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a b s t r a c t

A novel free-standing pie-like paper electrode composed of Mo2C nanobeads on graphene-coated carbon
nanofibers (G-CNF) membrane was rationally designed as advanced electrocatalyst for hydrogen evo-
lution reaction (HER). A thin layer of graphene is coated on the surface of CNF membrane, forming a
“crust” on fibrous web architecture. The unique design of the all-carbon membrane, which is a 3D
interconnected conductive framework of nanofibers, reduces the resistance of electron and ion transport
during the electrocatalyzing process. With G-CNF performing as support, well-shaped Mo2C nanobeads
were immobilized on the fibers through hydrothermal and calcination procedures, offering rich catalytic
sites on the exposed rough surface. Owing to all these merits, the composite membrane of Mo2C-G-CNF
exhibits high HER catalytic activity with onset potential of 115 mV in acidic solution and 108 mV in basic
solution. Furthermore, the good durability in both acidic and basic environment guarantees its practical
application as free-standing electrode material.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

As hydrogen is considered as indispensable greenhouse gas-free
fuel in the future [1], a lot of attentions have been devoted by re-
searchers to hydrogen evolution from electrolysis of water. Seeking
for inexpensive and highly efficient hydrogen evolution reaction
(HER) catalysts as alternatives for costly and scarce platinum based
catalysts is urgent for sustainable and large scale hydrogen pro-
duction [2]. Molybdenum carbide (Mo2C) has recently been
explored as one promising candidate owing to its Pt-resembling
electronic structure achieved by the introduction of carbon into
the lattice of molybdenum [3] and the earth abundant character-
istic. However, commercial available Mo2C is inadequate for satis-
fying the demand of practical applications. Various strategies have
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been employed to improve the reliability and activity of Mo2C, such
as nanostructuring [4,5], heteroatom doping to increase active sites
[6,7] and exploiting hybrid structure [8,9]. Among them, control-
lable synthesis of Mo2C with carefully selected support such as
graphene porous foam [10], nitrogen-rich nanocarbon [11] and
carbon cloth [12] is a direct and efficient approach that could gain
reduced grain size and render uniform distribution of Mo2C to
realize the optimization of its catalytic activity.

As one of the typical carbon supports, one-dimensional carbon
nanofibers (CNFs) are intensively studied as supports to construct
free-standing electrodes for HER electrocatalysis [13e15]. Electro-
spinning stands out as an effective support method due to its easy
accessibility for mass production of nanofibers with high surface to
volume ratio [16e18]. Themorphologies and properties of CNFs can
be flexibly adjusted by controlling the processing condition.
Benefiting from these advantages, the electrospun CNFs have found
awide range of applications in energy storage and conversion fields
like lithium ion battery [19], sensing [20] and electrocatalyzing
[21]. However, the isolation of fibers in the electrospun membrane
imposes limit on its conductivity, thus influences its electro-
chemical performance. A library of methods has been employed to
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improve the conductivity of carbon nanofibers like incorporation of
carbon nanomaterials [22] and metallic nanoparticles [23]. How-
ever, these methods require complex procedures and can hardly
realize uniform dispersion of additives in the fibers. Adding
conductive coating, has been developed as a more convenient and
effective strategy that could overcome these shortcomings [24].
Two-dimensional graphene, with theoretically superior conduc-
tivity, large surface area, outstanding mechanical properties and
excellent chemical stability, is an ideal coating agent for enhancing
conductivity of the electrode material [25,26].

Herein, we have constructed the composite membrane of
graphene-coated carbon nanofibers (G-CNF) membrane using
electrospinning and dip-coating method with subsequent carbon-
ization [27,28]. The as-obtained G-CNF membrane with rationally
designed architecture then acts as conductive support for in-situ
growth of Mo2C through a typical hydrothermal method and high
temperature carbonization procedure. Mo2C nanobeads with rough
surface, as key catalytic components, are uniformly anchored on
the fibrous framework and afford abundant active sites where HER
could proceed. Graphene layers interconnect with each other and
tightly adhere to CNFs, forming a conductive plane to reduce the
resistance of electron/ion transport in the catalyst. CNFs, acting as
spacer, prevent the severe stacking of graphene to give full play of
its conductivity. The three-dimensional fibrous web and crimpled
surface of G-CNF could provide a lot of sites for anchoring Mo2C.
The resultant composite membrane of Mo2C-G-CNF exhibits
prominent catalytic activity with good stability in both acidic and
basic media, being a promising candidate for high-performance
HER catalysis.
2. Materials and methods

