cases,'”"" most TM X-ides undergo partial and/ OER. Accordingly, when a new TM carbide is studied as an

or full oxidation and typically form their TM oxide/ OER electrocatalyst, particularly close attention should be paid

(oxy)hydroxide counterparts under OER conditions."*™"*

These TM X-ides are sometimes referred to as “precatalysts,” Received: June 28, 2020 Stistalnable
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since the newly-formed TM oxide/(oxy)hydroxide acts as the Revised:  July 28, 2020
OER active sites rather than the initial TM X-ide. More Published: August 21, 2020
interestingly, the as-oxidized TM X-ides tend to achieve higher

oxygen evolution activity than the corresponding directly

synthesized TM oxides/(oxy)hydroxides."”'”'” Hence, to
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to analyzing any in situ transformations under OER operation
in case of unexpected behavior.

In this work, we evaluate cubic vanadium carbide (V4C,)
microparticles as an OER electrocatalyst in alkaline media.
Specifically, the transformation of V4C, under OER operation
is monitored using voltammetric analysis, pre- and post-OER
X-ray diffraction analysis, and quasi in situ scanning electron
microscopy-energy-dispersive X-ray spectrometry analysis.
Furthermore, density functional theory (DFT) analysis for
the surfaces of the V4C, system is performed to explain the
morphological transformation of VgC, during OER testing.
Our theoretical and experimental findings suggest that the
VC,(100), (010), and (001) surfaces are stable and preferable
for the OER, whereas the (110) and (111) surfaces undergo
self-oxidation and dissolution under OER conditions. This
crystal-face-dependent stability difference induced an aniso-
tropic shape transformation (from a distorted sphere to a
cuboid) of the V4C, particle. This work uncovers a new
strategy for better understanding X-ide OER precatalysts to
enhance their OER activities and stabilities via the control of
their crystal growth orientation.

B EXPERIMENTAL SECTION

Materials. Vanadium carbide (99% metal basis, Alfa Aesar),
potassium hydroxide (86.4%, Fisher Scientific), potassium chloride
(99.5%, Fisher Scientific), isopropyl alcohol (isopropanol, 99.9%,
Fisher Scientific), Nafion perfluorinated ion-exchange resin solution
(5 wt % solution in lower aliphatic alcohols/water mixture, Sigma
Aldrich), and carbon black (CB, Hanwha Chemical) were used as
received for electrochemical experiments. Ultrapure water (18 MQ)
was used for all aqueous solutions.

Characterization. X-ray diffraction (XRD) patterns of the
samples were collected using a Rigaku Miniflex 600 X-ray
diffractometer (Rigaku) with Cu Ka radiation (4 = 1.5406 A). The
sample morphologies and sizes were examined by a Quanta 650
environmental scanning electron microscope (ESEM, FEI) with an
energy-dispersive X-ray spectrometer (EDX). The Brunauer—
Emmett—Teller (BET) specific surface area (Sgpr) was calculated
from N,-sorption isotherms at 77 K on the powder sample vacuum-
degassed at 100 °C for 16 h with a Nova 2200e surface analyzer
(Quantachrome).

Electrode Preparation. The CB-supported vanadium carbide
thin film (V4C,-CB) was fabricated on a glassy carbon (GC) electrode
(0.19625 cm?) via a drop-casting method. First, an ink of vanadium
carbide/CB in a 4:1 weight ratio was prepared by ultrasonically
dispersing 4 mg of vanadium carbide powder and 1 mg of CB in a 1.0
mL solution (0.98 mL of isopropanol and 0.02 mL of S wt % Nafion
solution). Subsequently, 24 uL (3 uL X 8) of the as-prepared ink was
cast on the GC electrode and dried under an ambient environment.
Here, the resultant catalyst (V4C,) loading was about 0.49 mg-cm™
To check the CB contributions on the OER performance and surface
area changes during the long-term OER test, the CB thin film was also
prepared on a GC electrode by following the above-described
procedure without adding the V,C, powder.

