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Molybdenum carbide nanocrystals (Mo,C) with sizes ranging from 3 to 20 nm were

synthesized within a carbon matrix starting from a mesoporous graphitic carbon nitride (mpg-
C;N,) template with confined pores. A molybdenum carbide phase (Mo,C) with a hexagonal
structure was formed using a novel synthetic method involving the reaction of a molybdenum
precursor with carbon residue originating from C;N,4 under nitrogen at various temperatures.
The synthesized nanocomposites were characterized using powder X-ray diffraction (XRD),
temperature-programmed reaction with mass spectroscopy (MS), CHN elemental analyses,
thermogravimetric analyses (TGA), nitrogen sorption, X-ray photoelectron spectroscopy
(XPS), and transmission electron microscopy (TEM). The results indicated that the synthesized
samples have different surface structures and compositions, which are accordingly expected to
exhibit different electrocatalytic activities toward the hydrogen evolution reaction (HER).
Electrochemical measurements demonstrated that the sample synthesized at 1323 K exhibited
the highest and most stable HER current in acidic media, with an onset potential of —100 mV
vs. RHE, among the samples prepared in this study. This result is attributed to the sufficiently
small particle size (~8 nm on average) and accordingly high surface area (308 m” g™'), with
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less oxidized surface entrapped within the graphitized carbon matrix.

Introduction

Hydrogen is considered a clean energy carrier and a promising
candidate for the replacement of petroleum fuels."> Currently,
most hydrogen for industrial purposes is produced from the
steam reforming of natural gas or methane, which generates
carbon dioxide as an undesired by-product.®* The development
of alternative technologies for the production of clean energy
from renewable resources remains a challenge. The electrolysis
of water is achieved by a system associated with a sustainable
and greenhouse-gas-free source to generate hydrogen, with the
required electricity being derived from renewable energy
sources such as sunlight, wind, or geothermal energy.*® During
water electrolysis, the hydrogen evolution reaction (HER)
occurs, which requires an effective catalyst to reduce the
overpotential and consequently increase the efficiency of the
reaction. To date, the electrocatalytic HER depends on the use
of noble metals, such as Pt, as active and stable electrocatalysts.
However, Pt is an expensive metal and suffers from a global
supply shortage.” '

Many attempts have been aimed to develop non-noble-
metal cathode materials which are required to be active and
stable enough to replace the Pt-group metals in extreme
conditions. Among them, tremendous attentions are given to d°
metal sulfides, such as WS s MOZS,IS'17 and metal carbides,
such as WC,'® TaC,” and Mo,C."**® Group VI transition-metal
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carbides are proved to be stable under a wide range of
electrocatalytic operating conditions.'”?* These compounds
exhibit good corrosion resistance, high stability, high melting
points, and high mechanical strength.?!

The experimental and theoretical investigations have been
performed to elucidate the electronic structure of metal
carbides.”** The hybridization occurs between the metal d-
orbitals and the carbon s- and p-orbitals and resulted in an
expansion in the d-band structure of the metal, approaching the
d-band of Pt*?*?* Thus, group-VI transition-metal carbides
possess catalytic properties similar to those of the Pt-group
metals, which makes them promising candidates to replace the
noble metals in hydrogen-generation catalysts, especially in
electrocatalysts.>'*?° Antonietti and coworkers,”>! and our
previous works”'®%2* demonstrated the use of reactive
template (mpg-C;N4) and urea-glass method to synthesize
various metal nitride and carbide nanomaterials. In this method,
carbon nitride or urea precursor not only provides confined
space for nanoparticle formation, but also chemical sources of
nitrogen and carbon. We reported a novel synthetic approach to
prepare high-surface-area tantalum nitride/carbide and tungsten
carbide utilizing mesoporous graphitic carbon nitride (mpg-
C;3N,) as a reactive template under various conditions.”'® The
obtained nanomaterials exhibited tremendous improvements in
stability and electrocatalytic activity for the HER in acidic
media.”'® Thus, this synthetic approach to form nanocarbide
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crystals presents an opportunity to prepare additional transition-
metal carbides and to utilize them in various applications,
particularly the electrochemical HER.

It has been known that molybdenum carbides are active in
various catalytic reactions, especially carbon conversion and
hydrogenolysis-type  reactions.?’ ~As for HER, the
electrocatalytic activity of commercial Mo,C has been
investigated and several reports have demonstrated how the use
of microparticles would result in low activity."”?® Very
recently, Chen et al. reported the highly active Mo,C/carbon
nanotube (CNT) composites prepared by relatively simple
carburization process. The obtained Mo,C/CNT exhibited HER
cathodic current with an overpotential of 63 mV at 1 mA cm’z,
showing the promise of the material as an HER
electrocatalyst.””

