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ABSTRACT: Solid-state reaction (SSR) is a widely adopted

method for functional inorganic material syntheses. Unlike intricate 0
systems emerging from chemically unstable precursor usage, the
SSR can proceed from stable precursor couples using simple
apparatuses. However, this reaction is associated with high
temperatures that overcome solid-state diffusion. Moreover, solid-
state syntheses of technologically crucial carbides lead to
greenhouse gas emissions. Therefore, exploring an extrinsic
component to suppress these challenges is vital to confronting
global energy and environmental issues. This study reports that the
presence of an ordinary element, vanadium (V), changes the routes
of the SSR of niobium carbide (NbC), producing NbC efficiently
and cleanly. 1000 °C is far below the temperature required to
obtain NbC from a precursor couple of Nb,Os and C, i.e., approximately 1500 °C is required. However, a carbon substitute,
vanadium carbide, completely consumed Nb,O; before reaching 1000 °C and consummated NbC crystallization for 10 h.
Furthermore, NbC crystallites were observed using X-ray diffraction from 770 °C, and their formation was primarily accompanied by
VNbO,, rather than being routed through NbO, produced for the Nb,Os—C combination. The obtained NbC contained V as a
dopant in the 15—50% range (NbC:V), and the relative abundance was correlated with the preparation temperature. Mass analyses
revealed that the formation of NbC/V is barely associated with greenhouse gas emissions because of the sizable thermodynamic
driving force for primarily forming vanadium oxide byproducts. Device performance using NbC/V was also assessed for a standard
electrochemical hydrogen evolution reaction.
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B INTRODUCTION SSR and SSM have been frequently used for the syntheses of
refractory and superhard materials, including pnictides,
chalcogenides, silicides, borides, and carbides.” Carbides in
which carbon atoms are dissolved in interstitial sites of early
transition metals show properties suitable for industrial
utilization in terms of hardness, melting point, conductivity,
and chemical stability.'”'" Niobium carbide (NbC) stands out
owing to its capabilities as an electrocatalyst for fuels—a
cathode of electrochemical water splitting'*~"°

Solid-state reaction (SSR) is a widely adopted approach for
inorganic functional material syntheses. SSR can proceed from
chemically stable precursor couples in simple apparatuses,1 and
hence holding down initial investments to execute experiments
and the related electric power consumption. However, the
reaction requires high temperatures to overcome energy
barriers for solid-state diffusion.”” Conversely, the solid-state
metathesis (SSM) reaction occurs with lower energy
barriers.”"® The driving force of SSM originates from the
enormous formation energies of byproducts, such as alkali and
alkaline-earth halides. The typical precursors, metal chlorides,
frequently show vapor-pressures at low temperatures,” leadin

to a phase change and facilitating a self-propagation reaction.

Moreover, the metal chloride precursors are often highly
oxidative, hence, imposing the construction of intricate
experimental systems. Todd and Neilson reported that the
precursor of SSM, alkali species, modifies reaction pathways,
enabling low temperature syntheses of yttrium manganese
oxides.® Herein, the modification of reaction routes with
extrinsic components may occur in halide-free SSR systems.

? and the latent
ability to reduce CO,.”" SSR of NbC has been performed using
Nb,O5 and carbon sources, such as C.'”"" The reaction
necessitates high temperatures and results in greenhouse gas
emissions. To overcome these challenges, the extrinsic
component that is incorporated in SSR must prefer oxygen
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atoms rather than carbon atoms. In addition, the resulting
oxide byproduct must show sufficient formation enthalpy to
facilitate SSR, and it must be easier to separate from the
product.

Vanadium (V) is the recognized important material in
strategic industries,”’ and its utilization as a precursor has been
primarily investigated in engineering steels (an alloying
element in steels).”>"*° V forms highly stable oxides rather
than carbon oxides [standard enthalpy of formation, AH®/kJ
mol™: CO (~110.5), CO, (—393.5), V,0; (—1219), V,O;
(=1550)].* Furthermore, the V oxides can dissolve in various
solutions and are easily recyclable. Therefore, V is a candidate
as an extrinsic component for the improved SSR synthesis of
NbC.

