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a b s t r a c t

Exploration of high-performance Pt-free electrochemical catalysts for hydrogen evolution reaction (HER)
mainly depends on the catalyst design and system construction. Here, a unique flexible HER catalyst of
few-layered MoSe2 nanosheets perpendicularly grown on 3D elastic carbonized melamine foam (CMF) is
fabricated through a solvothermal reaction. The rationally designed 3D hierarchical CMF/MoSe2 com-
posite foamwith conductive 3D networks and fully exposed MoSe2 active edges can provide efficient and
rapid pathways for ion and electron transport, thus delivering largely enhanced HER catalytic perfor-
mance with a low onset potential (�0.071 V vs. RHE), small tafel slop (49.3mV dec�1), as well as
excellent long-term stability. This research may pave the way for the development of flexible, light-
weight, and low-cost catalysts for high-performance HER.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

With the growing concerns about the energy shortage and se-
vere environmental contamination, global efforts have devoted into
the exploration of renewable-energy sources as feasible alterna-
tives to replacing conventional fossil fuels [1e4]. Owning to its zero
carbon footprints and high energy density, hydrogen is widely
regarded as promising clean energy carrier to satisfy the increasing
energy demands [5,6]. Among the hydrogen production technolo-
gies, water electrolysis with electrocatalysts boosted hydrogen
evolution reaction (HER) is the most promising and efficient
approach for the future hydrogen mass production [7e9]. There-
fore, electrocatalysts with high activity and low HER overpotential
are particularly essential to promote the sluggish HER kinetics.
Generally, noble metals, such as platinum (Pt), possess outstanding
HER activity with zero HER overpotentials, howerver, their wide
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applications are greatly hindered by the high cost and scarcity
[10,11]. Developing efficient noble metal-free HER electrocatalysts
with low cost and environmental benignity has thus captured
extensive research attention.

Up to now, a variety of earth-abundant HER catalysts, such as
metal chalcogenides [12e14], oxides [15], hydroxides [16,17],
phosphides [18e20], nitrides [21,22] and carbides [23,24], have
been reported and received massive interests. Among these ma-
terials, transition metal dichalcogenides (TMDs) are considered as
one type of the most attractive HER catalyst due to their tunable
band structure and low intrinsic electrical resistivity that could
promote charge transfer during electrochemical reaction [25,26].
As one member of TMDs, MoSe2 is broadly recognized as excellent
catalyst for HER because of its more metallic nature with respect to
MoS2 [27e29]. Both theoretical calculation and experimental
studies revealed that the Gibbs free energy of hydrogen adsorption
on MoSe2 active sites is lower than that of MoS2 [30], leading to the
superior electrochemical activity of MoSe2. Despite all the advan-
tages, MoSe2 always suffers from two severe drawbacks: (1) limited
distribution of available electrochemical active sites, (2) sluggish
reaction kinetics stemmed from the relatively low electrical con-
ductivity of MoSe2 [31]. Therefore, the catalytic performance of
MoSe2 still needs to be improved to compete with commercial Pt-
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based catalysts. To solve these problems, the most common strat-
egy is to coating and nanostructuring with various conductive
substrates (e.g., reduced graphene oxides [32,33], carbon nano-
tubes [34], carbon fiber cloth [35], Mo thin film [36]), thus
improving the specific surface area and charge transfer efficiency of
MoSe2 catalysts. Nevertheless, the HER performance of these
composites still need further improvement, and the powder state
or fragility of most of the aforementioned catalysts also greatly
hinders their practical applications.

Recently, porous three dimensional (3D) electrodes have
attracted much attention due to their 3D interconnected networks
and multi-dimensional porosity, thus affording fast charge and
mass transfer through numerous electron/ion pathways during
electrochemical process. Additionally, self-supported 3D electrodes
are much easier to be processed and applied in practical circum-
stances than conventional materials. To date, largely enhanced
performance has been achieved by growing electroactive materials
on different porous 3D electrodes, such as 3D graphene aerogels/
foams [37e39], 3D CNTaerogels [40], nickel foam [3], stainless steel
mesh [41], and carbonaceous 3D foams [42]. However, graphene
and CNT foams are unstable because of their poor mechanical
strength, the structuring and interconnecting of building blocks are
always hard to control [43]. As for metal networks, their applica-
tions are impeded by the rigid nature and weak flexibility. Recently,
it was demonstrated that 3D interconnected carbon foams can be
fabricated through direct carbonization of commercially available
melamine foam [44e46]. Except the facile preparation and excel-
lent mechanical properties of the carbon foams, enhanced elec-
trochemical performance also can be achieved via the hybridization
of electroactive materials with porous carbon foams.

