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ABSTRACT Single nanocrystalline tungsten carbide (WC) was first syn-
thesized on the tips of vertically aligned carbon nanotubes (VA-CNTs) with a
hot filament chemical vapor deposition (HF-CVD) method through the directly
reaction of tungsten metal with carbon source. The VA-CNTs with preservation
of vertical structure integrity and alignment play an important role to support
the nanocrystalline WC growth. With the high crystallinity, small size, and
uniform distribution of WC particles on the carbon support, the formed
WC—CNTs material exhibited an excellent catalytic activity for hydrogen
evolution reaction (HER), giving a 774, (the overpotential for driving a current
of 10 mA am—?) of 145 mV, onset potential of 15 mV, exchange current
density@ 300 mV of 117.6 mV and Tafel slope values of 72 mV dec™
solution, and 771, of 137 mV, onset potential of 16 mV, exchange current density@ 300 mV of 33.1 mV and Tafel slope values of 106 mV dec
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respectively. Electrochemical stability test further confirms the long-term operation of the catalyst in both acidic and alkaline media.
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ydrogen is considered a promising
Henergy carrier because of its high

energy density. Despite its promising
future, however, the low-cost, efficient pro-
duction of hydrogen in a sustainable manner
still remains a scientific and technological
challenge.! One of the most economical ways
to produce hydrogen is from water splitting,
or hydrogen evolution reaction (HER), which
has the ability to store energy without the
emission of carbon dioxide.> Normally, this
process requires a catalyst that minimizes
the activation energy of hydrogen formation
on the surface. It is well-known that platinum-
group metals (PGMs) (Pt, Rh, Pd, etc) are
excellent HER electrocatalysts because of
their low overpotential and fast kinetics for
driving the reaction>™> Unfortunately, the
high cost and limited word-wide supply of
these noble metals make their application in
HER process unattractive. Several non-noble
metal materials, such as transition-metal
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chalcogenides,®” carbides®™'? and com-

plexes'>~'® as well as metal alloys'®'” have
been widely investigated recently, and char-
acterized as replacement for PGMs in the
evolution of hydrogen. Among them, transi-
tion metal carbides, such as molybdenum
carbide (Mo0,C)'872° and tungsten carbide
(WC)?' 2% have been reported to exhibit
platinum-like behavior in the catalysis of
hydrogenolysis, first by Boudart's group in
the 1970s.27?® WC exhibits high corrosion
resistance and superior electronic conductiv-
ity, which makes it a suitable candidate to
replace PGM catalysts in emerging renew-
able energy technologies, such as fuel cells
and electrolyzers.?®*°

The traditional synthesis technique for
WC involves heating the fully mixed WO;
(or W metal) and carbon powder a high
temperature (1400—1600 °C).3° The resultant
WC particles are generally big in size, low in
specific surface area and poor morphology
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control.®' Numerous methods, such as ball milling,*?

microwave heating,*®* and plasma processing tech-
nique,>* have been developed to obtain nanoscale WC
particles. However, these methods remain more or less
the following disadvantages: complex procedures, long
time, high temperatures and high energy consumption.
In particular, Antonietti's group developed a novel syn-
thetic route utilizes organic compounds, such as urea as
carbon sources and also utilizes W metal precursors.
Unfortunately, the obtain tungsten carbide are still rela-
tively large particles with a low surface area>' Most
importantly, the purity of WC is not ensured, with WO,,
W,C or WC;_,, and W metal left with product, which
greatly lower the catalytic performance for HER. Up to
now, only a few papers were found on the preparation of
pure WC 3> Furthermore, hot-filament CVD, one of low
temperature CVD techniques,®” is a common method for
growing diamond and diamond-related materials. In the
HF-CVD process, the temperature was keep at relatively
low temperature, while the filament was heated to over
2000 °C, working as a source of heat for substrate and
decomposition of precursor gases.3® It is cost-effective,
easy to scale up to large-scale growth and, no less
important, utilizes metal rather than vaporized metal-
containing reagents as precursors, which introduce no
other impurity. From this point of view, HF-CVD method is
the preferable growth technique for pure-phase WC
nanostructures.