2.1. Materials

Polyacrylonitrile (PAN) (Mw ¼ 150 000 g mol�1) was purchased
from Sigma-Aldrich. H2SO4 (95e98%), H2O2 (30%), HNO3 (65%),
ethanol, N,N-dimethylformamide (DMF, �99.5%), sodium hydrate
(NaOH), glucose, potassium permanganate (KMnO4) and ammo-
nium molybdate ((NH4)6Mo7O24$4H2O) were purchased from
Sinopharm Chemical Reagent Co., Ltd. Natural graphite powder
(325mesh) was obtained from Alfa-Aesar (Ward Hill, MA) and used
without further purification. Deionized (DI) water was used
throughout all the experiments.
2.2. Preparation of graphene-coated carbon nanofibers membrane
(G-CNF)

PAN nanofiber membrane was first fabricated by a simple
single-nozzle electrospinning technique. Typically, 1 g of PAN was
dissolved in 5 mL of DMF by heating at 70 �C for 3 h under vigorous
stirring to form viscous transparent solution and subsequently
transferred to a 5mL syringe. The electrospinningwas conducted at
an applied voltage of 20 kV with a feeding rate of 0.25 mm min�1

through a stainless steel needle positioned 20 cm away from the
aluminum drum collector. The as-obtained PAN nanofiber mem-
brane was preoxidized at 250 �C in air atmosphere for 2 h with a
ramping rate of 2 �C min�1. Then, the preoxidized PAN (o-PAN)
membrane was cut into small pieces with size of 2 cm � 2 cm and
dipped in graphene oxide (GO) solution (2 mg mL�1) for 2 h to
allow GO sheets to assemble on the membrane to form a layered
coating. After being washed with ethanol and dried, the GO coated
o-PAN membrane was placed in a tube furnace for carbonization at
800 �C for 2 h under N2 atmosphere to obtain G-CNF membrane.
2.3. Preparation of Mo2C nanobeads loaded G-CNF (Mo2C-G-CNF)
membrane

The as-obtained G-CNF membrane was first acidized by being
immersed into HNO3 solution (30%) and heated at 40 �C for 12 h.
Then the membrane was rinsed with water for several times and
dried under 70 �C. A certain amount of (NH4)6Mo7O24$4H2O and
glucose with weight ratio of 4:1 was dissolved in 40 mL H2O. The
acid-treated G-CNF membrane was immersed into the above so-
lution and subsequently transferred into 100 mL Teflon stainless-
steel autoclave, reacting at 180 �C for 12 h. The membrane was
collected by tweezers, repeatedly washed with DI water and
ethanol, and finally dried under 60 �C overnight. Afterwards, the
samples were carbonized at 900 �C under N2 atmosphere for 2 h
with a heating rate of 5 �Cmin�1 to get the final product of Mo2C-G-
CNFmembrane. For comparison, pureMo2Cwas synthesized by the
same synthetic method except that no support was introduced.
Mo2C directly grown on carbon nanofiber membrane (Mo2C-CNF)
was also fabricated where the step of dip coating GO was
eliminated.

2.4. Characterization

The morphology of samples was characterized by field emission
scanning electron microscopy (FESEM) (Ultra 55, Zeiss) at an ac-
celeration voltage of 5 kV. The chemical composition was charac-
terized by the energy dispersive X-ray spectroscopy (EDX). Raman
spectra were measured on a JobinYvon XploRA Raman spectrom-
eter at an exciting wavelength of 632.8 nm. X-ray diffraction (XRD)
patterns were obtained on an X'Pert Pro X-ray diffractometer with
Cu Ka radiation (l ¼ 0.1542 nm) under a current of 40 mA and a
voltage of 40 kV with 2q ranges from 5� to 80�. X-ray photoelectron
spectroscopy (XPS) analyses were performed on a VG ESCALAB
220I-XL device and all XPS spectra were corrected using C1s line at
284.5 eV. In addition, the curve fitting and background subtraction
were accomplished using XPS PEAK41 software. Thermogravi-
metric analysis (Pyris 1 TGA) was performed under air flow from
100 to 800 �C at a heating rate of 20 �C min�1.