This study describes the utilization of V as a significant
component to stably carry carbon atoms and produce a
significant amount of reaction heat when it reconstructs the
chemical bonds with the oxygen atoms contained in Nb,Oj.
The vanadium carbide (VC) precursor, a rare carbides
preparable with CO, as a feed,”® does not undergo a topotactic
process with Nb,Oj but instead alters chemical reaction routes
in Nb,O4—C. The mechanistic aspects and the obtained NbC
performance are investigated.

B RESULTS AND DISCUSSION

The X-ray diffraction (XRD) profiles shown in Figure 1
compare the products obtained from the SSR (at 1000 °C for
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Figure 1. XRD patterns of products obtained from (a) Nb,O;—C and
(b) Nb,0Os—VC at 1000 °C for 10 h. Each symbol indicates NbO,
(PDF 82-1141), Nb,Os (PDF 27-1003), Nb;,0,, (PDF 75-2949),
NbC (PDF 74-1222), VC (PDF 74-1220), VNbO, (PDF 74-6531),
and V,0; (PDF 71-0344). Molar ratios are as follows: [C]/[Nb,Os]
= 7; [VC]/[Nb,O;] = 2.

10 h) of Nb,Og with typical C or VC. The former only
produced reduced niobium oxides, such as NbO, and Nb;,0,,,
even if molar ratios of C to Nb,Oy increased. The reported
synthesis temperature of the couple reaches as high as 1500
°C."" Conversely, using VC instead of C resulted in the
formation of NbC with VNbO, and V,0;. The VNbO,
formation is correlated with kinetic factors, i.e, for 10 h
heating, the XRD peak intensities decrease with increasing
temperature or molar ratios [VC]/[Nb,O;], indicating that
VNbO, is a reaction intermediate (Figure S1). Figures 2 and
S2 show, using separate diffraction lines, a qualitative temporal
transition of each chemical species involved in the reaction, in
which each reaction, except for 10 h, is terminated by
quenching in air. The expense of VC is accompanied by the
formation of NbC and V,0;, indicating that they are
correlative. On the other hand, for VNbO,, the peak heights
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once increase (Figure 2a), but the integrated intensities
(Figure 2b) monotonically decrease. This suggests an
improvement in crystallinity after exposure to heat for a
longer time. Furthermore, note that no signal of Nb,O; was
observed even for 0.01 h; it is completely consumed on
heating—Iless than 2 h—to produce NbC and/or VNbO,.