In this study, we designed a novel nanocomposite of
molybdenum carbide and carbon via the reaction of a
molybdenum precursor with mpg-C3;N, at various temperatures
under flowing nitrogen. The confinement of mesopores to
within a few nanometers was utilized to restrict the size of the
molybdenum species, which are surrounded with carbon
originating from C;N, decomposition. This system enables
direct utilization of the molybdenum species as electrocatalysts.
The obtained molybdenum carbide — carbon nanocomposites
exhibited a stable and remarkable improvement in their
electrocatalytic performance towards HER in acidic media
compared with the performance of previously reported bulk
materials.

Experimental

Synthesis of mesoporous graphitic carbon nitride

Molybdenum carbide nanocrystals were synthesized via the
reaction of a molybdenum precursor with mpg-C;N, as a
reactive template. On the basis of a previously published
procedure,” the template was synthesized by mixing
cyanamide (CA, 99%, Aldrich) with an aqueous colloidal silica
suspension composed of silica nanoparticles (LUDOX AS-30,
30 wt%, Aldrich) while maintaining a 1:1 weight ratio between
SiO, and cyanamide. The mixture was heated overnight at 313
K to obtain a solid product. The solid was heated in a semi-
closed crucible at 823 K for 4 h. The final product was then
thoroughly washed with a 4 M ammonium hydrogen difluoride
(NH4HF,, >98.5% Fluka) aqueous solution to remove the silica,
and the product was washed several times with H,O and
ethanol.

Syntheses of molybdenum carbide — carbon nanocomposite

The molybdenum-based nanocomposite was prepared using the
reactive hard-templating method. The synthetic procedure was
performed while the ratio of mpg-C;N,/MoCls was maintained
at 1:1. First, a dark-green solution was prepared from
molybdenum chloride (0.5 g; MoCls; >99.9% Aldrich)
dissolved in ethanol (0.5 ml), as described in equation (1):*

MoCl; +2C,H,0H——>MoCl,(OC;H,), + 2HCI |\

The pores of the reactive template (0.5 g) were subsequently
immersed in the aforementioned solution. The final mixture
was placed in an alumina boat crucible and heated to a
temperature in the range of 1023 to 1573 K under a 100 ml
min~' flow of N,. At the end of the synthetic procedure, a
passivation process was performed by flowing a mixture of 1%
0, in He at 100 ml min™' at room temperature. Caution is
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required when using this procedure because the thermal
decomposition of C;N, causes the formation of hydrogen
cyanide and cyanogen gases.

Characterization

The synthesized samples were characterized using elemental
analyses (C, H, and N), X-ray diffraction (XRD), N, sorption,
thermogravimetric analyses (TGA), X-ray photoelectron
spectroscopy (XPS), a temperature-programmed reaction with
mass spectroscopy (MS), and transmission electron microscopy
(TEM). Elemental analyses were performed using a Flash 2000
Thermo Scientific CHNS/O analyzer. The XRD patterns of the
products were collected on a Bruker DMAX 2500 X-ray
diffractometer equipped with a Cu Ka radiation source (A =
0.154 nm). The N, sorption studies were conducted using a
Micrometrics ASAP 2420 to determine the Brunauer-Emmett-
Teller (BET) surface area, the Barrett-Joyner-Halenda (BJH)
pore size, and the pore volume. The formation mechanism of
molybdenum carbide was investigated by detecting the
products in gas phase during nanoparticle synthesis using an
OMNI Star (GSD320 O1) portable mass spectrometer equipped
with a tungsten filament from Pfeiffer Vacuum. The mass
spectrometer was connected at the furnace outlet to study the
decomposition products under N, flow of 100 ml min™".
Mettler-Toledo TGA/DSC1 Star system was utilized to carry
out TGA under a 100 ml min™ flow of air. XPS studies were
carried out in a Kratos Axis Ultra DLD spectrometer equipped
with a monochromatic Al Ka X-ray source (hv = 1486.6 eV)
operating at 150 W, a multi-channel plate and delay line
detector under 1.0 x10™ Torr vacuum. The survey and high-
resolution spectra were collected at fixed analyzer pass energies
of 160 and 20 eV, respectively. A transmission electron
microscope of model TITAN G? 80-300 ST was used to
characterize the sample morphology and to determine the
particle size. The microscope was operated at the electron beam
energy of 300 keV. Selected area electron diffraction (SAED)
patterns were obtained to determine the inter-planar d-spacings
of the crystalline phases present in the samples.

Electrochemical measurements

The electrocatalytic activities of the samples toward the HER
were studied using a rotating disk electrode (RDE). The
working electrode was first prepared using the following
procedure. First, 2 mg of molybdenum-based nanocomposite
was dispersed in 169 pL of ethanol and sonicated for 30 min.
Then, 56.3 pL of Nafion solution was added to the mixture, and
the final solution was sonicated for 30 min. Next, 2 uL of the
suspension was drop-coated onto a glassy carbon electrode
(GCE) with a geometric surface area of 0.071 cm? to provide a
weight density of 0.25 mg cm™. Finally, the electrode was
placed in an oven and heated at 373 K under air for 1 h.