Carbon nanotubes (CNTs), particularly, vertically
aligned carbon nanotubes (VA-CNTs), one of well-
studied carbon nanomaterials, have attracted much
intention as support for heterogeneous catalyst due
to their unique physical properties and morphology.
A plethora of literature therefore exists on the functio-
nalization of carbon nanotubes with metal particles.>
Here, for the first time, we develop a simple and cost-
effective method for the preparation of VA-CNTs-
supported single nanocrystalline WC (WC—CNTs).
A HF-CVD process was employed to generate WC
nanoparticles through the directly reaction of metallic
tungsten and gaseous activated carbon. In contrast
with other methods, the method described here pro-
vided a simple technique for one-step synthesis of
nanocrystalline WC with hexagonal type structure,
uniform dispersion and narrow distribution of sizes.
The as-made WC—CNTs material exhibited superior
electrocatalytic activity in HER performance, with 7
of 145 mV, onset potential of 15 mV and Tafel slop of
72 mV dec™ " in acid solution, and 137 mV, 16 mV and
106 mV dec ™" in alkaline media, respectively. Further-
more, this preparation technique of metal carbide
holds a great potential also for the production of other
high melting point metal/carbon supported catalysts.

RESULTS AND DISCUSSION

The experimental setup for the continuous preparation
of WC—CNTs is illustrated in Figure 1a. Vertical aligned
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carbon nanotubes (VA-CNTs) were first grown on silicon
substrate according to literature.***! Then, a thin layer of
tungsten metal was deposited on top of VA-CNTs with
sputter deposition system. After that, HF-CVD process
was carried out with 4 tungsten wires hot filament with
flowing an activated gas mixture over the sample. Typi-
cally, H, (140 sccm), H,O (15 sccm) and CH, (0.5 sccm)
were rapidly flowed over the hot filament (temperature
greater than 2000 °C) at pressures of ~25 Torr to create
activated gas of hydrogen and carbon-containing spe-
cies. During the HF-CVD process, metallic tungsten re-
acted with gaseous activated carbon species for the
nucleation and subsequent growth of WC; meanwhile,
VA-CNTs with preservation of vertical structure integrity
and alignment were realized. More details are described
in Methods. Figures 1b,c show scanning electron micro-
scopy (SEM) images of VA-CNTs carpets before and after
growth of WC with HF-CVD method. The original VA-
CNTs are highly aligned along the growth directions, and
the individual nanotubes are densely packed and uni-
formly distributed throughout the whole substrate
(Figure 1b). Energy-dispersive X-ray spectroscopy (EDS)
reveals the presence of only C and litter O (Supporting
Information Figure S2a) existed in VA-CNTSs, representing
high-quality of VA-CNT carpets. After the WC nanocrystals
(NCs) growth, the whole assembly of WC—CNTs forest
become even denser without collapse or aggregation
(Figure 1c). EDS analysis (Supporting Information Figure
S2b) indicates that the WC—CNTs consists of C, W and
very little O, confirming that tungsten have been carbo-
nized and transformed into tungsten carbide. With in-
creasing of the thickness of tungsten, the grains of
WC get more agglomerated. Big NCs of 30—50 nm in
diameter are appeared on the top surface of the VA-CNTs
when the thickness of tungsten increases to 150 nm
(Supporting Information Figure S3). Similar agglomera-
tion phenomena are obtained when the synthesis tem-
perature is increased to 1080 °C (Supporting Information
Figure S4c,d).

More insight of the effect of HF-CVD tempera-
ture was studied by Raman spectra acquired from the
W@VA-CNTs and WC—CNTs samples as presented in
Figure 1d. The spectrum of the W@VA-CNTs displays
characteristic Raman peaks at 126, 265, 696, 728, 957,
and 983 cm ™' that can be assigned to WOs, which
likely resulted from surface oxidation of tungsten layer
when the sample was exposed to air. A weak band
at 1580 cm ™' has been attributed to the presence of
a small fraction of graphitic carbon in W@VA-CNTs.
The weak 2D-band at 2652 cm ™' is also detected. With
HF-CVD treatment at 950 °C for 6 h, the peaks assigned
to WOs get weaker. At 1000—1080 °C, the WO3 peaks
are complete vanished, which verify the successful
chemical conversion WO3 and W into WC via HF-CVD
process. For WC—CNTs samples, the Raman signal may
come from VA-CNTs or graphite shell on the WC NCs.
The Ig/Ip ratios of WC-composites increase slightly with
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Figure 1. (a) Scheme of the process of WC NCs grown on the tips of VA-CNTs. SEM images of (b) pristine VA-CNTSs, (c) resultant