The products other than NbC after 10 h of heating are V,0;
and VC, and stirring in nitric acid easily removes them. The
HNOj-treated product shows only reflections of NbC (Figure
S3). However, each peak is broadened and shifted toward
higher Bragg angles, compared with those of the other
byproducts and PDF 74-1222 of NbC. To investigate the
former, crystallite size D*° and lattice distortion &, computed
using the Williamson—Hall method,*° are compared with those
of phase-pure NbC prepared by heating C and Nb,Oy at 1450
°C (hereinafter, only the carbon source used is described
before parentheses of values for simplification). The obtained &
% [C (0.072), VC (0.56)] and D/A [C (533.5), VC (286)]
suggest that crystallite size, rather than lattice distortion, is the
primary cause of broadening. Meanwhile, according to Bragg’s
law’" the shift of the observed XRD peak toward a higher angle
is a Nb-to-V atomic displacement in NbC [ionic radius for six
coordination/A, V* (0.58), Nb* (0.68)]. Elemental analysis
using energy-dispersive X-ray spectroscopy equipped with
scanning electron microscopy (SEM—EDS) reveals, in NbC
prepared from VC, the presence of V, representing 15% of Nb.
The refined lattice parameters and cell volumes, using the
Rietveld method, are as follows: a/A [C (4.45193(9)), VC
(4.44280(11))] and V/A® [C (88.236(3)), VC (87.694(4))].
The decreased lattice constant, by replacing C with VC, is
consistent with the positive XRD peak shift, and the result is
also supported by density functional theory (DFT) calcu-
lations. That is, the structure optimization of NbggV;sC
(15% of Nb sites are substituted with V) shows results similar
to those of the Rietveld analyses (Table S1). Therefore, V was
found to substitute Nb in NbC during SSR. In the Raman
spectrum of less than 1100 cm™" (Figure S4a), the obtained V
substitute, NbC/V, exhibits three NbC phonon spectra,
including its acoustic and optical parts.”> Among them, a
peak at 980 cm ™' shows a pronounced negative shift compared
with that of pure NbC, implying changes in Nb—C bonds by
the V substitution. Meanwhile, no signal was detected in a
wavenumber range of 1200—1700 cm™" (Figure S4b), which
corresponds to the region of G and D bands found in carbon
deposits, such as graphites, and has been a subject of research
on prepared NbC.'”'”** Figure 3 and Table 1 describe a
relationship between the temperature added to Nb,O;—VC
and the relative abundance of NbC to internal standard Si
(NIST 640d), determined using XRD peak ratios, or physical
properties of NbC. In contrast to others, 1200 °C heating
results in peak splitting, which is fitted to two components of
NbC (Figure SS). In the single-component heating regions
being studied, the occupancy of V, obtained from Rietveld
analyses, correlates with that of EDS (Figure S6) and thus
applies to those of 1200 °C. As a simplified tendency, we
observe that temperature rise increases vanadium concen-
trations of NbC/V to a maximum of 47.9(52)%, and the
progress of the substitution decreases the lattice constants a
and D and conversely increases ¢, indicating that V hinders the
crystal growth of NbC by increased distortion in its crystallites.
It possibly underestimates the formation temperature of NbC;
its crystallites may be formed from 700 °C identical to that of
VNbO, (Figure SS).
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Figure 2. Plots of reaction time vs. (a) XRD intensity ratios of isolate peak of material to (111) of Si and (b) modification of (a) by replacing the
intensity ratio with integral intensity ratio. The three-digit number in the bracket indicates Miller indices of isolate peaks of each material.
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Figure 3. Onset temperature of formation of NbC crystallites, using
relative intensity ratios of (220) NbC to (111) Si.

The reaction intermediate of Nb,O; with C has been
reported to be NbO,;'* however, although the SSR of Nb,Os—
VC is performed in a short time or at low temperatures (Figure
2), the species is not observed, suggesting a different reaction
mechanism. When NbO, was reacted with VC at 1000 °C for
10 h, which is a sufficient time to completely consume VNbO,,
NbO, remained (Figure S7), indicating that NbO, is not a
necessary intermediate to yield NbC. Although NbO, is
formed by the reduction of Nb,Os, VNbO, has V' and Nb",**
whose valence states are included in VC*>*° and identical to
Nb,Os. The closer relationship between constituent ions
prioritizes the formation of VNbO, over NbO,. As shown in
Figure 2, VNbO, and V,0; are byproducts observable using
XRD; however, the formation of V,0j5 is visually detected as
well, ie, a reaction tube was colored pale orange’” by
sublimation.

Thus, the following primary chemical reactions are expected
in the presence of VC.

Nb,O, + 2VC — 2NbC + V,0; + O, (1)
1
Nb,O; + VC — NbC + VNbO, + 502 (1-1)
1
VNbO, + VC - NbC + V,0, + —O
4 2%3 ) 2 (1_2)

where the overall reaction eq 1 is the sum of the half-reactions
1-1 and 1-2.

