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Hydrogen is one of the cleanest and most
efficient energy carriers in our life. In particular,
sustainable hydrogen production from water
splitting has become an important issue.[1] To
date, efficient electrocatalysts for the hydrogen
evolution reaction (HER) are still expensive
platinum-group metals. Searching for alternative
Pt-free catalysts for the HER is a crucial task for
hydrogen-based energy industry.

H2 production is naturally catalyzed by the
enzymes containing iron and nickel (Ni)
ions.[1b,c,d] Inspired by the abundant element Ni
(90 ppm) used in nature[1b,c] and detailed theo-
retical analyses,[2] various Ni-based materials
have been designed to catalyze the HER,
including, for example, Li+-Ni(OH)2-Pt,[2b]

nickel diphosphine complex,[3] Raney Ni-Sn,[4]

Ni-Al,[5] Ni-Mo alloys,[6] Raney Ni-Co3O4

matrix composite,[7] Ni dendrites,[8] and NiSe
nanofiber assemblies.[9] However, these catalysts
always faced the problems of low yield, synthetic
difficulties, and especially the unsatisfactory
catalytic properties. It is highly necessary to
develop a simple strategy toward the fabrication
of an economical and efficient Ni-based material
for electrocatalytic hydrogen production.

Non-noble metal chalcogenides, typically
MoS2, have been intensively investigated as
promising alternative catalysts for the HER.[10]

The active edge sites on the MoS2 nanoparticles
(NPs) are verified to be effective for the
HER.[10e] In our recent studies, novel lamellar
mesostructured CoSe2/DETA (DETA = diethy-
lenetriamine) nanobelts (NBs) synthesized by
a solvothermal strategy[11] were found to be very
active for the oxygen evolution reaction
(OER)[12] and oxygen reduction reaction
(ORR),[13] and these electrocatalytic properties
can be further enhanced by synergistic coupling with other functional nanostructures.[12, 13] All above-men-

tioned research suggests that Ni species functionalized CoSe2

NBs could be a promising catalyst for the HER.
Herein, we report a simple solvothermal method to

prepare Ni/CoSe2 nanocomposite and a subsequent annealing
process to form thin NiO shells on Ni NPs. This resulting
novel Ni/NiO/CoSe2 hybrid shows an excellent activity for the
HER in acidic medium.

The Ni/CoSe2 nanocomposite is synthesized by a simple
solvothermal reaction in the solution of N,N-dimethylforma-
mide (DMF). Then the thin NiO shells are formed by
a thermal annealing process (see the Experimental Section).
Figure 1a–c shows the scanning electron microscopy (SEM)
and transmission electron microscopy (TEM) images of the
Ni/NiO/CoSe2 nanocomposite with different magnifications.
Figure 1a and b shows that the substrate material of CoSe2

NBs is thin, flexible, smooth, and almost transparent. The
NBs have a width of 100–500 nm and lengths up to several
tens of micrometers. Figure 1b and c shows that the surfaces
of the NBs are decorated by small NPs with an average
diameter of about 15 nm (Figure 1b and inset). The high-

Figure 1. a) SEM image of the Ni/NiO/CoSe2 nanocomposite. b,c) TEM images with
different magnifications of the Ni/NiO/CoSe2 nanocomposite. The inset in (b) shows
the corresponding particle-size histogram. d) HRTEM image of an attached NP and
its connected support. e) XRD patterns and f) EDX spectrum of the nanocomposite.
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resolution TEM (HRTEM) image (Figure 1d) shows a spe-
cific NP on the CoSe2 NB, which uncovers the resolved lattice
fringes of Ni (112) planes with a spacing of 1.13 �, as well as
(220) planes of the neighboring CoSe2 substrate with a spacing
of 2.07 �. The X-ray diffraction (XRD) technique confirms
the phases for the Ni/NiO/CoSe2 nanocomposite, which
corresponds to Ni (JCPDS 45-1027), NiO (JCPDS 47-1049),
and CoSe2 (JCPDS 9-234) (Figure 1e). The NiO peaks are not
obvious in that the NiO shells are too thin to emanate
distinguishable peaks. Energy-dispersive X-ray spectroscopy
(EDX) analysis confirms the existence of Ni, O, Co, and Se
elements whereas Cu and C peaks emanating from the
carbon-coated TEM grid also exist (Figure 1 f). The X-ray
photoelectron spectroscopy (XPS) shows the surface electron
states of the elements (see Figure S2 in the Supporting
Information). The binding energies of Ni 2p and O 1s are
855.4 and 531.1 eV, respectively, which agree with the
reported values of NiO (Ni 2p 855.6 eV, O 1s 531.2 eV).[14]