Herein, we focus on the development of a new type of free-
standing and compressive 3D carbon-backboned composite foam
as high-performance HER electrocatalyst. The carbonized mel-
amine foam (CMF) with 3D interconnected networks and macro-
spores is first prepared through high temperature carbonization,
perpendicularly oriented few-layer MoSe2 nanosheets are then
successfully grown on CMF frameworks by a versatile solvothermal
reaction. The 3D interconnected carbon structure not only direct
the uniform growth of MoSe2 nanosheets, thus greatly increase the
exposed active edges of MoSe2, the carbonaceous networks also
serve as conducting backbone to promote the charge transfer. This
rationally designed 3D CMF/MoSe2 electrocatalyst manifests
significantly enhanced electrochemical activity towards HER with a
low onset potential (�0.071 V vs. RHE) and smaller Tafel slop
(49.3mV dec�1).

2. Experimental

2.1. Materials

The melamine foam (MF) used in the experiments was obtained
from SINOYQX (Sichuan, China). Na2MoO4 (99.99%), hydrazine hy-
drate (N2H4$H2O, 50wt% in water), and Selenium powder (Se,
99.99%) were purchased from Sinopharm Chemical Reagent Co. Ltd.
Pt/C catalyst (20wt % platinum on carbon black) was obtained from
Alfa Aesar. All other reagents were bought from Sinopharm
Chemical Reagent Co. Ltd. Deionized (DI) water was used
throughout the experiments.

2.2. Preparation of CMF/MoSe2

The preparation method of 3D CMF/MoSe2 composite foam is
schematically depicted in Scheme 1. In a typical experiment, MF
was carefully tailored into thin strips with the size about
50� 15� 2mm3, after thoroughly rinsing with ethanol and
acetone under ultrasonication for 30min, dried MF strips were
carbonized in a tubular furnace under N2 atmosphere at a heating
rate of 10 �C min�1 up to 800 �C and held for 2 h. After cooling to
room temperature, obtained CMF was immersed into HNO3 solu-
tion for 1 h to remove any impurities, then washed with DI water
for several times.

For the solvothermal reaction, a 3mgmL�1 SeeN2H4$H2O so-
lution was first prepared in a flask by dissolving certain amount of
Se powder into N2H4$H2O solution under 80 �C water bath at
magnetic stirring. Afterwards, 10mL as-prepared dark-red
SeeN2H4$H2O solution was transferred into a 40mL Teflon-lined
autoclave, then stoichiometric amount of Na2Mo4 in 10mLN,N-
dimethylformamide (DMF) was added into the above solution to
yield the mixture with a Mo:Se molar ratio of 1:2. A piece of CMF
was then added to the mixed solution and allowed the autoclave
heating in an oven at 180 �C for 12 h. After cooling to room tem-
perature, self-standing CMF/MoSe2 composite foam was with-
drawn and rinsed gently with DI water for 3 times. After drying
overnight at 80 �C, crystalized CMF/MoSe2 composite foam was
finally obtained after treating at 450 �C under N2 atmospherewith a
heating speed of 5 �C min�1 for 2 h. For comparison, pure MoSe2
was also synthesized in a similar manner without use of CMF
substrate.
2.3. Materials characterization

The crystal structure of the obtained samples was characterized
by XRD (Bruker D8 diffractometer) with CuKa radiation
(l¼ 0.1542 nm) under a voltage of 40 kV and a current of 30mA.
The XPS analysis was performed on an ESCALab MKII X-ray
photoelectron spectrometer using Mg Ka radiation. The micro-
structural properties of all samples were characterized using SEM
(JEOL JSM-7001F) and TEM (Tecnai G2 20 TWIN TEM). The specific
surface area and pore size distribution were characterized with a
belsorp-max surface area detecting instrument (Tristar3000) by N2
physisorption at 77 K.
2.4. Electrochemical measurements