Nb,O, + 2VC — 2NbC + V,0, )

Gas emission was evaluated using the weight loss of a pellet
associated with SSR, rather than using a gas chromatograph.
This is because in a constantly flowing inert gas accurately
quantifying any component with low partial pressure is
difficult. As a result, the reference system, Nb,O;—C, lost
41.2% of its weight after SSR, which is close to the CO percent
by mass (40.0%) for the following reaction: Nb,O; + 7C —
2NbC + 5CO."" Conversely, the Nb,O;—VC system,
computed after 1000 °C heating for 10 h, decreased by only
5.13%. Equation 1 will lose its weight with O, emission by
5.51%, which is larger than the result of our experiments. The
probable reasons for this are the contribution of eq 2 and the
adsorption of O, into carbides. Although the emission of CO/
CO, for Nb,0,—VC is not zero, i.e., discharged fluids slightly
make a Ca(OH), aqueous solution cloudy,” using VC as a
substitute for C was found to drastically reduce CO/CO,
emissions during the NbC synthesis. Meanwhile, both NbC
and VC have a NaCl-type structure,'’ and the small lattice
mismatch, i.e., the lattice constant a/A = 4.4686 (NbC) and
4.1629 (VC), and the presence of congeneric cations suggest
the possibility of a topotactic reaction, where a structure motif
is kinetically inserted or deserted while preserving the intrinsic
structures of parent materials.”” Figure S8 compares field

Table 1. Summary of Physical Properties of Obtained NbC—Lattice Constant a, Crystallite Size D, Lattice Distortion €, and
Values of V of Site Occupancy and Atom % Obtained Using EDS

combination temperature/°C a/A

Nb,0,—VC 1000 4.44280(11)
1100 4.42970(8)
1200(L) 4.37479(11)
1200(H) 4.2145(5)
1300 4.3412(4)

Nb,0—C 1450 4.45193(9)

D/A e occupancy atom %
286(2) 0.56(2) 0.215(15) 16.6(13)
188.8(13) 0.49(5) 0.320(13) 20.8(22)
417(2) 0.979(5) 0.39(5) 29.9(34)
101.1(4) 0.41(14) 0.3(6) 29.9(34)
125.3(3) 0.73(3) 0.39(2) 47.9(52)
533.5(9) 0.072(12)
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emission SEM (FE-SEM) images of Nb,O;, VC, and the
product NbC/V. There is no correlation between particle sizes
and shapes. Therefore, a contribution is not likely. Meanwhile,
as VB TMCs (VC, NbC, and TaC) have similar bonding
enthalpies,‘m_42 the primary thermodynamic driving force for
Nb,Os—VC>® stems from a difference in the formation heat
between Nb,Oj and the resulting vanadium oxides [standard
enthalpy of formation [AH®/k] mol™': Nb,O; (—1900), V,0,
(=1219), V,05 (=1550)].*” The endothermic energies are less
than those for Nb,O,—C (Nb,O; + 7C — 2NbC + 5CO).
Finally, standard electrochemical hydrogen evolution reactions
(HER) were performed to investigate the effects of V
introduced into the NbC lattices. Table S2 summarizes the
recent HER performance of NbC and its related systems. The
overpotentials, Tafel slopes, double layer capacitance Cy, and
lowest charge transfer resistance Rcp are given in Table S2
were obtained from Figure 4. The overpotential of pure NbC

5 (a) 0.8 (b) Combination Temp./°C
v 0 Nb;05-VC 1000
§ 0.7 00 144 mVidec, -
‘é S ; Nb,0s-C 1450 ="
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Figure 4. (a) Linear sweep voltammograms, (b) Tafel plots, (c)
Nyquist plots, and (d) cathodic and anodic non-Faradaic capacitive
currents at 0 V (vs SCE) against scan rates of the obtained NbC/V
electrodes and reference (NbC). Precursor combination and the
preparation temperatures are described in each figure using different
colors, and the color coding of each sample is standardized between
figures. Characters with units (mV/dec) near straight lines indicate
Tafel slopes.