Electrochemical Measurements. To evaluate OER perform-
ance, the electrochemical measurements of the as-prepared electrodes
were conducted in 150 mL of 1 M KOH aqueous solution (pH ~ 14)
using a CHI660D electrochemical workstation (CH Instrument) with
a standard three-electrode system consisting of the as-prepared V4Co-
CB/GC or CB/GC working electrode, a platinum coil counter
electrode, and a Ag/AgCl (saturated KCl) reference electrode at room
temperature. Linear sweep voltammetry (LSV) and cyclic voltamme-
try (CV) were performed using a rotating disk electrode technique
(1600 rpm). All the measurements were compensated by 80% iR-
drop.

To investigate the electrode surface area change during the OER
test, electrochemically active surface areas (ECSAs) were estimated

from the electrochemical double-layer capacitances (Cgs). Cyclic
voltammograms (CVs) with different scan rates were obtained in the
non-faradic potential window (—0.05 to 0.05 Vg/aec1) to calculate Cy
from the scan-rate dependence of double-layer charging [Aj/2 = (j, —
jo)/2].%° The potentials applied relative to Ag/AgCl were converted
into the reversible hydrogen electrode (RHE) scale via the Nernst
equation [Epyp = Epgager + 0.0591 X pH + EAg/AgQO: EAg/AgClo
(saturated KCl) = 0.1976 V at 25 °C].

Computational Methodology. Spin-polarized DFT calculations
were performed with the Vienna ab initio simulation package (VASP)
code.”””® The core electrons were described by the projector
augmented-wave method.”® The valence electrons were described
by the Kohn—Sham wave functions expanded in a plane wave basis,
with an energy cutoff of 400 eV.>° The electronic exchange and
correlation were described by a generalized gradient approximation
with the functional developed by Perdew, Burke, and Ernzerhof.*!
The Brillouin zone was sampled using the Monkhorst—Pack method
by a (3 X 3 X 1) k-point mesh.>* Structures were considered as
converged when the forces fell below 0.05 eV-A™'. Stricter criteria
were tested in our calculations (e.g,, with higher kinetic cutoff and
stricter force criteria); no significant change was found in the free
energy and adsorption configuration. The V4C, surface was modeled
as a V-terminated (100) slab (with a vacuum layer of 12 A), based
upon the fact that the C-terminated surface is relatively inert due to
abundant inert C sites. Other possible adsorption sites or surfaces
[e.g., the V-terminated (111)] were also tested; none of those surface
sites show stable HOO* adsorption. Therefore, only our results on
the V4C,(100) are present in this study.

B RESULTS AND DISCUSSION

Characterization of Microscale VgC;. The XRD pattern
of the vanadium carbide powder is shown in Figure la. The
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Figure 1. (a) XRD pattern and (b) SEM image of the V;C, powder
sample.

diffraction peaks can be indexed as a cubic V4C, phase (ICDD
PDF #35-0786) without any diffraction peaks corresponding
to impurity phases. The crystal structure of cubic ViC, is
available in Figure S1. Figure 1b shows the SEM image of the
VgC, powder. As shown, the microscale V4C, particles
possessed nonuniform quasi-spherical (less-faceted) shapes
with smooth surfaces. Moreover, these V4C, microparticles
mostly formed relatively large agglomerates.

In general, metal carbides are thermodynamically less stable
than their oxide counterparts in the presence of oxidants (O,,
H,0, etc.).””** According to previous reports,”> >’ TM
carbides tend to undergo the unavoidable oxidation at their
surfaces before OER testing. To check the oxidation degree
and rough chemical composition of the initial vanadium
carbide microparticle, EDX point analysis was carried out (see
Figure S2). For this analysis, the maximum electron
acceleration voltage of 30 kV was used to gain information
from inside the particle. There was a small amount of O,
possibly indicating that only the VC, microparticle surface

https://dx.doi.org/10.1021/acssuschemeng.0c04759
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was partially oxidized by exposure to ambient air. The as-
obtained C/V atomic ratio (~1.13) was slightly higher than
the theoretical value (0.875) in V5C,. As shown in Figure S3,
some of the V4C, microparticles showed exfoliated thin layers
on their surfaces. Generally, regardless of synthesis methods,
thin carbon layers tend to form on the resultant TM
carbides.””**~** Accordingly, the as-observed thin layers on
the V4C, sample may correspond to carbon, which might be
the reason for the unexpected high C/V atomic ratio.
Regardless, the relatively low (<3 atom %) oxygen content
indicates the particle is largely unoxidized from their mild
exposure to air. The Sgpr of V4C, microparticles was also
obtained via the multipoint BET analysis from the N,-
adsorption isotherm (Figure S4). The resultant Sgpp value was
0.389 m*g !, showing good agreement with the SEM result.
Notably, it was confirmed that the V3C, sample is in good
condition for further electrochemical measurements.

