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ABSTRACT: Nanostructured metal carbides are of particular
interest because of their potential as high surface area, low-cost
catalysts. By taking advantage of a salt-flux synthesis method,
multiple carbide compounds were synthesized at low temper-
atures providing a pathway to nanosized materials. To better
understand the reaction mechanism, vanadium carbide (V4C,)
synthesis was monitored by quenching samples at 100 °C
intervals and analyzed by multiple spectroscopic methods. The
reaction was determined to occur through the formation of
metal halide and acetylide carbide intermediates, which were
repeatedly observed by X-ray diffraction and further supported
by IR and Raman spectroscopies. Control experiments were
also employed to further verify this mechanism of formation

by using different salt compositions and a solid-state metathesis reaction. The reaction mechanism was also verified by applying
these techniques to other metal carbide systems, which produced similar intermediate compounds.

B INTRODUCTION

Metal carbides are experiencing a resurgence in popularity due
to their interesting physical properties, low cost, and potential
catalytic activity.' Metal carbides are some of the hardest
materials known with hardness values approaching that of
diamond.” These compounds are also quite stable, resistant to
oxidation and acid etching, electrically conducting, and
superconducting.® They are also some of the highest melting
compounds ever synthesized with melting points greater than
3000 °C.* While this is useful for several high-temperature
applications, it also causes problems with synthesizing these
materials. Some of the more common methods used to
synthesize metal carbides including arc melting, high-temper-
ature annealing, and carbothermic reduction require extremely
high temperatures, which causes aggregation and greatly
decreases the surface area of the product.”™” As such, very
few metal carbide systems have been reported as nanomateri-
als.®

One of the major problems with traditional solid-state
synthesis is slow diffusion between solids. While some methods
have been developed to overcome this limitation like
modulated elemental reactants, many methods still use
extremely high temperatures to increase the rate of diffusion.”
A few low-temperature synthesis methods have been reported
for metal carbide synthesis, like sonochemical and alkalide
reduction; however most of these methods focus on
molybdenum carbide and tungsten carbide.*'® Additionally,
these synthesis methods commonly use metal oxide precursors
and pli(;duce materials with residual oxygen present in the
lattice.
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Salt fluxes have been used to synthesize a variety of materials
including oxides, pnictides, chalcogenides, halides, and
carbides."*™"® This synthesis technique offers enhanced
reaction rates due to a molten or liquid reaction medium.'®
The flux enables faster diffusion of the reactants and thus
enables lower reaction temperatures and shorter annealing
times. Utilizing eutectic mixtures of binary salts, the melting
point of the flux can be dramatically reduced giving access to
high-temperature products at unusually low temperatures.
While this is a frequently used method, little is known about
how these reactions occur.'® Further, determining the optimal
reaction time and temperatures to this point has been primarily
trial and error. Solid-state reaction mechanisms are inherently
quite difficult to study due to the high reaction temperatures
and the inability to directly monitor the reaction as it
progresses. While some methods like thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC)
have been developed to peek inside of this black box, these
techniques only provide a partial view of the reaction and
cannot identify crucial intermediates or reaction processes.

To study these reactions and the intermediate species that
form, the three carbide systems of vanadium carbide (V4C,),
titanium carbide (TiC), and tantalum carbide (TaC) were
analyzed. For each system, the reactions were quenched at
multiple temperature intervals and evaluated with a variety of
spectroscopic methods. This quick cooling freezes or solidifies
the salt flux stopping the reaction immediately and trapping
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intermediate compounds. Since the salt fluxes are transparent
to IR and Raman spectroscopy, the flux allows a detailed study
of the sample including air- and moisture-sensitive compounds.
In addition, X-ray diffraction (XRD) allows observation of the
bulk sample including all crystalline materials present. With the
wide range of salts available for fluxes, salts can be chosen to
limit overlapping diffraction peaks allowing for positive
identification of all species present. Finally, different cations
and anions can be evaluated for their involvement in the
reaction through control reactions.

Utilizing this method, several important intermediates were
observed forming, decomposing, and finally giving rise to the
formation of the target metal carbides. The mechanism
discussed herein is the best estimate of how this synthetic
method produces metal carbide compounds, through metal
halide (MF;) and acetylide carbide (K,C,) intermediates.
Applying this method to study the reaction mechanism will
help determine product formation temperatures and optimize
reaction conditions. This will greatly reduce guesswork involved
in synthesis by determining exact temperatures at which
intermediate species are formed and subsequently decompose
to form the product.