The electrocatalytic measurements were conducted using a
research-grade potentiostat system (VMP3) from BioLogic
Science Instruments. The electrochemical cell used in this study
was a three-electrode cell. An Ag/AgCl electrode saturated in
KCI was used as a reference electrode. The counter electrode
was a carbon rod, and all of the electrodes were immersed in
the same electrolyte solution (0.05M H,SO,; Fisher Chemical,
trace metal grade). Cyclic voltammetry (CV) experiments were
performed at a scan rate of 5 mV s™' from —0.60 to 0.39 V vs. a
reversible hydrogen electrode (RHE) for hydrogen evolution
while maintaining a constant rotational speed of 1600 rpm.
Electrochemical impedance spectroscopy (EIS) was measured
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for Mo,C (commercial) and Mo,C synthesized at 1323 K in
acid solution (0.05 M H,SO,) from 1000 kHz to 100 mHz at
different HER overpotentials (300, 400 and 500 mV).

Results and discussion

Characterization of the mpg-C;N, template

The XRD pattern (Figure 1A) confirms the graphitic structure
of the template. A broad peak was observed at 27.3° which
corresponds to the interlayer distance between the g-C3;Ny
sheets with d-spacing of ~0.33 nm.*® The elemental analysis
indicates that the sample has a carbon-to-nitrogen ratio (0.55%)
lower than the theoretical value of C;N4 (0.75%), which
suggests that the carbon nitride sample is nitrogen-rich. This
result is attributed to the presence of C-NH,, 2C-NH, and
hydrogen-bonded OH groups or absorbed water molecules on
the surface.'® N, sorption experiments were also performed, and
the results are presented in Figures 1B and C. According to the
International Union of Pure and Applied Chemistry (IUPAC),
the acquired graph represents a type-1V isotherm; the isotherm
contains a hysteresis loop, which confirms the mesoporous
structure of the template (Figure 1B). The BET surface area is
162 m* g™', and the pore volume and average pore size (Figure
1C) are 0.35 cm® g ™' and 6 nm, respectively.

The mass spectrum in Figure 1D reveals the produced gases
during the temperature-programmed decomposition of the mpg-
C;Ny template under a flow of argon (100 ml min™!) in the
temperature range of 318 to 1573 K and at a heating rate of 14
K min™. The spectrum indicates the formation of hydrogen
cyanide (27 amu), nitrogen (28 amu), and cyanogen (52 amu) at
approximately 960 K. Further decomposition of C;Ny led to the
formation of C;N, residue which was detected at the outlet of
the reactor. At the end of the experiment there were no
remaining materials present which confirms a complete
volatilization of the template. On the basis of the
aforementioned findings, equation 2, which explains the C3N,
decomposition at high temperatures under inert condition, can
be derived as follows:'®

2C;N,, H,——aN, + PHCN + ¢C,N, + dC;N_
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Fig. 1 (A) XRD patterns, (B) N, adsorption-desorption isotherms, (C)
the pore size distributions obtained from the N, desorption studies at 77
K, and (D) MS signals obtained under Ar during the temperature-
programmed decomposition of the mpg-C;Ny4 template used in this
study.

Temperature-programmed reaction of Mo-C;N, investigated by
mass spectroscopy

The reaction pathway of the reactive template C3N, with Mo
precursor was investigated by detecting the formed products in
gas phase during the syntheses. The MS signals were collected
under a flow of inert Ar (100 ml min™") from 318 to 1573 K at a
heating rate of 28 K min”'. The signals for 17, 27, 28, 44, and
52 amu were detected between 600 and 1000 K and were
assigned as NHj;, HCN, N,, CO,, and C,;N,, respectively. The
spectra of the major four components observed—HCN, N,
CO,; and C,N,—are shown in Figure 2. The peak maxima were
drastically shifted to lower temperatures of approximately 875
K in the case of samples prepared with a molybdenum source,
whereas the peak maxima of samples without a molybdenum
species were at 965 K. This suggests that a reaction occurred
between mpg-C;N; and the molybdenum precursor
[MoCl5(OC,Hs),;]. The formation of HCN, N,, and C,N, was
consistent with the decomposition product from mpg-C;Ny;
however, the HCN signal was intensified. An increase in the
nitrogen signal was also observed, which should indicate the
presence of excess carbon as shown in equation 2 (small z). As
a result, molybdenum-carbon composites are formed, and
further temperature increase may lead to molybdenum reacting
with the excess carbon. The precursor and remaining solvent
likely contained more hydrogen, which improved the formation
of the hydrogen-containing gaseous species (HCN and trace
NH;). Likewise, the oxygen-containing product (CO,), which
was detected in the low-temperature region, should originate
from the precursor. When equation 2 is unbalanced to release
more nitrogen-containing gases, a carbon residue should be
formed as a solid; substantial amounts of carbon residue were,
in fact, observed, as will be discussed later.
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Fig. 2 MS signals obtained during the nanocomposites synthesis under
Ar.