2.5. Electrochemical measurements

Before all the hydrogen evolution experiments, glassy carbon
electrodes (GCE) (diameter: 5mm)were pretreated according to the
previous report [29]. The working electrode was prepared as fol-
lows: The Mo2C-G-CNF membrane was cut into small pieces with
size of 5 mm � 5 mm and adhered to GCE by using 5 mL of 5 wt%
nafion, then dried at room temperature to achieve Mo2C-G-CNF
membrane modified GCE. To prepare Mo2C modified GCE, 2 mg of
pure Mo2C powder was dispersed in 1 mL DMF/DI water mixed
solution (volume ratio: 3:1) containing 20 mL 5wt% nafion. Then, the
mixture was sonicated for 2 h to get the homogeneous slurry.
Finally, 10 mL of the slurry was dropped onto GCE and dried. All
electrochemical tests were conducted on a CHI 660D electro-
chemical workstation (Chenhua Instruments Co, Shanghai, China)
with standard three-electrode setup at room temperature, where
sample modified GCE was applied as the working electrode, satu-
rated calomel electrode (SCE) as the reference electrode and Pt wire
as counter electrode. The hydrogen evolution performance tests
were performed by liner sweep voltammetry (LSV) in nitrogen
purged electrolyte solution of 0.5 M H2SO4 and 1 M NaOH, respec-
tively, with scan rate of 2 mV s�1. The double-layer capacitance (Cdl)
of electrocatalyst was measured by scanning the cyclic voltammo-
grams in the range of 0.1e0.3 V vs. RHE. By plotting the ja-jc at 0.2 V
vs. RHE against the scan rate, Cdl was estimated as half of the slope.
Electrochemical impedance spectroscopy (EIS) measurements were
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conducted in 0.5 M H2SO4 from 0.01 Hz to 100 Hz at the potential of
200 mV with the amplitude of 5 mV. The durability tests were
performed bymeasuring the time dependent current density curves
under a certain applied overpotential in both 0.5 M H2SO4 and 1 M
NaOH. All the potentials were calibrated to RHE according to the
equation of ERHE ¼ ESCE þ (0.241 þ 0.059 pH) V.
Fig. 2. Raman spectra of pure CNF membrane, graphene and G-CNF membrane.
3. Results and discussion

3.1. Morphology and structure of Mo2C-G-CNF

CNFs, which were achieved by carbonization of o-PAN nano-
fibers, have smooth surface and long flexuous morphology with a
diameter of approximate 200 nm, interconnecting with each other
to construct a three-dimensional web (Fig. 1A and C). As o-PAN
nanofibers were dipped into GO solution, GO sheets were assem-
bled on the surface of nanofibers through the interactions between
amino groups of o-PAN nanofibers and the carboxyl groups on the
plane of GO, forming a layered coating on the fibrous web. After
carbonization, GO layers were thermally reduced to graphene
retaining the overall coverage on the o-PAN derived CNF mem-
brane. From SEM images of G-CNF (Fig. 1B and D), a continuous
wavy film can be observed, consisting of interconnected few-
layered graphene sheets that closely adhere to the surface of the
CNF membrane. In this way, the isolated CNFs are interconnected
together by GO sheets, displaying a much rougher surface as well as
slight deformation probably caused by the squeezing effect of
graphene layers. Besides, no breakage is observed, indicating that
the membrane maintains its integrity during the dip coating pro-
cess. This unique architecture of crust on fibrous web could
enhance the conductivity of the whole membrane (the electrical
conductivity is 0.078 S cm�1 for bare CNF membrane and
0.191 S cm�1 for G-CNF membrane), thus facilitating the electron/
ion transport during the electrochemical reaction. Furthermore,
adhering to fibers in reverse prevents graphene from severe
restacking and brings wrinkles on graphene layers, resulting in a
continuous wavy plane, which could offer more anchoring sites.