Anchoring Ni/NiO NPs onto the CoSe2/DETA surface is
easily achieved through a heterogeneous nucleation process,
as illustrated in Figure 2. The confined growth of Ni on the
CoSe2/DETA surface is attributed to the copious amino
groups on the CoSe2/DETA surface (see Figure S3 in the
Supporting Information), which can serve as the nucleation
sites to couple Ni precursors and lead to corresponding
deposition of Ni NPs on CoSe2 under solvothermal condi-
tion.[12, 13] The FT-IR spectrum shows that no DETA mole-
cules remain on the obtained Ni/NiO/CoSe2 nanocomposite
(see Figure S3 in the Supporting Information), which should
be the result of both Ni/NiO NP coverage and the high-
temperature and pressure reaction. The same synthesis

strategy produced free Ni/NiO core/shell NPs with a diameter
of about 100 nm in the absence of CoSe2 (Figure 2c and d).
Such obvious morphology difference demonstrates the medi-
ating role of the CoSe2 NBs, which could control the growth
behavior of the introduced functional nanomaterials.

We investigated the catalytic performance for the HER of
the Ni/NiO/CoSe2 nanocomposite deposited on a glassy
carbon (GC) electrode in Ar-saturated 0.5m H2SO4 solution
using a typical three-electrode setup (see the Supporting
Information for measurement details). The CoSe2 NBs, free
Ni/NiO NPs, commercial Pt/C catalyst (Johnson–Matthey,
20 wt %), and bare glassy carbon (GC) electrode were also
performed with the same measurement for comparison.
Potentials are reported versus the reversible hydrogen
electrode (RHE, see the Supporting Information for the
calibration of the RHE). The polarization curves recorded on
the Ni/NiO/CoSe2 and CoSe2 catalysts show onset potentials
at about �0.03 and �0.05 V, respectively, beyond which the
cathodic currents rise rapidly when the potential turns more
negative, exhibiting superior activity than the well-studied Pt-
free catalysts (Figure 3a and Table S1).[3a,c,6,8, 9, 10b,c,d,e] In sharp
contrast, the free Ni/NiO core/shell NPs catalyst has a small
activity for the HER and the bare GC electrode does not
affect the activity for the HER. The linear regions of the Tafel
plots (Figure 3b) were fit into the Tafel equation (h =

b log(j) + a, where b is the Tafel slope), yielding values of
about 39, 48, and 30 mV per decade for the Ni/NiO/CoSe2

nanocomposite, CoSe2 NBs, and the commercial Pt/C catalyst,
respectively. Compared with the Tafel slopes of other Pt-free
catalysts like NiSe nanofiber assemblies[9] (about 64 mV per
decade), core/shell MoO3/MoS2 nanowires[10b] (about 50–
60 mV per decade), amorphous MoS2 catalyst[10c] (about
60 mV per decade), and MoS2/graphene[10d] catalyst (about
41 mV per decade), the lower Tafel slopes of our Ni/NiO/
CoSe2 nanocomposite and CoSe2 NBs demonstrate their
superior activities. To further assess the intrinsic activity of the
new composite catalyst, the exchange current density (j0) was
also measured. The j0 for the Ni/NiO/CoSe2 nanocomposite
was determined as 1.4 � 10�2 mAcm�2, outperforming the
value of 8.4 � 10�3 mAcm�2 of pure CoSe2. Although the j0 for
the Ni/NiO/CoSe2 nanocomposite is still much lower than that
of the commercial Pt/C catalyst of 7.2 � 10�1 mAcm�2, it is
a satisfactory value for a Pt-free catalyst for the HER at the
current state of the art.