X-ray diffraction (XRD)

The produced nanocomposites were characterized by XRD to
determine their crystal structure. The XRD patterns are
presented in Figure 3 for the samples synthesized under flowing
nitrogen at various temperatures from 1023 to 1573 K. The
crystallite sizes obtained using the Scherrer equation are listed
in Table 1. The XRD pattern for the sample synthesized at 1023
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K contains no apparent diffraction peaks, which can be
interpreted as the samples consisting of either ultrafine particles
or an amorphous phase. In the case of the samples synthesized
between 1123 and 1573 K, the XRD patterns contain eight
major peaks at 20 = 34.4, 38, 39,4, 52.2, 61.7, 69.5, 74.5, and
75.3°, which are indexed as (100), (002), (101), (102), (110),
(103), (112) planes of hexagonal Mo,C (PDF-00-001-1188) or
(PDF-00-035-0787). This finding confirms that molybdenum
carbide was solely formed even at 1123 K, unlike the nitride
formation observed in the case of other metals, such as Ti, Nb,
and Ta.” The peaks become sharper with increasing synthesis
temperature, most likely because of the particle aggregation
prevalent at high temperatures. The crystallite sizes calculated
using the peaks at 52° range from 12 to 52 nm (Table 1). A new
shoulder peak appears in the XRD pattern of the sample
prepared at 1573 K, consistent with the formation of
orthorhombic Mo,C (PDF-01-071-0242) in addition to the
observed hexagonal structure.

1573 K J g\—//\;
e ) A A A B
3 A
3 | 133K f
I B PR 1
>
2 | 1223k ] .
‘g L
Q
1023 K

10 20 30 40 50 60 70 80 37 38 39 40 M

20 (Degree) 20 (Degree)

Fig. 3 The effects of reaction temperature on the XRD patterns of
molybdenum carbide — carbon nanocomposites synthesized under N,
flow.

Elemental analyses (CHN)

Elemental analyses were performed to determine the elemental
compositions of carbon and nitrogen in the synthesized
samples. The results shown in Table 1 indicate that the nitrogen
content was very low, even at 1023 K, which confirms that the
nitrogen was almost completely gasified at temperatures below
1023 K, as indicated by the MS signals (Figure 2). The carbon
content slightly increased from 21% to 24% with increasing
reaction temperature. The carbon content exceeded the
theoretical stoichiometry in the molybdenum carbide phase
Mo,C (6%), which suggests the presence of excess carbon in a
separate phase that is either amorphous or graphitized. This
result confirms that molybdenum carbide nanocrystals are
present in carbon matrix which accordingly form
nanocomposite structure that affects the electrocatalytic activity
as will be discussed in the electrochemical measurement
section.

Transmission electron microscopy (TEM)

TEM observations were performed on the samples synthesized
at temperatures from 1023 to 1573 K. The TEM images and
SAED patterns of the samples are presented in Figure 4. The
sample synthesized at 1023 K (Figure 4A) contained very fine
spherical particles with a size of ~2-5 nm in the matrix of the
carbonaceous species, apparently utilizing the confinement
effects of such small spacings (Figure 1C). The corresponding
SAED pattern reveals three diffraction rings with radii of 0.243,
0.209, and 0.147 nm; these radii correspond to the interatomic
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spacings of the (002), (102), and (110) planes of the hexagonal
Mo,C crystal structure, respectively. Excess carbon that
originated from a residue of the C;N, template was observed
between the nanoparticles of the sample. As shown in (Figure
4B), the sample synthesized at 1123 K contains small spherical
nanoparticles in the 4-10 nm size range. The SAED pattern
reveals three diffraction rings with radii of 0.179, 0.149, and
0.126 nm; these radii correspond to the interatomic spacings of
the (102), (110), and (112) planes of the Mo,C hexagonal
crystal structure, respectively. These results are consistent with
the XRD patterns presented in Figure 3. The TEM image in
Figure 4C (1223 K) shows the formation of small nanoparticles
in the 8-15 nm size range. The carbonaceous residue resulting
from the low-temperature synthesis is less prominent in this
image, which indicates that the reaction of the carbon residue
with the Mo precursor was enhanced at higher temperatures.
The SAED pattern contained three diffraction rings with radii
of 0.256, 0.231, and 0.127 nm; these radii correspond to the
(100), (101), and (112) crystal planes, respectively, of the
hexagonal Mo,C structure. In the case of the TEM image of the
sample prepared at 1323 K (Figure 4D), the size of the
nanoparticles range from 12 to 25 nm. The carbonaceous
residue observed at lower temperatures was almost entirely
consumed during the formation of carbide nanoparticles at 1323
K. The corresponding SAED pattern revealed additional
diffraction rings, which indicated an increase in the particle size
and crystallinity of the sample compared with those of the
samples synthesized at lower temperatures. The corresponding
SAED pattern reveals three strong rings with radii of 0.241,
0.263, and 0.234 nm; these radii correspond to the (002), (100),
and (101) crystal planes, respectively, of the hexagonal Mo,C
structure. In addition, a 1 nm crystalline layer with a d-spacing
of 0.35 nm was observed around the Mo,C nanoparticles. The
obtained d-spacing corresponds with the interatomic spacings
of graphitized carbon.’’ The sample synthesized at 1573 K
(Figure 4E) contained nanoparticles in the size range of 15-35
nm, which suggests that the nanoparticles aggregated. The
corresponding  SAED pattern also revealed additional
diffraction rings with radii of 0.260, 0.153, and 0.131 nm; these
radii correspond to the interatomic spacings represented by the
(100), (110), and (112) planes, respectively, of the hexagonal
Mo,C structure. Similarly, the Mo,C nanoparticles were
surrounded by a thicker layer (2 nm) of graphitized carbon.