WC—CNTs grown at 1050 °C for 6 h. (d) Raman spectrum W@VA-

CNTs and WC—CNTs treated with various temperatures for

6 h, the hybrids are denoted by the temperature used in the syntheses (e.g., WC-950, WC-1000, WC-1050 and WC-1080). XPS

Spectra of W@VA-CNT and WC—CNTs hybrid obtained at differen
of the WC-based products variation of the temperatures with th

increasing of temperature could be due to atomic
hydrogen getting rid of amorphous carbon in VA-CNTs
(purification).*> Another possibility is that the new

graphitic shells on the WC NCs obtained at high
temperature are low defect.** The X-ray photoelectron
spectroscopy (XPS) for the synthesized WC—CNTs were
also obtained at different temperatures and shown in
Figure 1e,f. W@VA-CNTs before HF-CVD process was
used as a reference for the comparison of WC grown
with various conditions. For W@VA-CNTs and all
WC—CNTs samples, main C 1s peaks at 284.7 eV are
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t temperature for (c) C 1s, and (d) W 4f. (g) The XRD patterns
ickness of W 100 nm.

observed, which originate from VA-CNTs or graphitic
shell on the WC NCs (Figure 1e). For WC—CNTs synthe-
sized in the temperature ranged of 1000—1080 °C, the
carbide C 1s located at 282.8 eV start to increase,
indicating that the increased amount of WC NCs
existed in the sample.?® From Figure 1f, the intensity
of W 4f signals assigned to WO; species (35.6 and 37.8
eV) decreases with an increase in temperature,
whereas the intensity of carbide W 4f signal (31.7 and
33.9 eV) increases with increasing temperature, corre-
sponding again to the concrete formation of WC NCs.
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Figure 2. TEM image of WC NCs grown on the tips of VA-CNTs at (a and b) 950 °C for 6 h, (c—f) 1050 °C for 6 h with 100 nm W.
(e) TEM images of an individual NCs with the arrows showing lattice fringes of the WC (001) plane, and graphitic shell.
The inset of (e) shows a fast Fourier transform (FFT) pattern of the flat surface. (f) TEM image of WC in the enlarge image of the

selected area in (e).

The C 1s spectra of WC—CNTs grown at 1050 °C with
various thickness of W also show a shoulder at 282.8 eV
conforms that WC—CNTs are carbide-terminated even
through the thickness of tungsten is up to 150 nm
(Supporting Information Figure S5), indicating the
efficiency of this HF-CVD method for the growth of
WC NGs. Further characterization techniques are em-
ployed to characterize WC—CNTs samples grown with
different temperatures. Figure 1g reveals XRD patterns
of the samples synthesized at 950—1080 °C, while
keeping the thickness of deposited W with 100 nm.
At relatively low temperature (950 and 1000 °C), only a
sharp peak characteristic of hexagonal WC (001) is
observed, indicating the formation of small WC parti-
cles. At such temperatures, no peaks of W,C are able to
detect in the product. It is noted that there is a clear
phase transition at 1050 °C where WC (100) becomes
dominate. At higher temperature (1080 °C), the pri-
mary diffraction peaks assignable to cubic W,C are
appeared, while both peaks for the WC (100) and (001)
are decreased. This W,C phase has a hexagonal struc-
ture with a P3m1 space group (ICSD-77568), with
characteristic diffraction peaks observed at 2 8 = 37.9
(d = 2368 A, W,C (100)). It is considered that W,C
formed as a result of the eutectoid decomposition of
WG, in agreement with the W—C phase diagram,**
where W,C and WC could coexist above 1050 °C.*
Supporting Information Figure Séc illustrates XRD
patterns of the samples synthesized at a constant
temperature of 1050 °C while varying the starting
thickness of W. Despite various thickness of tungsten,
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the product always gives hexagonal WC with a Pg,»
space group (ICSD-77566), as identified in the XRD
pattern, with primary diffraction peaks detected at
20 =315 (d = 2.858 A, WC (001)), 35.7 (d = 2.511 A,
WC (100)), and 48.28 (d = 1.887 A, WC (101)). This result
indicates that HF-CVD process is an efficient way to
grow WC on the VA-CNTs without pretreatment, and
the WC phase could be obtained at temperatures
above 950 and below 1080 °C, and W,C was produced
above this temperature.