B EXPERIMENTAL SECTION

Materials. All the chemicals were purchased from Sigma-Aldrich.
All salts were dried in a drying oven at 100 °C for 1 h prior to use and
stored in a desiccator. The metal reagents were stored in an argon-
filled glovebox due to their oxidative and pyrophoric properties.

Synthesis. For the preparation of the vanadium carbide, vanadium
metal powder (—325 mesh) (0.2023 g = 0.004 mol) and multiwalled
carbon nanotubes (MWCNTSs) (6—9 nm X 5 ym with a carbon >95%
purity) (0.0477 g = 0.004 mol) were weighed and added to a salt
mixture consisting of 58 wt % lithium chloride (0.2243 g), 40 wt %
potassium chloride (0.2764 g), and 2 wt % of potassium fluoride
(0.0100 g). The reactants were ground with a mortar and pestle for S
min to ensure homogeneity. All weighing and grinding should be done
in an oxygen free environment to prevent oxidation of the vanadium
metal and hydration of the salt flux. However, sample preparation for
this work was not done in an oxygen-free environment due to the
relatively low humidity of the lab, proving that, while air-sensitive,
these reactions can be done outside of a glovebox. After grinding, the
reactants were placed in an alumina crucible and heated at 100 °C/
hour in a tube furnace to the desired temperatures under flowing
argon. Most samples were quickly cooled (quenched) upon reaching
the given interval temperature, to stop the reaction and trap the
intermediates. The samples were quenched by removing the reaction
tube from the heating coils and allowing them to quickly cool ~800 °C
per hour to room temperature (25 °C) during which the freezing
temperature of the eutectic salt is obtained quickly, below 353 °C.
However, a few samples were annealed at the final temperature for 2 h
as will be discussed in the Results section. Similar methods were used
for the synthesis of TiC and TaC using a 1:1 molar ratio for metal and
carbon.

Characterization. Powder XRD patterns were obtained with a
Rigaku Smart Lab (40 kW) X-ray diffractometer using Cu Ka radiation
(1 = 1.54059 A). Raman and infrared spectra were acquired with
Snowy Range Instruments Raman Sierra IM-52 using a 532 nm laser
and a PerkinElmer FTIR Spectrometer Spectrum Two with a Pike
Technologies GladiATR attachment, respectively. TGA and DSC were
conducted on a TA Instruments SDT Q600 under argon with a flow
rate of 100 mL/min. Transmission electron microscopic (TEM)
images were taken on a 200 kV FEI Tecnai G2 F20 (S)TEM with an
Oxford Inca X-Stream EDX Spectrometer. TEM samples were
prepared by adding ~0.3 mg of sample into a vial with ~10 mL of
ethanol. The solution was then sonicated for 20 min until slightly gray,
and a micropipette was used to drop ~7 L of the suspension onto a
300 mesh holey nickel grid and dried overnight.
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B RESULTS AND DISCUSSION

To investigate the formation of metal carbides utilizing a salt
flux, a mixture of MWCNTSs, metal powder, and the salt flux
(LiCl, KCl, and KF) were ground together and heated in a tube
furnace to several temperatures at 100 °C intervals and
quenched to trap intermediate species. The products present
were analyzed without further purification to prevent loss of
any water-soluble intermediates. To achieve clean metal carbide
nanomaterials, the samples are typically washed with distilled
water to remove any remaining salts from the products. Each
sample was analyzed with powder XRD, TEM, Raman, and IR
spectroscopies. The results shown below provide evidence of
intermediate species and give insight into the reaction
mechanism.