Electrochemistry and Catalysis in the VgC, Anode.
The OER performance of the V4C,-CB/GC electrode was
investigated by voltammetric measurements using a three-
electrode system. To evaluate the effects of the support and
substrate materials on the electrochemical results, a CB/GC
electrode without the carbide electrocatalyst was tested as well.
First, the ECSAs of V4C,-CB/GC and CB/GC were estimated
from their CV-derived Cy values. As shown in Figure SS, the
Cy value of V4C,-CB/GC (0.299 mF-cm™) is slightly higher
than that of CB/GC (0.262 mF-cm™2); this Cy difference
seemingly corresponds to the Cy value of the loaded Vi,C,
microparticles (Cgjyc). Prior to the measurements of the linear
polarization curves to check the OER overpotentials (1) at a
current density of 10 mA-cm 2, the electrodes were activated
by performing LSV until minimal changes were observed
between consecutive sweeps (Figure S6). Previous studies
regarding nonoxide TM-based precatalysts have shown that
irreversible oxidation peaks, in which the precatalysts
themselves were electrooxidized, were observed in an initial
voltammetric activation sweep/cycle."”'”** However, in the
first sweep of the linear polarization curve for V3C,-CB/GC,
there seems to be no distinct oxidation peak. This can be
interpreted via three possible reasons: (i) no surface change of
the V¢C,, (ii) a small degree of V3C, oxidation, or (jii) another
side reaction, which removes the oxidized vanadium species
away from the V4C, surface (i.e., V4C, dissolution). This latter
point will be discussed in greater detail later in the paper. After
the LSV activation, the overpotential of V4C,-CB/GC was 458
mV at 10 mA-cm %, whereas CB/GC could not reach the
current density of 10 mA-cm™> within the recorded potential
window (see Figure S7). As seen in Figures SS, S8, and S9,
there were no significant changes in the ECSAs of both
electrodes before and after the LSV activation, implying that
there are very few changes in the surface morphologies of both
electrodes during the LSV activation.

To elucidate the transformation behavior of the V4C, under
oxidative conditions, we conducted continuous OER CV scans
between 1.10 and 1.65 Vyyyg at 50 mV-s™ on the V4C.-CB/GC
and CB/GC electrodes. Here, changes in the OER over-
potential and CV-derived Cy4 were monitored as a function of
the CV cycle number (Figures 2 and S7—9). In Figures 2 and
S7a, we observe a decline in the OER activity of V3C,-CB/GC,
with a gradual overpotential increase of ~0.078 mV-cycle™
during the first 500 cycles. After that, the overpotential of the
VsC,-CB/GC remained almost unchanged (~500 mV) until
the completion of 3000 cycles. On the other hand, the LSV
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Figure 2. Trend of OER overpotential (blue) and double-layer
capacitance (red) versus the cycle number of CV for the V4C,-CB/
GC and CB/GC electrodes. Multi-CV was performed in the potential
range of 1.10 to 1.65 Vg with a scan rate of 50 mV-s™" for 3000
cycles in 1 M KOH aqueous solution.

curve of CB/GC displayed no significant change after 500
cycles (see Figure S7b). However, after 2000 and 3000 cycles,
current densities at greater than ~1.6 Vyyg increased. Recently,
studies by Wang et al. and Suryanto et al. reported that the
OER performance of CB can be enhanced by its electro-
oxidation.**** Therefore, the same effect could have happened
in our CB/GC case. In addition, this improvement of the CB
activity for the OER contributed to some extent in the
maintenance of the OER activity of V3;C,-CB/GC at high cycle
numbers. As depicted in the inset of Figure 2, for V4,C,-CB/
GC, the Cy value continuously increased throughout the entire
CV test. A similar phenomenon observed for CB/GC can be
assigned to the interlayer space expansion of graphitic CB due
to its electrochemically induced intercalation and exfoliation.**
Hence, the Cy increase in V3C,-CB/GC is mainly assignable to
this CB interlayer expansion. As mentioned above, the
relatively small difference in Cg between VC,-CB/GC and
CB/GC is primarily attributed to the Cyyc. At 0—500 cycles,
the highest rate of Cyyc increase was recorded; the Cyyc at
500 cycles (76.6 uF-cm™) is roughly four times larger than at
0 cycles (18.7 uF-cm™). Afterward, Cgyc increased about
twofold from 500 to 2000 cycles. Finally, the Cyyc peaked at
2000 cycles, showing no significant changes from 2000 to 3000
cycles. Taken together, these electrochemical results suggest
that the V3C, undergoes a morphological transformation of
some sort during the continuous OER CV scans.