(entry S) belongs to those of entries 6 and 10; therefore, this
compound can be regarded as a reference. V under 30%
(entries 1 and 3, Table 1) has almost no impact on the
overpotential of entry S. However, the heaviest V (entry 4)
considerably enhances the performance. The correlation of
only Ry demonstrates that the enhanced HER performance is
due to charge transfer rather than the active surface area (Cg).
The recent reports are also suggestive that a combination with
rGO or the relevant conductive materials further improves the
HER performance of NbC/V.

B CONCLUSIONS

Two SSR systems for the synthesis of the NbC electrocatalysts,
Nb,05—C and Nb,0s—VC, were compared to investigate the
effects of vanadium(V). Each stable precursor couple is
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seemingly similar, but the chemical reactions vary significantly.
Under heating, V promptly reconstructed chemical bonds with
oxygens in Nb,Os, suppressing greenhouse gas emissions and
releasing enormous reaction enthalpies, which contributed to
reducing the temperature of reaction completion from 1450 to
1000 °C, as well as facilitating NbC crystallization (770 °C).
The primary reaction intermediate is altered from NbO, (for
Nb,05—C) to VNbO,, which is also regarded as a cause of
temperature depression. NbC contains V in the crystal lattice;
however, its presence is controllable by temperature and in a
highly doped region, which is favorable to HER performance.
Furthermore, the atomic mixing to near-equimolar ratios is
thought to be applicable to the fields of high-entropy carbides
studied at high temperatures.*”** Although precursor
utilization of V has thus far been primarily investigated in
engineering steels (an alloying element in steels), this study
may broaden the application areas.

B EXPERIMENTAL SECTION

Characterizations were performed by using the following
facilities: XRD using Cu Ka as an X-ray source (Rigaku
MiniFlex600); FE-SEM (JEOL JSM-6500F); SEM—EDS
(JEOL JSM-6510LV); Raman spectroscopy using a 532 nm
laser (Horiba LabRAM HR-800); Potentiostat (BAS ALS-
644D), and gas chromatography (Shimadzu GC-8A).

Protocols for SSR. In an agate mortar, Nb,O; (0.953
mmol) and several times the molar quantity of VC are mixed
in air and pressed with a pump pressure of 60 MPa into a 13
mm-diameter pellet. The pellet was placed on a Pt foil or a C
sheet and put in an alumina Tamman tube before being
positioned at the center of a cylindrical alumina tube (24 mm
diameter and 600 mm long) of a furnace. Twenty-five mL
min~' Ar was introduced from an open-ended side of the
Tamman tube 20 min before the furnace launched a heating
program with a ramp rate of 7 °C min~". Nb,Og and C were
reacted using the same protocol of Nb,Os—VC, as the
reference. For investigations of chemical species at fixed
intervals (Figure 2), quenching was performed by immediately
transferring the interior Tamman tube to an ambient
temperature region from the heating furnace.

Performance Assessment by HER. A three-electrode
system consisting of a working electrode, a counter electrode
(3 mmg carbon-rod), and a saturated calomel electrode as a
reference, was employed to assess the HER of the obtained
NbC/V. The working electrode was prepared according to
previous reports.*’ A mixture of NbC/V or pure NbC (5 mg),
carbon black (5 mg), 2-propanol (400 uL), S wt % Nafion
solution (30 yL), and ultrapure water (600 uL) was placed in
an ultrasonic bath for 30 min to obtain an NbC ink. The ink
was drop-cast on a 3 mm¢ glassy carbon electrode and dried in
air. The HER was performed in a 0.5 mol L™' H,SO,
electrolyte.

Theoretical Method. Quantum Espresso, a DFT software
package, was used to optimize the geometries of NbggsV ;sC
and NbC. The kinetic energy cutoff (E, = 60 Ry) and k-point
mesh (a 4 X 4 X 4 grid) were used.

cut
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Time and temperature evolutions of Nb,Os—VC and the
reference reactions (Figures S1—S3, S5—S7), Raman
spectroscopy (S4), V analyses (S6), and FE-SEM
observation (S8) for characterizations of reaction
products, DFT calculations for structure optimization
(Table S1), and HER performance comparison (Table
S2) (PDF)
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