To further investigate the morphology and crystal
structure of formed WC NCs with different HF-CVD
temperature (950 and 1080 °C), TEM images were
taken and shown in Figure 2. In the literature,®® the
WC phase is commonly referred to as o-WC, and this
designation is used here-after. As observed, both
WC-950 and WC-1050 are consisted of nanocrystalline
WC and CNTs, and the WC NCs lies on the tips of CNTs,
with few-layer graphene shell surrounded. The high
resolution TEM (HRTEM) and the corresponding FFT
images (inset in Figure 2b) reveal that the hexa-
gonal nanocrystalline WC are grown along the zone
axis (001). WC-950 NCs are randomly shaped with an
average particle size of ~4.5 nm (Figure 2a,b), whereas
WC-1050 samples exhibit a more uniform particle size
distribution with an average particle size of ~21.6 nm
(Figure 2¢,d). For even higher temperature (1080 °C),
the hybrids are obtained with WC NCs size up to 35 nm
(Supporting Information Figure S3). The HRTEM images
(Figure 2e/f) allow us to observe the crystalline nature
of WC NCs produced in more detail. Figure 2e presents
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the lattice fringes with a d-spacing of 0.25 nm, which
is consistent with the one observed in Figure 2b.
Enlarged image of selected area in Figure 2e is shown
in Figure 2f. No dislocations and distortion can be
observed, suggesting that WC NCs are with high
quality. The VA-CNTs support preserving of vertical
structure integrity plays crucial roles in forming WC
NCs, it provides a large surface area for the loaded
W-compounds to contact readily with atomic hydro-
gen and carbon source. These reaction conditions
promote the homogeneous nucleation of WC NCs,
resulting in a uniform metal carbide distribution over
the carbon support.

As to the growth mechanism, we consider that
the formation of WC might be based on the reaction
of metal tungsten and highly reactive carbon from
hot filament activation. In the reaction process, a hot
filament (temperature greater than 2000 °C) is em-
ployed to create activated gas mixtures consisting of
atomic hydrogen (Reaction 1) and carbon-containing
species (Reaction 2). WO, is reduced by atomic hydro-
gen to produce metal tungsten (Reaction 3);*® mean-
while, CH,4 is decomposed as active carbon C (noted
as C*) (Reaction 2). The newly formed C* is so active
that it could directly react with metal tungsten to form
WC with high crystallinity at the reaction temperature
(Reaction 4). When the temperature is further in-
creased, W,C starts to form from either direct reaction
of W with C* (Reaction 5) or partial decomposition
of WC (Reaction 6), which occurs at the high tem-
peratures.***” The possible formation process of WC
can be expressed by the following equations:

H, — H* ()
CHs — CF + H¥ P)

WO, +H* — W+ H,0 3)
Wt cxwe (@)

W 4+ C* = W, C (higher T) (5)
WC —5 W, C + C (higher T) (6)

According to free energy calculations,*® the present
synthetic route is thermodynamically spontaneous
and highly exothermic. Gibbs free energy of W,C is
low at a high temperature.*® It is reasonable to con-
clude that W,Cis more likely to be formed than WC at a
high temperature; while WCis more stable than W,C at
a low temperature, and WC could be decomposed to
W,C Reaction 6; hence, WC and W,C exist simulta-
neously due to thermodynamics of carbide formation
free energy.** The adding of hot filament step in the
synthetic route is critical to the formation of WC NCs.
It not only assist to form active carbon that could
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diffuse into tungsten surface and react with tungsten,
but also creates excessive atomic hydrogen environ-
ment that activates tungsten surface via reduction
of WO, and catalyzes the crystallization of WC.>°