To acquire a better interpretation of the above electro-
chemical data, we performed a quasi in situ SEM-EDX analysis
of the morphological and compositional changes in the VC,
microparticles during continuous OER CV scans. Specifically,
the SEM and EDX mapping images of V4C, microparticles [on
the V4C,-CB/Ti foil electrode (see Figure S10); preparation
details in the Supporting Information (SI)] were collected at
various intervals over 3000 cycles. As displayed in Figure 3, a
gradual reduction in the size of the VyC, microparticle was
clearly confirmed over the cycle range of 0 to 500. This gradual
size reduction was likely caused by the partial dissolution of
VsC, that likely resulted from the oxidation of V4C, into
vanadium oxide (as typified by V,0:).***’ The as-formed
V,0q can then readily dissolve in the electrolyte as VO,>~.""
Interestingly, during the course of this process, the initial
particle seemed to anisotropically transform from a rounded
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Figure 3. Quasi in situ SEM and EDX elemental mapping images (accelerating voltage: 20 kV) of the V;C, particle (in the V4C,-CB/Ti electrode)
before and after the various cycle numbers of the OER CV (1.10 to 1.65 Vgy) at the scan rate of 50 mV-s™".

particle into a well-faceted particle with a cuboid-like shape, as
seen in Figure 3. After 500 cycles, the particle size and
morphology underwent little change with further CV cycling
(500 to 3000 cycles). Importantly, this dissolution suppression
is not caused by the saturation of vanadium in the electrolyte
(details in the SI). Based on these observations, it is presumed
that the oxidation resistivity of V4C, differs depending on the
crystal facet. Figure 3 shows the quasi in situ EDX elemental
maps of the V;C, microparticle (the corresponding pre- and
post-OER EDX spectra is also available in Figure S11). In all of
the maps, the strong V (blue) and C (green) signals were
evenly distributed throughout the V4C, microparticle,
indicating that the V4C, composition might be mainly kept
throughout the particle, during the OER cycling. The oxygen
(red), with roughly visually constant signal strength, was also
confirmed over 3000 cycles, which may correspond to the
surface oxidation of the V4C, microparticle. Furthermore, to
confirm the above results, we performed the same CV test
(3000 cycles) and the pre- and post-OER analysis on a

14104

relatively large V3C, microparticle. As seen in Figure S12, the
development of crystal facets and edges was again observed
after 3000 cycles. The corresponding EDX elemental mapping
analysis also showed similar results to those shown in Figure 3
(see Figure S12). To reveal the degree of its surface oxidation,
the EDX point analysis of the V3C, microparticle before and
after 3000 cycles was conducted (Figure S13). The resultant
O/V atomic ratios were 0.27 and 0.22 for the pre- and post-
OER samples, respectively. Hence, only the outermost surface
of the post-OER V;C, microparticle was oxidized, even after
long OER CV scans.

To further examine the crystallographic change, XRD
measurements were used to analyze the pre- and post-OER
VsC,-CB/Ti electrodes. As shown in Figure 4a, the diffraction
peaks of both the pre- and post-OER electrodes can be
assigned to cubic V4C, and hexagonal Ti (ICDD PDF #44-
1294). There are no diffraction peaks corresponding to
oxidized VyC, phases, suggesting that the partial oxidation
indeed happens on the outermost surface of the post-OER

https://dx.doi.org/10.1021/acssuschemeng.0c04759
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Figure 4. (a) XRD patterns of the VzC,-CB/Ti electrode before and
after the 3000 cycles of the OER CV (1.10 to 1.65 Vgyg). (b) 3000th
cyclic voltammogram of the VzC,-CB/GC electrode.