(A) 1023 K

(B) 1123 K

(C)1223 K

of molybdenum carbide — carbon

Fig. 4 TEM micrographs
nanocomposites synthesized at different temperatures.
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Overall, the TEM images clearly show the successful
formation of nanocrystals using the confinement of the mpg-
C;Ny reactive template. The amount of carbon residue involved
in the formation of Mo,C nanoparticles gradually decreased
with increasing temperature until being completely consumed
at 1323 K. The produced Mo,C nanoparticles then combined
and aggregated at 1573 K. The size of the nanoparticles at
different temperatures exhibits a bimodal distribution. The first
distribution begins at a size of ~2 nm at 1023 K, followed by a
gradual increase in the size. The number of such produced
nanoparticles appeared to increase when the reaction
temperature was increased to 1573 K. This result should
correlate to the creation of graphitic carbon, which protects the
particles from growing. For the second distribution, the
obtained nanoparticles at 1023 K are larger than ~5 nm. As the
reaction temperature was increased, the size increased to 35 nm
at 1573 K because of particle aggregation. Essentially, such
aggregation leads to a decrease in the number of active surface
sites with increasing reaction temperature. This result suggests
that some of the Mo,C nanoparticles aggregate beyond the
confined size of the mpg-C3;N, pores. At temperatures greater
than 1223 K, the carbon residue clearly graphitized, as
observed in the layered structure surrounding the Mo,C
nanoparticles in the TEM images; the thickness of this structure
increased with increasing temperature. The graphitized carbon
on the surface might affect the electrocatalytic activity of Mo,C
toward the HER.

N, sorption

N, sorption measurements were performed to determine the
BET surface area of the synthesized samples. The results are
listed in Table 1, and demonstrate that the surface area of the
products increased from 120 to 308 m®> g~' with increasing
reaction temperature. Apparently, the graphitized carbon
residue greatly contributes to the surface area. The obtained
high surface area of the produced Mo,C nanoparticles would
significantly enhance the catalytic performance by providing
abundant catalytic sites.

According to the MS and TEM results, C3;N, decomposed
below 1050 K and the remaining carbon originating from the
decomposition reacted with the molybdenum precursor to
produce Mo,C nanoparticles. The increase in surface area with
increasing reaction temperature resulted from an increase in the
production of Mo,C nanoparticles and porous graphite. The
porosity formation was maximized at 1323 K in this case,
giving the highest surface area (308 cm? g'). When the reaction
temperature was increased further to 1573 K, the produced
Mo,C nanoparticles combined and aggregated, which caused a
sudden decrease in the surface area.

Table 1 Synthesis temperature, elemental analyses, phase assignments from
the XRD diffractograms, crystallite size evaluations from the Scherrer
equation, and BET surface areas for molybdenum carbide — carbon
nanocomposites obtained at various temperatures under N, flow.

Temperature C N Phase Crystalline  Surface area
K (B (% size m’ g™
(nm)
1023 21 13 Mo,C 12 120
1123 21 09 Mo,C 26 141
1223 22 0.6 Mo,C 27 300
1323 22 04 Mo,C 31 308
1573 24 0.0 Mo,C 52 277