The electrocatalystic activities of the as-synthesized
WC—CNTs toward HER were examined in both acidic
(0.5 M H,SO4) and alkaline (0.1 M KOH) aqueous
solution. The polarization curves (Figure 3a,c) and Tafel
plots (Figure 3b,d) without iR correction of tungsten
carbide synthesized at different temperatures were
obtained at a voltage sweeping rate of 50 mV s~ .
The overpotential at the cathodic current density of
10 mA cm ™2, denoted as 7710, can be used to evaluate
the HER performance of the catalysts. Electrochemical
impedance spectroscopy (EIS) performed at —0.2 V vs
RHE in Supporting Information Figure S8 exhibit very
small series resistances of the as-grown catalysts. The
WC-950 gives out the lowest HER catalytic activity, with
a Tafel slope 108, 298 mV dec™' and onset potential
value of 66, 67 mV in acidic and alkaline medium,
respectively. The HER activity is highly enhanced in
terms of both Tafel slope and onset potential when the
growth temperature increases from 950 to 1050 °C.
WC-1050 affords a lower Tafel slope of 72 and 106 mV
dec™! in acidic and alkaline medium, respectively,
while the onset potential comes to 15 and 16 mV in
acidic and alkaline medium, respectively (Supporting
Information Table S3). Among the synthesized tung-
sten-based NCs, WC-1050 has the highest activity with
j=117.6 mA cm 2 @300 mV, followed by the WC-1080
sample with an exchange current density of j =
33.1 mA cm ™2 @300 mV, which is consistent with the
polarization curves exhibited in Figure 3a,c. The higher
current density observed for the WC-1050 sample
could be attributed to the high quality carbide phase
which has the Pt-like electronic structure in combi-
nation with the high surface area of the material
(Supporting Information Table S3). However, as the
synthesis temperature increases to 1080 °C, the HER
current density decreased. It is worth noting that
different carbide phases (W,C and WC) have different
hydrogen reaction mechanism pathways, and WC ex-
hibits better hydrogen evolution performance than
W,C under acidic conditions even though W,C has
a higher surface area.>' Our results are supported by
Armstrong and Bell who found that in acidic electro-
lyte solutions WC possessed a high HER activity, but
W,C:WC (7:3) mixtures showed an even increased
overpotential and a thus worse performance.’? The
decreased of HER performance of WC-1080 most
likely result from the introduction of second phase
(W,Q), which is consistent with recent DFT and experi-
mental studies on transition-metal carbides.'? It
should be noted that, in alkaline solution, the HER
activities of WC based catalysts exhibit excellent
electrocatalytic activity as those in acidic solutions
and the activity follows the same trend>? (Figure 3c,d).
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Figure 3. HER voltammograms and the corresponding HER Tafel plots of WC—CNTs synthesized at different temperatures in
(aand b) 0.5 M H,SO, (pH = 0) and (c and d) 0.1 M KOH (pH = 13). The enlargement of the rectangle regions near the onset
potential in panels a and c are shown in Supporting Information.

It suggests that WC- based catalyst is favorable to
facilitate water dissociate step in alkaline solution.
WC—CNTs has the same HER mechanism under both
two conditions.

The variation of onset potentials determined from
the inflection points of the polarization curves, with
7 at 10 mA cm 2, current density @300 mV, and the
Tafel slopes over W thickness with sputter are shown in
Figure 4a,b. The 77,0, onset potential, and Tafel slope for
WC 100 nm are 145 mv, 15 mV, and 72 mV dec™ ' in
acidic medium, and 137 mv, 16 mV, and 106 mV dec™’
in alkaline solution respectively, which are significantly
lower than that of W 50 nm (207 mV, 76 mV and 102 mV
dec™' in acidic medium, and 289 mV, 64 mV and
185 mV dec ' in alkaline solution), indicating the
greatly enhanced HER activity with increasing the
depositing W thickness. Increasing the depositing W
thickness means more WC loading. The HER perfor-
mance enhanced along with the increase of W thick-
ness because of the raise in the number active
sites available for hydrogen evolution introduced by
more WC loading. The even higher exchange current @
300 mV for WC 100 nm indicates better HER activity, in
good agreement with the higher concentration of ex-
posed edges and small dimension in the W 100 nm.
When the thickness of tungsten was increased to
150 nm, the HER activity is degraded, showing a j@
300 mV of ~71 mA and onset potential of 22 mV in
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acidic solution. Too much tungsten form large WC NCs,
and the lager NCs guarantee worse electrical conduc-
tivity from the substrate to the surface sites,>* which in
turn limit the charge transfer process and lower the
HER activity. Moreover, with given temperature and
growth time, the thicker of the tungsten layer leads
larger WC NCs, which afford less accessible reactive
sites.’ So decreasing HER activity could also be due to
a decrease in the active edge with lager particles. The
fluent charge transport could also be characterized by
electrochemical impedance spectroscopy (EIS), as illu-
strated in Supporting Information Figure S8. WC—CNTs
hybrid catalyst exhibits very low charge transfer resis-
tance (Rct) (Supporting Information Table S3). Further-
more, the small series resistances observed for all
samples (~8 Q) shows the importance of the direct
synthesis on conductive substrates, which enables
simple and effective electrical integration that mini-
mized parasitic Ohmic losses. The superior perfor-
mances of WC based catalyst are attributed high
quality, sufficient active sites as well as the relatively
low resistance of the electrode.