V;C,, and the as-generated oxidized vanadium species exist in
poorly crystalline and amorphous forms. This agrees with the
results from the EDX point analysis (Figure S13). Additionally,
all of the diffraction peak intensities [relative to the Ti (101)
peak intensity] assignable to VgC, slightly decreased after 3000
cycles, which is because of the partial dissolution of V4C, (see
Figure 3). More importantly, the decreasing degree of the
diffraction peak intensity differs from one crystal facet to
another; the peak intensity of (222) seemingly decreased more
compared to that of (400). In particular, the intensity ratio of
the (222) peak to the (400) peak decreased from 1.25 to 0.89
after 3000 cycles. Based on these XRD results, {111} facets
might be selectively dissolved during the OER process, which
supports our hypothesis about the anisotropic transformation
of the V4C, microparticle shape.

To identify the oxidized vanadium species generated on the
VC, outermost surface, we inspected the magnified 3000th
OER CV curve for the VzC,-CB/GC electrode. As indicated in
Figure 4b, both anodic and cathodic peaks (A and B) were
confirmed in the magnified CV curve. According to the report
by Shi et al,* the lepidocrocite-type layered vanadium
oxyhydroxide (VOOH) electrocatalyst also exhibited a similar
anodic peak, which is likely attributed to the V**-to-V>*
oxidation, observed during the OER in alkaline media (1 M
KOH). Accordingly, in our case, a similar layered VOOH may
form on the outermost surface of V4C, during the OER.

To understand the observed morphological transformation
of the V4C, precatalyst, we conducted DFT calculations for
cubic V3C,. Specifically, a few V-terminated V3C, crystal facets
[ie, (100) and (111)] were simulated. In our calculations,
only the V4C,(100) surface has a stable HOO* adsorption

energy, whereas the VgC,(111) facet indicates a difficulty in
the formation of stabilized HOO®*. Thus, the (100) surface is
determined to be more suitable for the OER than the (111)
surface. In particular, as shown in Figure Sa, the VzC,(100)
surface can easily be covered with HO* and O¥, since the first
step is exothermic. In contrast, the subsequent formation of
HOO¥ is relatively endothermic. Thereby, the partial oxidation
of V4C, to V=O—OH may also happen during the OER. In
contrast, as none of the stable HOO* configurations were
found on the V4C,(111) surface, severe self-oxidation of the
VC,(111) surface presumably proceeds instead of the OER,
consistent with our pre- and post-OER XRD results. Recently,
Wan et al. also analyzed the OER activity of V;C, via DFT
calculations.*” According to their results, the (001) surface is
predicted to exhibit a higher OER performance than their
analyzed higher-index surfaces. Incidentally, the OER activity
of their calculated (001) is similar to that of our V-terminated
(100); the theoretical onset [(the potential-determining step)/
e — 1.23 V] for the (100) surface, which we calculated (~2 V),
is close to that for the (001) surface (~1.80 V).”’ Additionally,
it is expected that the (010) surface has a similar behavior with
(100) and (001) surfaces because the coordination numbers
and the appearances of the (001), (010), and (001) surfaces
are quite similar in cubic V4C, (see Figure S14). Moreover,
since both (110) and (111) have a higher surface index than
(100), (110) probably behaves similar to (111). Taken
together, the (100), (010), and (001) surfaces are expected
to readily carry out the OER, while the (110) and (111)
surfaces are not suitable for the OER and may undergo strong
self-oxidation instead. We note that to quantify the coverage of
each adsorbate on each facet, surface Pourbaix diagram analysis
is a more quantified method.®! However, due to the
tremendous computational cost in these calculations, we did
not further perform these analyses in our current study.
Finally, on the basis of our findings as well as previous
studies, we propose a possible mechanism for the OER
precatalytic behavior of V4C, (Figure Sb) in connection with
the trends of OER overpotentials and CV-derived Cgyycs
versus cycle number (Figure 2) and the quasi in situ SEM-
EDX results (Figure 3). During the OER process for ViC,,
there are two competitive events: (i) the OER and (ii) the
severe self-oxidation of V¢C,. At the V;C,(110) and (111)
surfaces, the dominant event is the severe self-oxidation of
VsC; inducing the dissolution of oxidized vanadium species
into the electrolyte as VO,>~ ions.”® At the V4C,(100), (010),