This journal is © The Royal Society of Chemistry 2012
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X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed to study the surface
chemical compositions and oxidation states of the samples. The
Mo 3d, O 1s, and C 1s spectra are presented in Figure 5. The
Mo 3d XPS spectra (Figure 5A) of the samples synthesized
from 1023 to 1323 K contained two peaks that decreased in
intensity with increasing reaction temperature. These peaks
were observed at the following binding energies: 235.6 and
232.5 eV for Mo 3ds, and Mo 3ds,, which were assigned to
Mo®" (Mo0O5);***Additional peak at 228.7 eV for Mo 3ds),,
was observed in the sample synthesized at 1023 K and was
assigned to Mo** (Mo00,).*° For the samples synthesized at
1123, 1223, and 1323 K, the Mo 3ds,, signal observed at 228.1
eV increased in intensity with increasing reaction
temperature.*’ This peak became prominent and shifted to
228.0 eV at 1573 K, which confirms the formation of
Mo,C.>**! In addition to this peak, a Mo 3d;, signal was
observed at 231.3 eV in the spectrum of the sample prepared at
1573 K; this signal was close to 231.1 eV characteristic value
of Mo,C.*> The O 1s spectrum (Figure 5B) for samples
prepared at temperatures from 1023 to 1323 K contained a
characteristic signal at 530.4 that was assigned to O* in MoOs;
the intensity of this signal decreased with increasing reaction
temperature.”® The C 1s XPS spectra (Figure 5C) contained a
characteristic peak attributed to graphite at 284.4 eV.* This
peak became sharper with increasing reaction temperature,
indicating that the concentration of graphitized carbon
increased with increasing reaction temperature.

(A) Mo 3d (B)O 1s
1573 K - 1573 K :
1323 K /\/\_/ 1323 K
3 3 \
1‘; 1223 K /\/\_{ *“: 1223 K
: — % /I\
£ | 1123k /\/L ]
] 1023 K \
1023K /\/

532 53 528 526

242 240 238 236 234 232 230 228 226 538 536 534 0
Binding energy (eV)

Binding energy (eV)

(c)C1s
A.ﬂKJ\
2

S| 1323K

2
LTSN

T T T T
290 288 286 284 282 280
Binding energy (eV)

Fig. 5 XPS spectra for (A) Mo 3d (B) O 1s and (C) C 1s of
molybdenum carbide — carbon nanocomposites obtained at different
temperatures under N, flow.

According to the XPS results, an oxide layer formed on all
of the samples but decreased in intensity with increasing
reaction temperature until almost disappearing at 1573 K. This
oxide layer resulted from the passivation process that occurred
at the end of the synthetic procedure when the samples were
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exposed to ambient air after being removed from the furnace at
room temperature. The C 1s XPS spectrum indicates the
formation of crystalline layers of graphitized carbon that
increased in concentration with increasing reaction temperature.
This result is consistent with the elemental analysis, XRD, and
TEM results. Thus, not only the carbide species but also the
oxide layers on the surface (as an insulator) play a key role in
determining the electrocatalytic activities of the materials
toward the HER, as will be discussed later.

Thermogravimetric analyses (TGA)

TGA analyses of the synthesized samples under flowing air up
to 1273 K were performed to provide an estimate of the
composition of the synthesized material and to predict its
thermal stability in air. Whereas oxidation of the carbonaceous
residue is expected to decrease the weight of the samples, the
oxidation of molybdenum carbide species leads to an increase
in weight. The TGA results are displayed in Figure 6. For
samples synthesized at temperatures less than 1323 K, a slight
weight loss below 500 K was detected, which indicates that the
samples might adsorb a small amount of water on their surface.
However, an obvious weight loss occurred in the temperature
range of approximately 620 to 720 K, which was attributed to
oxidation of carbonaceous residue from the C;N4 remaining in
the samples. The decrease in weight continued to 800 K in the
case of the sample synthesized at 1023 K, which was due to the
presence of a large amount of carbon residue. The samples then
oxidized and remained stable until 1050 K. For the samples
synthesized at high temperatures, i.e., at 1323 and 1573 K, a
small weight loss was observed between 600 and 700 K, which
is attributed to the decomposition of a small amount of
carbonaceous residue. When the heating exceeded 720 K, the
Mo,C samples began to oxidize to molybdenum trioxide and
carbon dioxide (the theoretical increase in percent weight from
Mo,C to MoOj; is 141%). The weight gain remained almost
constant until 1050 K, where a sudden decrease that indicated
the complete evaporation of molybdenum trioxide was
detected. The TGA results suggest that complex oxidation of
the materials occurred for carbon and molybdenum species. At
1323 K, the more extent of carbide phase is proven to exist as
observed at weight increase above 800 K.

1000 1200

400 600 800
Temperature (K)

1400

Fig. 6 TGA of molybdenum carbide — carbon nanocomposites synthesized at
different temperatures under air flow.