The overall XRD spectra for all temperature intervals can be
seen in Figure 1a, and all phases observed by XRD are reported
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Figure 1. XRD plots of (a) the reaction between vanadium metal and
MWCNTSs in salt flux at multiple temperatures. (b) Highlighted: the
formation and decomposition of K,3VF; (PDE# 00—033—1051),"”
K,C,-tetragonal (PDF# 01-076—1714),"® and K,C,-cubic (PDF#
01-070-3190)."® (c) The decomposition of V metal (PDF# 01—
089—3842)%° and the formation of V,C, (PDF# 03—065—8074).>!

in Table 1. Analysis of these data shows the formation of
potassium vanadium trifluoride (K,3,VF;) at 100 °C indicated
by reflections (002), (430), (440), (260), and (232)." See
Supporting Information, Table S1 for peak positions and
associated reflections for all phases present. Tetragonal
potassium acetylide (K,C,) is also formed at 100 °C,
represented by reflections (200), (004), and (202)."® K,C,
then undergoes a phase change to cubic K,C, that is formed at
200 °C (omitted for clarity), and is observed between 400 and
1000 °C by reflections (111), (200), and (220)."® The K, ;oVF,;
intermediate is stable up to 500 °C, which is most clearly seen
in Figure 1b. It is quite difficult to determine the amount of V
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Table 1. Phases Observed by XRD for All Temperature
Intervals

temperature, V;C, results

100 °C KCIH+LiCl+KF+V°+K, 3oVF; +K,C,-tetragonal
200 °C KCI+LiCI+KE+V%+ K 3,VF; +K,C,-cubic
300 °C KCHLICI+KF+V*+K, 3,VF; +K,C,-cubic
400 °C KCIHLIiCl+KF+V°+K, 3,VF; +K,C,-cubic
500 °C KCIHLIiCI+KF+V*+K, 35VF; +K,C,-cubic
600 °C KCIH+LiCl+KF+V°+K,C,-cubic +VgC,
700 °C KCI+LiCl+KF+K,C,-cubic +V,C,

800 °C KCI+LiCl+KF+K,C,-cubic +V3C,

900 °C KCI+LiCl+KF+K,C,-cubic +V3C,

1000 °C KCIH+LiCl+KF+K,C,-cubic +V,C,

metal and K, 3yVF; due to overlapping reflections with the salt
flux; however, it is clear that some K;3,VF; forms at low
temperatures and decomposes near the decomposition temper-
ature of the V metal. At 600 °C, the K, 3,VF; decomposes, and
the vanadium metal reflection (110) decreases significantly as
can be seen in Figure 1b,c.”® Concurrently, vanadium carbide
(VgC,) begins to form as small, very broad reflections of (111)
and (200).>' While it is assumed that the V metal should all be
converted to K, 3yVF; prior to formation of V4C,, the K 3yVF;
phase appears to be unstable at these temperatures and quickly
decomposes to form VgC,. This suggests the formation of
Ko 39VF; is a limiting step and the decomposition process at
elevated temperatures is relatively quick. Above 600 °C the
V;C, continues to form and the K,C, remains stable up to 1000
°C shown in Figure 1b,c. Probing intermediate temperatures
confirm that the K, 3,VF; decomposes by 550 °C and the V,C,
has begun to form as seen in Supporting Information, Figure
S1. Additionally, Supporting Information, Figure S2 shows the
products of a reaction at S00 °C, which was held for 12 h,
demonstrating the complete decomposition of V metal and the
formation of V4C, at 500 °C.

In addition to XRD, TEM was used to examine the products
of these reactions. Because of the use of ethanol in the
preparation of the TEM grids and the intermediates” solubility
in water and ethanol, none of the intermediates (K,C, or
Ky3oVF;) were observed via TEM. In Figure 2, TEM images
were taken of samples heated to 500, 600, and 900 °C
displaying the transformation of V metal and MWCNTSs to
VsC, These temperatures were chosen based on the XRD
plots, which showed the transition from reactants to VgC,
occurring at 600 °C. At 500 °C, most of the sample consists of
vanadium metal and MWCNTs as seen in Figure 2a and the
inset selected area electron diffraction (SAED). The metal has
decreased in size from the starting material (~20 gm) to 10—
50 nm aggregates. Supporting Information, Figure S3 shows the
as-purchased V metal with particles sizes ranging from 2 to 20
pum. This suggests that the metal is reacting, which supports the
XRD results showing a decrease in V metal intensity and
formation of K,3,VF; below 500 °C. However, in Figure 2b,
the same 500 °C sample reveals V4C, in a small amount,
demonstrated by SAED ring patterns specific to the crystal
planes associated with V3C,. This was not observed at 500 °C
by XRD because it is a bulk analysis technique and V3C, is
below the detection limits. SAED, however, has a higher
sensitivity to phase identification because it is a particle to
particle analysis technique. Figure 2¢,d shows images of the
sample heated to 600 °C showing V3C, with a hollow tubelike
structure where the lighter contrast tubes are MWCNTS, and
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Figure 2. TEM images and SAED of the reaction between V metal and
MWCNTs at (a, b) 500 °C (¢, d) 600 °C and (e, f) 900 °C.