T T T T
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Figure S. (a) Calculated OER reaction free energy pathway on V3C,(100). (b) Schematic illustration of the proposed transformation mechanism of
the V3C, particle. SEM images of pre- and post-OER V,C; particles on the V3C,-CB/Ti electrode. Note that a roundish shape bounded by random
facets is likely transformed into an idiomorphic shape primarily bounded by (100), (010), and (001) facets during the multicyclic voltammetric
OER test. Blue, brown, red, and white spheres represent V, C, O, and H atoms, respectively.
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and (001) surfaces, the OER dominantly happens with the
partial surface oxidation of V3C, into layered VOOH. In stage
1 (see Figure 2), the OER overpotential gradually increases as
the total loading of electrocatalyst decreases, a result of the
severe self-oxidation and subsequent dissolution of the
V4C,(110) and (111) surfaces. The oxidation and subsequent
dissolution continue until primarily V4C,(100), (010), and
(001) surfaces are exposed. Subsequently, layered VOOH
active species form on the V;C, (100), (010), and (001)
surfaces, resulting in the drastic increase of the Cyyc value. In
stage 2, the self-oxidation and subsequent dissolution of the
carbide material are suppressed in accordance with the
exposure of the relatively stable (100), (010), and (001)
surfaces of VgC,. At the same time, the plots of OER
overpotentials and Cyycs gradually level off as the material loss
slows. Likewise, the anisotropic transformation of the V,C,
microparticle shape (distorted sphere — cuboid) was observed
in the quasi in situ SEM analysis (see Figure 3). The facet and
edge development on the V3zC, microparticle was also
confirmed (see Figure Sb). After 3000 cycles, the V4C,-CB/
GC electrode reached an overpotential of 503 mV at 10 mA-
cm™?, relatively high compared to current state-of-the-art
electrocatalysts.”> Moreover, our calculation also suggests that
the pristine V4C, surface does not have excellent OER intrinsic
activity with a relatively high onset (~2 V). Importantly,
however, our findings provide some possible clues to the
design of VyC, precatalysts for further improving their
geometric OER activity and durability. For example, V,C,
nanocubes bounded with (100), (010), and (001) facets may
be able to achieve both high geometric OER activity and
stability, and the work in this area is currently ongoing.

In this study, we have learned the principles of selective
etching in TM X-ide by using V4C, as a model system.
Interestingly, a small amount of its oxide counterpart (i.e.,
VOOH) seemingly formed on the post-OER V;C, surface,
which might cause overestimation of the oxidation resistance
of V4C, without the quasi in situ SEM-EDX analysis; (quasi) in
situ analytical techniques are essential to elucidate the real
behavior of a V4C,-type OER precatalyst. Furthermore, we
hope that this study will provide some clues for opening up
novel pathways for understanding the behavior of other
possibly interesting TM X-ide systems.

B CONCLUSIONS

In summary, microsized vanadium carbide (V3C,) was
investigated as a potential nonprecious metal precatalyst for
the OER in alkaline media. In the quasi in situ SEM-EDX
analysis, the trend in the anisotropic shape transition (distorted
sphere — cuboid) of the V4C, microparticle was confirmed.
Furthermore, according to the pre- and post-OER XRD, DFT
calculations, and post-OER CV results, we proposed a possible
mechanism for this shape transformation. In the initial stage of
OER testing, the V4C,(110) and (111) surfaces are strongly
oxidized into their oxyanion counterparts under the oxidizing
potentials necessary for water oxidation. Subsequently, these
oxyanions are continuously dissolved in the electrolyte as
VO,*". The increased exposure of the V3C,(100), (010), and
(001) surfaces follows on the heels of this continuous
dissolution. Being relatively stable to oxidation, it is at the
(100), (010), and (001) surfaces of VyC, that the OER
primarily occurs. Simultaneously, a layered VOOH is likely
generated on the as-exposed ViC, outermost surfaces,
increasing the double-layer capacitance of the V3C, surface.

14106

After dissolution ceases and the stable facets predominate, a
relatively poor OER activity (7 = 503 mV at 10 mA-cm™2) is
demonstrated on the post-OER ViC, with well-developed
facets and edges. Based on our findings, (100)-, (010)-, and
(001)-faceted V4C, nanoparticles would be expected to
demonstrate improved catalyst activity and stability, providing
an avenue for future research into this understudied class of
materials.
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