The successful coating of graphene on CNF membrane can also
be revealed by the Raman spectra (Fig. 2). All the three samples of
Fig. 1. SEM images of (A, C) pure CNF membrane and (B,
bare CNF membrane, graphene powders and G-CNF membrane
display two characteristic bands: D band at 1350 cm�1 and G band
at 1590 cm�1, indicating the disordered carbon and sp2-bonded
carbon atoms, respectively. For bare CNF membrane, the intensity
ratio of G band (IG) to D band (ID) is 0.92, while that of pure gra-
phene powder is 1.07. IG/ID is evaluated to be 0.95 for the G-CNF
composite membrane, which is the intermediate value of its two
individual components, indicating they couple well with each
other.

The G-CNF membrane was then acidized to improve hydrophi-
licity for in-situ growing of Mo2C through a typical hydrothermal
method and subsequent high temperature carbonization. Without
any supports, pure Mo2C synthesized through the same procedure
will grow into clusters, which hinder the exposure of active surface
to the electrolyte (Fig. 3A and B). When acid-treated CNF mem-
brane is introduced as supporting material, Mo2C tends to grow
into regular-shaped nanobeads strung on the nanofibers with
rough surface (Fig. 3C and D, Fig. S1). In the case of Mo2C-G-CNF
composite membrane, roughly surfaced Mo2C nanobeads with
D) G-CNF membrane at low and high magnifications.



Fig. 3. SEM images of (A, B) pure Mo2C, (C, D) Mo2C-CNF and (E, F) Mo2C-G-CNF at low and high magnifications.
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diameter of approximate 400 nm are anchored on the G-CNF with
pie-like structure (Fig. 3E and F). Besides, the composite membrane
exhibits good mechanical flexibility as shown in the inset in Fig. 3E.
Since the crumbled graphene layer could afford more anchoring
sites as a substrate, Mo2C nanobeads growmore densely on both of
the top and bottom faces of G-CNF than on those of pure CNF
membrane, which are predicted to offer more catalytic sites.
Furthermore, few small gaps can be observed on the graphene
plane, which could render solution permeation into the inner
membrane structure, avoiding complete sealing of G-CNF mem-
brane. In this way, the precursor solution can still impregnate the
inner structure and guarantee the growth of Mo2C nanobeads on
the inner fibers. Cross sectional SEM images evidence the successful
immobilization of Mo2C nanobeads on these inner fibers beneath
the graphene surface, and the whole membrane displays a hierar-
chical architecture (Fig. 4A). Notably, those Mo2C beads incline to
locate in the junctions of two or more fibers (Fig. 4B), which could
contribute to improve the electron transfer rate of composite
membrane considering the intrinsic high electrical conductivity of
Mo2C [30,31]. EDX results demonstrate the uniformMo distribution
in Mo2C nanobeads, while element of C can be detected from both
carbide nanobeads and the support of G-CNF membrane. The low
content of O can be probably attributed to slight oxidation of Mo2C
surface as being exposed to air (Fig. 5). The loading of Mo2C on the
G-CNF membrane is estimated to be 9.91% through TGA analysis
(Fig. S2).

XRD patterns of pure Mo2C, as well as the membranes of CNF, G-
CNF and Mo2C-G-CNF are presented in Fig. 6. Except for the broad
peak assigned to (002) plane of carbon that could also be observed
in CNF and G-CNF, the composite membrane of Mo2C-G-CNF
Fig. 4. Cross-sectional SEM images of Mo2C-G-CNF m
displays the same sharp peaks as that of pure Mo2C. These peaks
positioned at 2q ¼ 34.8�, 38.2�, 39.8�, 52.5�, 62.0�, 70.0�, 75.1� and
76.0� are indexed to (100), (002), (101), (102), (110), (103), (112) and
(201) facets of hexagonal b-Mo2C (JCPSD No. 00-035-0787), the
most active phase for HER electrocatalysis among the four phases of
molybdenum carbide [32].

The composition and surface valence state of Mo2C-G-CNF are
elucidated by XPS analysis. The survey spectrum indicates the
presence of C, O, and Mo as main elements in the composite
membrane (Fig. 7A). The deconvoluted spectrum of C 1s is shown in
Fig. 7B, revealing peaks at 284.7, 285.4, 286.4 eV which belong to
CeC, C]C bonds and oxygen-containing CeO bonds, respectively.
Molybdenum bonded carbon in Mo2C is manifested by the peak at
lower binding energy of 284.1 eV. The high-resolution spectrum of
Mo 3d reveals peaks at 228.9 and 233.0 eV stemmed from Mo2C
(Fig. 7C) [33]. In parallel, due to the surface oxidation as being
exposed to air or during high energy XPS tests, peaks at 232.4 eV
and 236 eV can be attributed to the oxides, MoOx. In the decon-
voluted O 1s spectrum, these two split peaks at 530.2 eV and
531.0 eV can be attributed to MoeO bonds and peaks at 532.0 and
533.0 eV represent C]O bond and CeO bond, respectively (Fig. 7D).