the darker tubes are V;C,. Figure 2d highlights the formation of
VsC, around a MWCNT providing further evidence that the
MWCNT acts as a template for the carbide. The lattice fringes
depicted in Figure 2d represent the (002) crystal plane (d =
3.348 A) of the MWCNTSs and the (222) crystal plane (d =
2.405 A) of V4C,. Additionally, multiple lattice fringes can be
observed in the V,C,, thus proving that it is polycrystalline.
Supporting Information, Figure S5 shows a larger version of
this image with multiple lattice fringes for both the MWCNT
and VgC,. SAED also confirms the formation of V;C,
nanocrystals in the 600 °C sample, which is in agreement
with XRD. Figure 2e,f shows results of the sample heated to
900 °C and shows larger crystal domains of VgC, strung
together into nanowires. Between 600 and 900 °C, the hollow
tube structure coalesced into a solid wire of roughly similar size
(~25 nm) as seen in Figure 2c,e. The formation of VzC, was
observed through our experiments to begin at ~600 °C based
on XRD, and confirmed by SAED. The interesting part was that
even though by XRD no V4C, can be seen below 600 °C
without annealing, it was observed at 500 °C by SAED in
Figure 2b. To confirm this results, V;C, was formed by
dwelling at 500 °C for 12 h seen in Supporting Information,
Figure S2, which was observed as very broad peaks by XRD
confirming the TEM results that the carbide formation does
occur at 500 °C.

Reaction Mechanism. On the basis of the XRD data, the
proposed mechanism begins with the oxidation of V metal to
an approximate V°* state forming K, 3,VF; (MF;) intermediate
(eq 1). This is assumed to occur simultaneously with the
reduction of carbon from the MWCNT to C3~ to form the
K,C, intermediate, shown in eq 2. These two intermediates
then react to form VzC, (MC) as seen in eq 3. The overall
reaction shows the sum of egs 1, 2, and 3 from reactants to
intermediates to product formation.
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M° + 3F” — ME + 3¢~ (1)
3C 4+ 3K  + 3¢ — 3k.C
2 2)
3
ME, + ZKZCZ — MC + 3KF 4 2C )

overall equation: M® + 3C + 3KF
— ME + %KZC2
— MC + 3KF + 2C

M=V, TiorTa

K,VF; compounds are a well-studied class of materials
originating from tungsten-bronze or alkali metal bronze studies.
K, VF; compounds have been studied for lattice distortions,
superlattice structures, and composition dependent proper-
ties.”> "% K 3VF, forms an orthorhombic structure with lattice
constants of a = 18.34, b = 22.19, and ¢ = 7.742 A, which are in
agreement with our experimental results.'” The melting
temperature for K,VF; compounds has been reported to be
between 1057 and 1277 °C, proving it is solid and stable at the
temperatures used in this study.”®