The electrochemical HER tests of 3D CMF/MoSe2 composite
foams were performed in an electrolyte solution of 0.5MH2SO4,
respectively. A platinum wire and a saturated calomel electrode
(SCE) were used as the counter electrode and the reference elec-
trode, respectively. The working electrode was prepared by placing
the free-standing CMF/MoSe2 foam in an electrode clamp (Fig. S1),
MoSe2 and Pt/C electrodes were prepared by dropping 10 mL of
MoSe2 and Pt/C slurry (1mgmL�1 in DI water) onto the polished
glassy carbon electrode (GCE, 3mm in diameter) and left to dry. All
electrochemical studies were performed in a standard three-
electrode setup using a CHI 660D electrochemical workstation
(Shanghai Chenhua Instrument Co. China). Liner sweep voltam-
metry (LSV) measurements were conducted with a scan rate of
10mV s�1. The double-layer capacitance (Cdl) of the catalyst can be
calculated from the cyclic voltammograms (CV) in the region of
0.1e0.2 V vs. RHE. By plotting Dj at 0.15 V vs. RHE against the scan
rate, the slope is twice Cdl. In all measurements, the SCE reference
electrode was calibrated with respect to the reversible hydrogen
electrode (RHE) according to E (RHE) ¼ E (SCE) þ 0.059 pH V. The
onset potential was determined based on the beginning of the
linear region in the Tafel plot without iR compensation applied for
all the electrochemical measurements. Electrochemical impedance
spectroscopy (EIS) was recorded in the frequency ranging from
0.01 Hz to 100 kHz with an amplitude of 5 mV.



Scheme 1. Preparation procedure used to obtain the 3D CMF/MoSe2 composite foam.
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3. Results and discussion

MF was used in this work to prepare 3D carbon foam, which is
mainly composed by formaldehyde-melamine resin, and is usually
applied as abrasive cleaner and soundproofing materials. As pre-
sented in Fig. 1A, commercially available MF shows the well-
defined 3D interconnected configuration with a concave triangle
fiber shape. The CMF can be easily obtained through a direct
carbonization of MF at 800 �C for 2 h in an inert atmosphere, where
a great volume shrinkage occurred after the high-temperature
treatment (Fig S2). In spite of the shape change, CMF almost in-
herits the 3D networks of MF. As shown in Fig. 1B, the
Fig. 1. SEM images of MF (A), CMF (B), and CMF/MoSe
interconnected architecture of CMF is composed by numerous
cellular structures with pore diameters of about 50e70 nm. Due to
high porosity of CMF (about 99.6%), it shows extremely lightweight
with a density of about 5mg cm�3. Brunauer-Emmett-Teller (BET)
analyses show the CMF has a high specific surface area of
178m2 g�1 (Fig. S3A), the distribution of nano-sized pores in
Fig. S3B may be attributed to the micro pores resulted from high
temperature carbonization [47]. Additionally, the CMF also
demonstrate excellent flexibility and resilience, which can endure a
large scale bend and stretch deformation (Fig. S4). The structural
robustness of CMF may originated from its firmly interconnected
3D carbon networks, which can withstand stress and load from all
2 composite foam at various magnifications (C-F).
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directions. The excellent structure properties make CMF a perfect
substrate for constructing 3D flexible electrodes.