3.2. HER electrocatalytic activity of Mo2C-G-CNF composite
membrane

The electrocatalytic activity of Mo2C-G-CNF towards HER in
acidic environment is evaluated by adopting a three-electrode
system in 0.5 M H2SO4 at 2 mV s�1. The performance of pure
Mo2C, the all-carbon membrane of G-CNF and Mo2C-CNF mem-
branewithout graphene coating is also assessed. Observed from the
embrane at (A) low and (B) high magnifications.



Fig. 5. EDX results of Mo2C-G-CNF membrane: EDX spectrum taken from the selected area and the elemental mapping for Mo, C and O.

Fig. 6. XRD patterns of pure Mo2C, CNF, G-CNF and Mo2C-G-CNF membranes.
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LSV curves, the all-carbon G-CNF membrane exhibits almost no
HER catalytic effect as its LSV curve approaches a horizontal line.
Although all of Mo2C, Mo2C-CNF and Mo2C-G-CNF show distinct
HER catalytic performance, Mo2C exhibits inferior performance
than the other two due to the lack of conductive supports for
anchoring and avoiding the aggregation. For Mo2C-G-CNF, these
well-shaped Mo2C nanobeads could join fibers together, enhancing
the conductivity. Furthermore, the rough surface of nanobeads
could increase the exposed active sites to catalyze HER. It is notable
that Mo2C-G-CNF displays a smaller onset potential and lower
cathodic current under the same applied potential than Mo2C-CNF,
verifying that the introduction of graphene on fibrous web could
help to improve the catalytic activity (Fig. 8A). Graphene layer
coated on the membrane could provide a conductive plane for
enhancing electron/ion transfer. Additionally, the well-designed
pie-like structure tends to anchor more Mo2C nanobeads.
Although graphene formed a layered coating on the surface of CNFs
membrane, it does not completely seal the inner fibrous web. The
small gaps on the surface could still allow the electrolyte to full
impregnate the electrode material so that the electrocatalysis of
HER could still proceed in the inner structure. The potential value
for a current density of 10 mA cm�2 is generally accepted as an
important reference because solar-light-coupled HER apparatuses
usually operate at 10e20 mA cm�2 under standard conditions [33].
To drive such a current density, a smaller overpotential of 188mV is
required for Mo2C-G-CNF membrane, compared with 274 mV for
pure Mo2C and 215 mV for Mo2C-CNF membrane.

To make a better comparison of the HER performance of Mo2C-
G-CNF and Mo2C-CNF, their double layer capacitances (Cdl), which
are proportional to their electrochemical surface areas have been
measured via cyclic voltammetry (Fig. S2). Mo2C-G-CNF indeed
presents a larger Cdl of 66.5 mF cm�2, compared with that of Mo2C-
CNF, indicating the coating of graphene layer on the fibrous web
could endow the composite with larger electroactive surface area.

To further elucidate the HER mechanism, Tafel plots of different
samples are subtracted from LSV curves and fitted to the Tafel
equation (h ¼ b log (j) þ a, where b is the Tafel slope, and j is the
current density) (Fig. 8B). The Tafel slopes evaluated for Pt, pure
Mo2C and Mo2C-G-CNF are 31 mV decade�1, 103 mV decade�1 and
72 mV decade�1, respectively. Notably, Mo2C-G-CNF exhibits a
smaller Tafel slope than pure Mo2C, demonstrating the higher
hydrogen generation efficiency, which can be ascribed to the
confined growth of Mo2C nanobeads that uniformly distributed
onto the support and thereby edge-rich morphologies are formed
for Mo2C-G-CNF. The Tafel slope suggests HER on the Mo2C-G-CNF
composite membrane modified electrode probably proceeds via a
Volmer-Heyovsky mechanism, where the discharge step (the
Volmer reaction) is followed by a rate-limiting electrochemical
desorption step (the Heyrovsky reaction) [34].