Discussion regarding molybdenum carbide — carbon
nanocomposite syntheses

Overall, molybdenum carbide nanoparticles with sizes ranging
from 2 to 50 nm that were surrounded with a graphitic carbon
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matrix were synthesized by the reaction of a C;N, template
with a molybdenum precursor under flowing nitrogen at various
temperatures from 1023 to 1573 K. The smaller size of the
obtained Mo,C (~2 nm) at 1023 K compared with the pore size
of mpg-C;N, (~6 nm) implies that crystal growth occurred
before the complete decomposition of the mpg-C;Ny
framework. The mass spectroscopy results (Figure 2) confirmed
the gasification of nitrogen present in the carbon nitride
template and that molybdenum carbide formed through the
reaction of the molybdenum precursor with the carbon residue
originating from the decomposition of C;N,. The TEM images
(Figure 4) confirm that the size distribution of the nanoparticles
produced at various temperatures is bimodal; i.e., 1) only a
gradual increase in the size (~2-15 nm) that coincides with an
increase in the number of produced nanoparticles was observed,
and 2) the nanoparticles extensively aggregated to form
particles approximately 50 nm in size. These findings result
from the reaction of the molybdenum precursor with the carbon
residue originating from C;N, inhibiting or facilitating the
aggregation with increasing reaction temperatures (i.e., the
carbo-thermal reduction process). The observed increase in the
surface area with increasing reaction temperature resulted from
the production of graphitized carbon in conjunction with an
increase in the number of Mo,C nanoparticles with increasing
temperature as explained in the first model in TEM section. The
amount of carbon residue involved in the formation of Mo,C
nanoparticles gradually decreased with increasing reaction
temperature until being completely consumed at 1323 K. Then
the produced Mo,C nanoparticles subsequently combined and
aggregated when the temperature increased further to 1573 K,
which caused a sudden decrease in the surface area. At low
temperatures, the unreacted carbonaceous residue captured the
Mo,C nanoparticles and formed aggregates that were connected
between the particles. At temperatures above 1223 K, the
carbon residue graphitized and formed layers surrounding the
Mo,C nanoparticles, which increased in thickness at 1573 K.

Because of the small size of the produced Mo,C
nanoparticles (~2-15 nm), their surfaces became easily oxidized
after they were exposed to ambient air. The XPS results (Figure
5) suggest that the oxide layer decreases with increasing
reaction temperature. This result occurs because, at low
temperatures, the size of the produced Mo,C nanoparticles is
smaller and they are unstable compared with the particles
obtained at high temperatures. At 1573 K, almost no oxide was
observed due to the large particle size of Mo,C, which
enhanced its stability and inhibited oxidation.

Molybdenum carbide — carbon nanocomposite as
electrocatalysts for the HER

Nanoparticle synthesis is essential to improving HER
performance by increasing the number of catalytically active
sites. It is known that molybdenum carbide nanoparticles
exhibit good electrocatalytic activity toward HER. Our
synthesis method of molybdenum carbide nanoparticles not
only obtained an increased number of active sites with unique
surface facets but also introduced graphitized carbon
surrounded Mo,C nanoparticles which enhanced the
conductivity of the nanocomposites and accordingly improved
its electrocatalytic activity for HER.

Molybdenum-based nanocomposites synthesized under
various temperatures and commercial Mo,C were tested for the
electrochemical HER using an RDE at a constant rotational
speed of 1600 rpm. CV experiments were performed in 0.05 M
H,SO, at a scan rate of 5 mV s™! between —0.6 and 0.39 V vs.
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RHE. The catalytic activity of carbide materials is known to
depend on their surface structure and composition. The XPS
data (Figure 5) indicates that the surface of the obtained Mo,C
nanoparticles at different temperatures forms MoOj; layers and
that the extent of these oxide layers decreases at high
temperatures. Thus, the nanocomposite materials prepared at

different temperatures are expected to possess different
elecrocatalytic activities.
Figure 7A presents the voltammograms for the

molybdenum-based nanocomposites synthesized at various
temperatures and commercial Mo,C. The reported current
density was obtained using a geometrical surface area of an
electrode (0.07 cm?® with the same catalyst weight loading
(0.25 mg c¢cm™?). The HER cathodic current increased as the
reaction temperature was increased from 1023 to 1323 K
because of the decreased extent of oxide layers observed on the
surface with increasing synthesis temperature. In addition, the
surface area increased with increasing reaction temperature,
which would increase the number of active sites available on
the surface for hydrogen evolution. Molybdenum-based
nanocomposites synthesized at 1323 K exhibited the highest
HER cathodic current among the samples prepared in this
study, with an onset potential of only ~100 mV vs. RHE,
similar to the reported values for Mo,C based materials.'®?°
This highest current density is attributed to the sample’s small
particle size and accordingly high BET surface area (308 m” g
1, which would increase the number of active sites available on
the surface for proton adsorption. The presence of 1 nm of
graphitized carbon surrounding Mo,C improved the
conductivity and accordingly electron transfer. The extent of
oxide layers (as an insulator) observed on the surface of the
sample decreased compared with that observed for other
samples. Unfortunately, when the reaction temperature was
increased to 1573 K, the HER current of Mo,C decreased and
occurred at a relatively higher potential of ~0.15 V vs. RHE
because of the sudden decrease in the surface area by particle
aggregation. Beneficial effects of nano-sizing are obvious from
the result of commercial Mo,C, particle size of which is large
(>100 nm). The stability was tested using Mo,C synthesized at
1323 K at constant potential of —1.9 V vs. RHE (Figure 7B).
The result indicates that the catalytic current decreased to 60%
after 3 h and then became stable for 25 h. The slight decrease of
HER activity using Mo,C catalyst is consistent with the
literature,'®” and the stability of active species remain the issue
to be solved.
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Fig. 7 (A) HER voltammograms of molybdenum carbide — carbon
nanocomposites synthesized at different temperatures under N, flow and
commercial Mo,C, (B) Stability test of Mo,C synthesized at 1323 K at —0.19
V vs. RHE, (C) HER Tafel plots for the nanocomposites (0.05 M H,SO; aq.,
in Ar, 1600 rpm, 5 mV s™', 298 K), and (D) Nyquist plot of commercial
Mo,C (black dotted lines) and Mo,C prepared at 1323 K (red solid lines)
recorded at different overapotentials (300, 400 and 500 mV) in 0.05 M
HzSO4.