Then, crystalized MoSe2 nanosheets are deposited on CMF
through a facile low-temperature solvothermal process combined
with post annealing treatment. It can be observed from Fig. S5 that
the structural stability and elasticity of the CMF substrate is well
retained by the CMF/MoSe2 composite foam. An overview in Fig. 1C
and D presents the well-retained 3D macroporous networks of
CMF/MoSe2 composite foam, no large aggregations can be
observed, indicating CMF is an applicable substrate for the growth
of MoSe2. A zoom-in view in Fig. 1E further reveals the uniform
distribution of curled MoSe2 subunits on CMF backbone. Under
high-magnification, it can be clearly observed that MoSe2 is grown
with a sheet-like configuration and standing through a perpen-
dicular orientation, which also intersect with each other to
construct an open structure for electrolyte permeation. The unique
combination of MoSe2 nanosheets with 3D CMF frameworks can
provide numerous exposed active edges and fast paths for charge
transfer, which will potentially lead to an enhanced electro-
chemical activity of CMF/MoSe2 composites. For comparison, pure
MoSe2 sample was also prepared in the absence of CMF substrate
via the same method as CMF/MoSe2 composites, which manifests
an aggregated spherical structure with limited exposed MoSe2
edges, further confirms the essential role of 3D CMF networks in
mediating the uniform growth of MoSe2 nanosheets. Fig. 2 presents
the typical TEM images of CMF/MoSe2 composite foam. It is obvious
that MoSe2 nanosheets are evenly distributed on the substrate with
no large aggregation detected (Fig. 2A). TEM image under high
magnification also reveals that individual MoSe2 nanosheet in the
composites is composed by 4e6 layers of MoSe2 with the interlayer
spacing of 0.65 nm (Fig. 2B), in accordance with the (002) lattice
spacing of MoSe2. It is worth mention that few-layered structure
can further increase the density of exposed active edges of MoSe2,
thus potentially enhancing the electrochemical performance of
CMF/MoSe2 composites. The above morphological observations
have given direct evidences on the successful growth of few-
Fig. 2. TEM images of CMF/MoSe2 composite foam at low (A) and high (B)
magnifications.
layered MoSe2 nanosheets on 3D CMF frameworks.
The composition and crystal structure of CMF/MoSe2 compos-

ites were studied by XRD as shown in Fig. 3. The peak located at
2q¼ 25� in the curve of CMF is attributed to the amorphous
structure of carbonaceous CMF. A series of diffraction peaks can be
observed in the curve of CMF/MoSe2 composites (i.e. 2q¼ 13.5�,
31.9�, 38.0�, and 56.2�), which can be readily indexed to the (002),
(100), (103), and (110) diffraction planes of hexagonal 2HeMoSe2
phase (JCPDF no. 87e2419), respectively. To further determine the
oxidation state of MoSe2 in CMF/MoSe2 composites, XPS analysis
was conducted with results shown in Fig. 4. Characteristic peaks of
Mo, Se, and C elements can be clearly observed in the survey
spectrum (Fig. 4A), matches well with the composition of CMF/
MoSe2 composites. Two peaks locate at 232.8 and 229.2 eV in the
high-resolution spectrum of Mo 3d can be indexed to the Mo 3d3/2
andMo 3d5/2 orbitals (Fig. 4B), indicating theMo (IV) state of MoSe2
in the composites. In addition, binding energies of Se 3d3/2 and Se
3d5/2 at 55.5 and 54.7 eV (Fig. 4C), along with Se 3p1/2 and Se 3p3/

2 at 166.8 and 161.1 eV (Fig. 4D), all confirming the �2 oxidation
chemical state of Se. Moreover, the detailed Mo:Se atomic ratio
given by the compositional analysis is 9:20, in accordance with the
formula of MoSe2. All the structural characterizations further verify
the successful synthesis of 3D hierarchical CMF/MoSe2 foam.

3.1. HER performance of 3D CMF/MoSe2 composite foam

The combination of electrical conductive 3D carbon networks
with electrochemical active MoSe2 nanosheets makes CMF/MoSe2
composites extremely desirable for high-performance electro-
chemical applications. Since the 3D CMF/MoSe2 composite foam
possesses high structural stability and elasticity, it can be directly
used as binder-free working electrode under the help of electrode
clamp (Fig. S1). The electrochemical HER performance of CMF/
MoSe2 composite foam was investigated in 0.5MH2SO4 solution
using a typical three-electrode setup. Generally, an ideal HER
catalyst is featured in low onset potential (the potential where HER
activity starts), low Tafel slop comparable to that of Pt catalyst, as
well as high current density at low overpotential.