Catalytic stability is another significant criterion for
HER catalysts. To evaluate the durability of the WC—
CNTs catalyst, continuous HER at static overpotential
and a long-term cycling tests were conducted in an
acidic and alkaline environment, respectively. In acidic
solution (0.5 M H,SO,), the catalyst current density
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alkaline medium, respectively. Insets: enlargement of the area denoted by the dash circles. (d and f) The first and 1000th
polarization cycles for the WC-1050 sample in acidic and alkaline medium, respectively.

remains stable at ~20 mA cm™ for electrolysis over
30000 s (Figure 4c). As seen in Figure 4e, in alkaline
medium (0.1 M KOH), at higher overpotentials to drive
high current densities of ~50 mA cm 2, a little increase
in cathodic current density of about 10% is observed
in the WC—CNTs electrodes during the first 1 h. The
catalytic current then fully stabilizes for the rest of
the potentiostatic electrolysis. The as-measured time-
dependent curve is in typical serrate shape, which can
be attributed to the alternate processes of bubble
accumulation and bubble release (insets of Figure 4c,e).
This exceptional durability demonstrates promise for
practical applications of the catalysts over the long-term.
WC—CNTs exhibits excellent electrochemical stability
with negligible degradations after 30000 s testing,
suggesting that the WC NCs bind strongly on the
CNTs substrate through the HF-CVD process.>* A long-
term cycling test was also performed to assess the
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electrochemical stability. The catalytic stability of
WC—CNTs catalyst was characterized by continuous
cyclic voltammetry performed between —0.2 and 0.2 V
vs RHE at 50 m s~ ' scan rate (Figure 4d,f). Only a minor
deterioration of cathodic current is observed after 1000
cycling in both 0.5 M H,SO, and 0.1 M KOH solutions.
This finding clearly indicates the high stability of the
carbide material with strong tolerance to both acidic
and alkaline solution. Earlier work has disclosed that
when exposed to aqueous solutions, WC undergoes
continuous oxidation, thus showing not good stabi-
lity.>>*% In our case, such a high activity and stability
of the WC—CNTs hybrid should originate from (i) the
synergistic effect between WC and CNTs, as the graphi-
tic shell covered WC can enhance the electrical con-
ductivity, improve the stability of the hybrid as a
protective layer, and provide more active sites.>’ (i)
The VA-CNTs provide high surface area to contact with
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electrolyte, and dispersed the W-compound nanoparti-
cles without aggregation. With the high crystallinity,
small size and uniform distribution of WC NCs on the
carbon support, the WC—CNTs composite could sub-
stantially increase the number of active sites (contact
area between metal carbides and electrolyte) and the
unit activity of each site (by enhanced electron transfer),
and thus offer the enhanced activity of for HER.

CONCLUSIONS

High quality and pure phase WC NCs with a size
of approximately 4.5—21.6 nm on the tips of VA-CNTs
were successfully synthesized. The final size of the NCs
could be controlled through a simple modification
by varying the amount of W and growth conditions.

METHODS

Synthesis of VA-CNTs Carpets. The VA-CNTSs carpets were synthe-
sized was synthesized as previously reported. Briefly, the sub-
strate for growing VA-CNTs carpets was prepared by electron-
beam evaporating a 10 nm Al,O5 buffer layer and 0.8 nm Fe
catalyst layer sequentially onto the silicon wafer in an electron-
beam evaporator. Typically, a mixture of H, (210 sccm), CH,
(2 sccm) and H,0 (200 sccm) gas was flowed into the reactor at
750 °C with an elevated pressure (~25 Torr). Usually, a tungsten
hot filament was activated with a power of 30 W for 30 s to
reduce the catalysts by generating atomic hydrogen in order
to initiate the VA-CNT nucleation. The pressure was then
decreased immediately to 6.4 Torr to resume the VA-CNTs
carpets growth. A 15 min-growth process enabled a vertical
VA-CNTs carpet with a height of 120—150 um.