The K,C, intermediate is an acetylide carbide compound
that has two phases, a low-temperature tetragonal phase and a
high-temperature cubic phase, with the transition occurring at
~127 °C."” In this study, both phases are observed by XRD
with the high-temperature phase forming between 100 and 200
°C, which is in agreement with the reported phase transition.
Because one of the main peaks for each of the intermediate
species Kq3,VF; and K,C, is closely overlapping at 23.29 and
2321 degrees 26, respectively, further investigation was
required to confirm the presence of these species. The
reactions of VF, and/or VF; with KF to form K,VF,
compounds have been reported in the literature.”’ Since this
is a known reaction, the focus of intermediate confirmation will
primarily be on K,C,. K,C, has been previously studied by
Raman spectroscopy and reported to have a C=C stretching
vibration at 1821 cm™! for the acetylide carbon unit (C37).>
To prove the existence of K,C, by Raman, two experiments
were designed to increase the total amount of K,C,. The first
reaction contained the salt flux, V metal, and MWCNTs, and it
was heated to 300 °C for 2 h then quenched. The second
sample was identical except no V metal was added to prevent
the consumption of K,C, by the reaction with K, 3,VF; forming
V;sC,. Raman spectra for the samples are shown in Figure 3a.
There are relatively small amounts of K,C, in the samples
compared to the large amounts of unreacted MWCNT's at 1304
and 1586 cm™, which are in agreement with literature values.
However, a small broad peak is clearly visible at 1820 cm™ for
the sample containing V metal and 1825 cm™'for MWCNTs in
salt.** > Similarly, Figure 3b,c shows IR peaks associated with
a C=C alkyne (acetylide) stretch at 2156 and 2158 cm™
falling within the range of 2260—2100 cm™'(w), further
confirming the existence of K,C, in both the vanadium sample
and the control reaction.>* The other peaks in the IR spectra
are assigned as alkene C=C stretching at 1595 and 1631 cm ™",
C=O0 stretching at 1971 and 2025 cm ™" (only in the control),
and O—H stretching at ~3400 cm™' from absorbed water on
both samples.
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Figure 3. (a) Raman spectra of samples containing V metal and
MWCNTs in salt (red) and only MWCNTSs in salt (blue) that were
heated to 300 °C for 2 h and quenched, showing MWCNT peaks and
K,C, peak at 1820 and 1825 cm™. (b, c¢) IR spectra of the same
samples showing an acetylide carbon peak at 2156 and 2158 cm™,

respectively.

Other Carbide Compounds. To further verify the
proposed reaction mechanism, tantalum carbide and titanium
carbide were also studied using the same method employed to
study VgC,. Figure 4a shows the XRD patterns for titanium
carbide, which contains analogous intermediates as vanadium
carbide. Titanium trifluoride forms at 100 °C (omitted for
clarity) and is stable up to 400 °C. K,C, forms at 100 °C
(omitted for clarity) as seen before in the vanadium system and
is stable up to 1000 °C. Even though K,C, and TiF; peaks are
close, (23.07, 23.19 degrees 20), they are not as close as those
of K,C, and TaF; (23.07, 23.11 degrees 26), as can be seen in
Figure 4a,b, respectively, 3providing better resolution for the
titanium intermediates.'”>~3°

Figure 4b shows the XRD results for tantalum carbide
demonstrating similar intermediates as vanadium and titanium
carbide. It reveals TaF; is formed at 100 °C (omitted for
clarity) and is stable up to 700 °C indicated by reflections
(100), (110), and (111).>* In this system, K,C, does not form
until 400 °C and is stable until 1000 °C. However, because of
the overlapping of TaF; and K,C,’s first peak, as well as the
second most intense peak for both being hidden by salt peaks,
complete certainty cannot be established. The noteworthy
aspect is the formation of tantalum carbide starting at 500 °C,
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Figure 4. XRD plots (a) TiC temperature intervals, the calculated data
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the lowest formation temperature through solid state synthesis,
which is nearly 300 °C lower than the next lowest formation
temperature at ~780 °C.'%3¢

Comparing the three monometallic carbide systems, all three
metals oxidized to form a three plus trifluoride compound
(Ko39VF;, TaF;, and TiF;).** Simultaneously, the carbon is
reduced by these three electrons and is observed as K,C,
intermediate as seen in eq 2. Evidence of the formation of all
the trifluorides and K,C, occurs between 100 and 200 °C. The
uncertainty of K,C, formation in the TaC system below 400 °C
was clarified by the other metal systems and a control reaction,
which showed K,C, at 100 °C. The combined reactions of the
MEF; and K,C, intermediates lead to the formation of the
transition metal carbide as seen in eq 3. The complete reaction
from reactants to final products is seen in the overall equation.
The common temperature for the decomposition of the MF;
intermediate in all three systems was at 500 °C, which
correlates strongly with the formation of the transition metal
carbide. This provides support for our conclusions that the MF;
is an important intermediate.