To start with, comparison on the electrochemical activities of
CMF/MoSe2 composite, commercial Pt/C catalyst, physical mixture
of CMF and MoSe2 (denoted as CMF&MoSe2), pure MoSe2, and neat
CMF electrodes was performed using LSV analyses. As shown in
Fig. 3. XRD patterns of neat CMF, and CMF/MoSe2 composite foam.



Fig. 4. XPS spectra of CMF/MoSe2 composite foam: (A) survey spectrum, core-level spectra of (B) Mo 3d, (C) Se 3d and (D) Se 3p.
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Fig. 5A, Pt/C modified electrode presents the best HER catalytic
activity in terms of the smallest onset potential and the largest
current density. On the contrary, neat CMF modified GCE shows no
electrochemical activity with an almost horizontal line within the
potential window. CMF&MoSe2 and Pure MoSe2 exhibit obvious
electrochemical HER activity stemmed from the intrinsic electro-
chemical activity of LTMD, but still more negative onset potential
and much lower anodic current compared with CMF/MoSe2 com-
posite electrode (�0.071 V vs. RHE). This may be caused by the
rarity of available active sites of aggregated MoSe2 spheres, and the
absence of electrical coupling between CMF and MoSe2, thus
leading to the weak HER activity of CMF&MoSe2 and Pure MoSe2.
The outperformed electrochemical HER activity of CMF/MoSe2
composites (detailed comparison between different catalysts is
provided in Table S1) reveals the successful design of the inter-
connected 3D catalyst, which incorporates the merits of 3D carbon
networks and electro-active few-layered MoSe2 in a reasonable
manner to achieve synergistically enhanced HER performance.

The Tafel slope, which can be obtained from Tafel equation
(h¼ b log(j) þ a, where h is the overpotential, b is the Tafel slope
and j is the current density) based on the corresponding LSV curves
of electrodes, is correlated with the reaction pathway and adsorp-
tion type of HER catalysts, and usually represents the inherent
electrocatalytic property determined by the rate limiting steps of
HER. Fig. 5B presents the Tafel plots of different electrodes, which
gives the Tafel slop of about 78.6, 49.3, and 33.1mV dec�1 for pure
MoSe2, CMF/MoSe2 composites, and Pt/C catalysts, respectively. The
smaller Tafel slope of CMF/MoSe2 composites than that of pure
MoSe2 implies the faster increament of HER rate with increasing
overpotential, which is important in the practical applications.
Additionally, with a Tafel slope of 49.3mV dec�1, the HER process of
CMF/MoSe2 composite catalyst can be assigned as the Volmer-
Heyrovsky or the Volmer-Tafel mechanism with the Volmer reac-
tion as the rate-determine step. On the other hand, electrochemical
double-layer capacitance (Cdl) measurement was carried out using
cyclic voltammetry (CV) tests to estimate the effective surface area
of the solid-liquid interface [48]. As shown in Fig. 5C and D, the
CMF/MoSe2 composite foam display the biggish Cdl of about
25.1mF cm�2, demonstrating there was more active sites involved
in the electrochemical process, thus resulting in the excellent HER
performance of CMF/MoSe2 composite foam.

In order to investigate the electrochemical behavior of the
electrodes during HER testing environments, electrochemical
impedance spectroscopy (EIS) analyses were performed on neat
CMF, pure MoSe2, and CMF/MoSe2 composites electrodes. As can be
observed from Fig. 6, typically, the visible semicircles in the low
frequency range of Nyquist plots are mainly ascribed to the charge
transfer resistance (Rct) of Hþ reduction at the electrode-electrolyte
interface, the x-intercept of Nyquist plots are normally stemmed
from the series resistance (Rs) of the catalysts. It is obvious that Rct
of CMF/MoSe2 composites is greatly decreased than that of pure
MoSe2, indicating that.