Electrochemical impedance spectroscopy (EIS) is carried out for
both Mo2C-CNF and Mo2C-G-CNF membranes for comparison and
the Nyquist plots are shown in Fig. 8C. It is obvious that Mo2C-G-
CNF displays smaller charge transfer resistance (Rct) and solution
resistance (Rs), as well as lower ion diffusion resistance manifested
by its larger line slope than those of Mo2C-CNF membrane without
a layer of graphene coating. The lower impedance can be attributed
to the improved conductivity of G-CNF by the incorporation of a
conductive bridge comprised of thin graphene layers overlapping
with each other on the fibrous web. The durability of Mo2C-G-CNF
membrane is evaluated by operating the electrode under a certain
applied overpotential to obtain the time-dependent current density
(Fig. 8D). The slight current fluctuation observed from the current
density-time curve demonstrates the good stability of Mo2C-G-CNF
membrane during the HER process in acidic media. After the long-
term test, the Mo2C could still remain the spherical structure but



Fig. 7. XPS spectra of Mo2C-G-CNF membrane: (A) survey spectrum; high-resolution (B) C 1s, (C) Mo 3d, and (D) O 1s spectra.

Fig. 8. (A) LSV polarization curves of pure Mo2C, G-CNF, Mo2C-CNF, Mo2C-G-CNF membranes and Pt in N2-purged 0.5 M H2SO4 solution. Scan rate: 2 mV s�1. (B) Tafel plots of Mo2C,
Mo2C-G-CNF and Pt. (C) Nyquist plots of Mo2C-CNF and Mo2C-G-CNF. (D) Time-dependent current density curve under h ¼ 370 mV in 0.5 M H2SO4.
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the surface has slight change (Fig. S4), which is probably due to the
etching of oxides on the surface by the electrolyte.
Furthermore, the catalytic performance of Mo2C-G-CNF in basic
media is also evaluated by using the electrolyte of 1 M NaOH. As
shown in the LSV curves in Fig. 9A, the current density



Fig. 9. (A) LSV polarization curves of pure Mo2C, G-CNF, Mo2C-CNF and Mo2C-G-CNF membranes in N2-purged 1 M NaOH solution. Scan rate: 2 mV s�1. (B) Tafel plot of Mo2C-G-CNF.
(C) Time-dependent current density curve under h ¼ 420 mV in 1 M NaOH.
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corresponding to electrochemical hydrogen evolution increases
more rapidly starting from smaller overpotential for Mo2C-G-CNF
membrane than other electrodes. And for driving a current density
of 10 mA cm�2, the overpotentials required for bare Mo2C, Mo2C-
CNF and Mo2C-G-CNF are 356, 322 and 241 mV, respectively,
verifying that the composite membrane displays the highest cata-
lytic activity in alkaline conditions. From the low current density
region of the Tafel plot, the onset potential of Mo2C-G-CNF is
calculated to be 114 mV and the Tafel slope is estimated to be
108 mV decade�1 (Fig. 9B). In addition, although the stability is not
as good as that in acidic media indicated by the slight drop of
current density in the initial stage (Fig. 9C), which is probably
caused by the corrosion of carbide by NaOH, Mo2C-G-CNF can still
retain most of its performance during the long-term HER perfor-
mance in the basic environment. The performance of our Mo2C-G-
CNF is better or comparable with previous reports (Table S1).
Furthermore, the free-standing feature enables it to be more
conveniently used as electrode material.
4. Conclusions

In summary, G-CNF membrane has been fabricated by dip-
coating of o-PAN membrane with GO and subsequent carboniza-
tion. Then G-CNF is used as support for growing Mo2C nanobeads.
Those isolated nanobeads strung on the fibers with rough surfaces
can offer abundant active catalytic sites, by coupling with graphene
bound fibrous web that affords a fast pathway for electron/ion
transfer, and the final product of Mo2C-G-CNF bears optimized HER
performance with good durability in both of the acidic and basic
media. The all-carbonmembrane of G-CNFwith rationally designed
pie-like architecture is elucidated as a promising support for
fabricating highly conductive electrode materials for catalytic or
capacitive applications.
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