To further support the formation mechanism, control
experiments were conducted to establish the necessity of the
fluoride ion for intermediate and product formation. Figure S
shows the reactions of tantalum, carbon, and salt flux without
KEF present at 600 and 900 °C then quenched. As can be seen
from the XRD plots at both temperatures, TaC does not form.
Previously, TaC was observed at 900 °C as seen in Supporting
Information, Figure S6. However, at 900 °C without KF there
is no indication of TaC based on the absence of peaks at 34.93°
and 40.55° 26. There is, however, K,C, formation at both
temperatures, which was previously shown to form in the
absence of metal with just carbon nanotubes and salt flux. This
confirms the fact that small amounts of potassium fluoride are
required in the salt flux to form the important intermediate
species MF;, which then led to product formation.
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Figure 5. XRD plots of a control experiment for TaC using a KCI,
LiCl salt flux without KF at 600 and 900 °C.

Additional control reactions were also run replacing the salt
flux with a single fluoride (KF, LiF, and NaF) to further
highlight the need for fluoride to form the carbide product and
identify cation interaction. The experiments were conducted on
TaC with the given salt at three temperature increments 300,
600, 900 °C and quenched. The XRD pattern of the 900 °C
samples seen in Figure 6 show that TaC forms quickly and that
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Figure 6. XRD plots of products from Ta and MWCNTSs heated to
900 °C in pure KF, LiF, and NaF.

the reaction nearly goes to completion in the KF flux. From
these results, it was determined that the best cation of the three
single salts was potassium, based on the metal-to-carbide ratio
in the final product seen in Figure 6. This supports our
proposed mechanism with the formation of carbide via the
intermediates MF; and K,C,.

The final step of the proposed mechanism seen in eq 3
involves a solid-state metathesis reaction. These reactions are
thermodynamically favored involving chemical exchange and
the rapid often violent release of excess energy.*® This has been
shown to be an effective method for producing transition metal
carbides, and in a previous report TaCly and CaC, were mixed
in stoichiometric amounts and underwent filament-initiated
reaction to produce TaC.*® For the purposes of this paper the
metal fluoride, TaF;, and carbide, CaC,, were chosen to mimic
the observed intermediates TaF; and K,C, due to their
commercial availability. They were combined stoichiometrically
under argon, and the reaction was studied with DSC. The
precursors were heated at 10 °C per minute to 400 and 800 °C.
In Figure 7a, the experiment ran to 800 °C shows an
endothermic event occurring at 383 °C before quickly
becoming exothermic. According to the XRD plot shown in
Figure 7b, TaC is present at 400 °C indicating that the
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Figure 7. (a) DSC of TaF; and CaC, heated under argon to 400 and
800 °C with a ramp rate of 10 °C/min. (b) Resulting XRD plot of the
400 °C sample. Note: exothermic is up.

presence of intermediates (K,C, and TaF;) in the beginning of
the reaction would further lower the temperature of product
formation. This provides conclusive evidence supporting the
formation mechanism. Note that the second peak for TaC is
unusually intense due to excess TaF;. To highlight the necessity
of the halide intermediates, a similar experiment was conducted
using Ta metal and CaC, as seen in Supporting Information,
Figure S7. When heating only Ta metal and CaC, to 400 and
800 °C, no noticeable reaction occurs verified by the presence
of reactants via XRD and the lack of the endothermic peak in
the DSC trace. This further verifies the need for fluorine in
these reactions and the crucial role that the fluoride
intermediate species plays.

B CONCLUSION

Salt flux synthesis reactions provide a low-temperature, and
thus efficient, approach to synthesize transition metal carbides
as nanomaterials. Understanding how the salt flux interacts with
the metal and carbon to produce metal carbides offers an
insight into the reaction mechanism and opens the door for
optimization of the reaction. Because of the similarities of
observed reaction intermediates (K,C, and metal trifluorides),
these reactions can easily be adapted to a wide variety of
monometallic and more complicated bimetallic carbide systems.
Further investigation will allow for difficult monometallic
carbides to be synthesized more efficiently and also adapt the
system to synthesize more complicated multimetallic carbides.
In addition, determining what intermediates form at specific
temperatures will enable researchers to establish temperatures
of formation for various products and take the guesswork out of
the synthesis process. Finally, using the salt flux as a trapping
medium for intermediate species will also enable other types of
products to be studied spectroscopically. Salt flux syntheses are
well-known solid state reactions forming a variety of products
(oxides, pnictides, chalcogenides, halides, and carbides), and
since the fluxes are generally transparent to spectroscopic
techniques, they can now be studied mechanistically.
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