The differences in electrocatalytic activities were further
elucidated between Mo,C (commercial) and Mo,C synthesized
at 1323 K by electrochemical impedance spectroscopy (EIS)
analysis. The result is displayed as Nyquist plot where x- and y-
axes are the real and negative imaginary parts of impedance,
respectively. The charge transfer resistances for the samples
were determined from the semicircle recorded at different
overpotentials. Overall, the charge transfer resistances for both
samples decreased as the overpotential increased (Figure 7D).
The smaller value of impedance for Mo,C prepared at 1323 K
than for commercial Mo,C is due to the small particle size (~8
nm) that improves minimized distance to the surface. Also,
graphitized carbon layer with thickness of about 1 nm around
the nanoparticles may function as electronic bridge which will
accordingly enhance electronic conductivity and improve
electron transfer reaction at the surface of the electrode.

The well-known HER mechanism under acidic solutions
includes the following steps:**

1. Discharge of a proton to form an adsorbed hydrogen
atom (Volmer reaction):

M+H,0"+e ——=MH_, +H,0

€))

2. Combination of an adsorbed hydrogen atom with a
proton and an electron to form molecular hydrogen
(Heyrovsky reaction):

MH_ +H,0"+e ——H,+M+H,0 4)

3. Combination of two adsorbed hydrogen atoms to form
molecular hydrogen (Tafel reaction):

MH,, + MH,,, &=—H, +2M )

In Egs. 3-5, M denotes an active site of the catalyst and MH,;
denotes a hydrogen atom adsorbed at that site. The HER starts
with the proton discharge step (Volmer reaction, Scheme 3) and
is followed by either the electrodesorption step (Heyrovsky
reaction, Scheme 4) or the proton recombination step (Tafel
reaction, Scheme 5).44

The HER mechanism can be studied through analysis of the
Tafel plots obtained from polarization curves. The Tafel slope
(f) is an inherent property of a catalyst and is determined by the
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rate-limiting step of the HER. The empirical values of the Tafel
slopes extracted from the Tafel plot can provide insight into the
probable mechanisms for the HER on the catalytic surface. In
acidic solutions, if the Volmer reaction (3) is the rate-
determining step or if the rates of (3) and (4) are comparable, a
high slope value at room temperature is obtained (= 120 mV
dec™). In contrast, a Volmer-Heyrovsky mechanism (4) will
return a slope of approximately 40 mV dec™.***® The Tafel
slope of approximately 30 mV dec™, is known to involve the
Volmer-Tafel reaction.'** Tafel slopes (Figure 7C) obtained
from the polarization curves from 0.2 to 0.25 V of the
molybdenum-based nanocomposites were in the range of 110-
235 mV dec”™'. These high Tafel slopes are consistent with the
Volmer reaction (3) being the rate-determining step and suggest
that the surface coverage of the hydrogen species is low and
that hydrogen is relatively weakly adsorbed with steady-state
kinetics.'**

Conclusions

Molybdenum carbide — carbon nanocomposites were
successfully prepared through the reaction of molybdenum
precursor with the carbon residue originating from C;N,
decomposition under nitrogen at various temperatures. The
obtained nanocomposites show that the samples have different
surface structures and compositions and are accordingly
expected to exhibit different electrocatalytic activities toward
the HER. Electrochemical measurements demonstrated that the
sample synthesized at 1323 K exhibited the highest and most
stable HER current in acidic media among the samples
prepared in this study. This result is attributed to the
combination of the sample’s small particle size (~8 nm on
average) and its accordingly high surface area, which was
confirmed by BET analysis (308 m* g7"), as well as to the
graphitized carbon layer on its surface. When the reaction
temperature was further increased to 1573 K, the HER current
decreased due to particle aggregation, which consequently
reduced the surface area of the exposed active sites for
hydrogen adsorption. This study clearly demonstrates that the
molybdenum carbide-carbon nanocomposites serve as excellent
electrocatalysts for the HER, even in highly acidic media. The
electrocatalytic performance would be further improved
through removing the oxide layers from the surface,
enhancement of the dispersion of the nanocrystals in carbon
matrix and via the introduction of hetero-atoms.
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