CMF with larger surface area and 3D interconnected architec-
ture can mediate the uniform distribution of few-layered MoSe2
nanosheets, thus significantly enhance the charge transfer effi-
ciency along the electrode-electrolyte interface. additionally, CMF/
MoSe2 composite foam also reveals smaller Rs compared with pure
MoSe2 nanospheres, implying the intimate coupling between few-
layered MoSe2 nanosheets and electrical conductive CMF frame-
works can offer fast routs for efficient electron transfer. These EIS



Fig. 5. LSV polarization curves for different electrodes in N2-purged 0.5MH2SO4 solution. Scan rate: 5mV s�1 (A). Tafel plots for pure MoSe2, Pt/C, and CMF/MoSe2 electrodes (B). CV
curves of the CMF/MoSe2 composite electrode at different scan rates in the region of 0.1e0.2 V vs. RHE (C). Plot showing the extraction of the double layer capacitance (Cdl) for the
CMF/MoSe2 composite electrode at 0.15 V (D).

Fig. 6. Nyquist plots for neat CMF, pure MoSe2 nanosheets, and CMF/MoSe2 composite
foam.
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results further highlight the successful design of the 3D hierarchical
CMF/MoSe2 composite foam as high-performance Pt-free HER
catalyst. Long-cycle durability is of vital significance for a HER
catalyst in industrial applications. Here, the LSV curves of CMF/
MoSe2 composite before and after 3000 cyclic voltammetry (CV,
from �0.3 V to 0.1 V (vs. RHE) at 100mV s�1) cycles is shown in
Fig. 7A. It is evident that CMF/MoSe2 composite retains almost the
same low HER onset potential, but with a slight decline on the
current density, indicating the good stability of the CMF/MoSe2
composite catalyst. The current decaymay be caused by the gradual
accumulation of MoSe2 nanosheets (Fig. 7B), thus slightly decrease
the number of exposed active edges for HER process.

The electrochemical HER process is intrinsically an interfacial
reaction involving the adsorption and dissociation of hyfrogen
molecules mainly on the surface/interface of the catalysts, that
means more accessible electro-active sites and high ion/charge
transfer efficiency potentially lead to better HER performance.
Based on this concept, the remarkable HER capability of CMF/
MoSe2 composite foam is assumed to be attributed to the hierar-
chical few-layered MoSe2 nanosheets backboned with 3D inter-
connected carbon networks (Scheme 2), which can be summarized
into three aspects. To begin with, 3D CMF frameworks with excel-
lent porocity could provide substantial nucleation sites for the
uniform distribution of MoSe2 nanosheets. Secondly, deposited
few-layered MoSe2 nanosheets with fully exposed active edges and
open structures could offer numerous active sites to facilitate effi-
cient HER process. Lastly, the heterogeneous architecture of CMF/
MoSe2 composite foam could ensure fast charge transport kinetics
benefiting from the electrical conductive 3D interconnected CMF
networks. The integration of above three factors gives birth to the
3D hierarchical CMF/MoSe2 composite foam with excellent HER
catalytic capability.

4. Conclusions

In summary, we have demonstrated a versatile paradigm for the
fabrication of 3D flexible catalyst by depositing electrochemical
active MoSe2 nanosheets on elastic CMF for high-performance
electrochemical HER. The efficient two-step synthesis involves



Fig. 7. LSV polarization curves for CMF/MoSe2 composite electrode recorded before and after 3000 times of CV cycles (A), and SEM image of CMF/MoSe2 composite foam after
cycling test (B).

Scheme 2. Schematic representation of fast charge transfer and efficient ion diffusion
during the HER process of CMF/MoSe2 composite foam.

Y. Huang et al. / Electrochimica Acta 263 (2018) 94e101100
the direct carbonization of polymeric MF and subsequent growth of
few-layered MoSe2 nanosheets through a simple solvothermal re-
action. This rationally designed interconnected 3D architecture not
only realizes the uniform deposition of MoSe2 nanosheets, but also
affords efficient and rapid pathways for ion and electron transport
through the carbonaceous backbone and the intimate interaction
between two components. Thus resulted flexible and lightweight
CMF/MoSe2 composite foamwith fully exposed active edges exhibit
greatly improved electrochemical HER catalytic activity featured in
a low onset potential of �0.071 V vs. RHE and small Tafel slope of
49.3mV dec�1. The presented encouraging results open up the
possibility for the development of 3D flexible catalysts for high-
performance HER.
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