WC Nanoparticle Synthesis. In a typical synthesis, a layer of
tungsten (50—150 nm) was deposited on the tips of carbon
nanotubes vertically array with sputter system. The VA-CNTs
carpets with a layer of tungsten were loaded into the CVD
furnace chamber below the hot filament about 3—6 mm.
The hot filament was located near the center of the furnace
and the center of a 25 mm diameter quartz tube. The filament
was ~8 mm long and made from 10 mill tungsten wire. And
4 tungsten wires were used to make a filament array assembly.
Filaments were brought up to the operating temperature over
~10 min to allow for filament carburization. Typically, atomic
hydrogen treatment was carried out using a mixture of H,
(140 sccm), H,0 (15 sccm) and CH,4 (0.5 sccm) at 25 Torr for
1—9 h. The temperature was varied from 950 to 1080 °C. And
the hot filament power was keep at 75 W. Finally, the sample
was naturally cooling to room temperature by turning off the
power supply to the hot filament and furnace. After growth, the
WC—CNTs, were detached from the Si wafer simply by peeling
off from the Si substrate using a razor blade.

Characterization of the Templates and Catalysts. A Bruker Dg
Advance diffractometer (DMAX 2500) operating with a Cu Ka
energy source at 40 kV and 40 mA was used to crystallographi-
cally characterize the materials. The XPS spectra were calibrated
against the C 1s photoelectron signal at 285 eV on an Amicus/
ESCA 3400 from Kratos Analytical instrument operating with
dual Mg/Al anodes with an energy source at 12 kV and 10 mA.
TGA was performed in a Mettler-Toledo TGA/DSC1 Star system
under air (100 mL min~"). BET surface area was measured on a
Quantachrome autosorb-3b BET surface analyzer. The samples
were prepared by suspending them in ethanol and dispersing
them by sonication. A drop of the solution was poured onto a
copper-grid-supported carbon film. Then, the grid was dried in
air prior to observation. A field-emission TEM (JEOL 2010F) with
an imaging filter (Gatan GIF) was used at 200 kV to characterize
the morphology and the particle size distribution of the synthe-
sized products. Bath sonication, tip sonication and low-speed
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Electrochemical studies showed that the WC-1050
sample exhibited the highest and most stable HER
activity in both acidic and alkaline medium among
the samples prepared in this study. The obtained #,,,
onset potential, and Tafel slope values of WC-1050 were
145 mV, 15 mV, and 72 mV dec™" in acid solution, and
137 mV, 16 mV, and 106 mV dec™' in alkaline media,
respectively. The WC—CNTs catalyst featured a robust
stability in both acidic and alkaline aqueous solution
without corrosion and oxidation. Although the perfor-
mance of our samples is not yet comparable to that of
platinum, this study introduces the great potential
of tungsten carbide grown with HF-CVD method as a
non-noble-metal alternative for use as a cathode catalyst
in hydrogen evolution reduction.

centrifugation were used to separate WC from CNTs. The
ethanol suspensions of WC were transferred to the surfaces of
freshly exfoliated mica, and analyzed using the atom force
microscopy (AFM, Digital Instrument Nanoscope IIIA).

Electrochemical Measurements. The HER activity of various
WC—CNTs hybrids were performed in argon-purged 0.5 M
H,SO,4 and 0.1 M KOH at room temperature using a standard
three-electrode setup employing a mercury/mercurous sulfate
reference electrode (CHI 151, CH Instruments Inc., Austin, TX)
was used as the reference electrode. A Pt foil (100% Pt, 5 x
10 mm, SPI Supplies, West Chester, PA) was used as the counter
electrode. The acquired currents were tentatively normalized by
the surface area calculated from the Levich analysis. Hg/HgO
(0.1 M KOH) (MMO, 0.098 V vs SHE) was used as the reference
electrode. All potentials were referenced to a reversible hydro-
gen electrode (RHE) by adding a value of (0.098 + 0.059 x pH) V.
Prior to all measurements, the electrochemical cell was bubbled
for 30 min with H,. To condition the electrodes, 25 CV cycles
were conducted between 0.0 V (vs the normal hydrogen
electrode, NHE) and the onset of oxidation at 50 mV s~ ". Tafel
curves were then obtained from linear sweep voltammograms
using a scan rate of 50 mV s~ '. Homogeneity of the platinum-
modified surfaces was confirmed by the observation of uniform
H, gas evolution from the electrode surfaces.
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