The annealing temperature could significantly influence
the activities for the HER of the Ni/NiO/CoSe2 catalysts. The
sample annealed at 250 8C for 1 h displays the best activity for
the HER compared with its counterparts (Figure 3c). The
annealing process could remarkably improve the activity for
the HER of the nanocomposite by forming synergistic NiO
shells whereas the over-oxidized NiO shells will increase the
internal resistance and block the active sites on the CoSe2

nanobelts as a result of the high-temperature annealing. The
sample annealed at 250 8C for 1 h produces the most compact
and balanced core/shell configuration to take full advantage
of the synergistic coupling effect from the functional materi-
als.

Electrochemical impedance spectroscopy (EIS) measure-
ments were performed for Ni/NiO/CoSe2 nanocomposite and

Figure 2. a) Synthesis of the Ni/NiO/CoSe2 nanocomposite. b) TEM
and HRTEM (inset) images of the Ni/NiO/CoSe2 nanocomposite.
c) Synthesis without any CoSe2 NBs, resulting in large, free Ni/NiO
core/shell NPs. d) SEM and TEM (inset) images of the free Ni/NiO
core/shell NPs.
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CoSe2 NB samples to understand the enhanced electrochem-
ical activation behavior (Figure 3d). The observed semicircle
for the two samples suggests that the charge-transfer resist-
ance controls the kinetics at the electrode interface.[18] The Ni/
NiO/CoSe2 nanocomposite exhibits a much smaller charge-
transfer resistance, which is beneficial to achieve highly
efficient charge transport, owing to the synergistic improve-
ment from the loaded Ni/NiO nanoparticles. The Ni/NiO/
CoSe2 catalyst does not guarantee the long-term durability
presumably because of the irreversible reaction of loaded Ni
species in acidic medium. The unstable but efficient MoS2

catalysts[10a,c] for the HER could be remarkably stabilized by
anchoring graphene molecules onto their surface.[10d,f,g] The
stability of the Ni/NiO/CoSe2 catalyst could be much
improved by incorporation of other protective materials,
such as conductive graphene molecules, which is our ongoing
work.

The experimentally observed excellent activity for the
HER of our Ni/NiO/CoSe2 nanocomposite catalyst agrees
well with the reported theoretical analyses.[2] According to
Greeley et al. ,[2d] Ni is the most active metal among the non-
noble metals for catalyzing the HER based on calculations
derived from density functional theory (DFT) and the
sabatier principle.[2a,d] On the other hand, Thiel et al.[2c]

proposed that 3d transition-metal oxides (e.g. nickel oxide)
are particularly active for catalyzing the HER, for that they
are rich in defects for the dissociative adsorption of water
molecules.[2b,c] Subbaraman et al.[2b] proposed that the edges
of the nanometer-scaled Ni-(hydr)oxide clusters could facil-

itate the dissociation of water by weak-
ening the O�H bond of the absorbed
water. This assumption is experimen-
tally verified by the Ni(OH)2 cluster-
modified Pt electrode surface.[2b] For
our material, probably the Ni cores are
also active for catalyzing the HER
except for their function as conductive
pathways, whereas NiO shells have the
same promoting role to weaken the O�
H bond in the absorbed water mole-
cules.

The compact and balanced config-
uration of the core/shell structure on
the smooth substrate of our catalyst
plays a key role in enhancing the
activity for the HER (Figure 4 a). The
modified CoSe2 NB substrate could
provide rich active sites for the HER
reaction, the conductive Ni cores could
efficiently lower the internal resistance,
and the thin NiO shells could synerg-
istically facilitate the dissociation of
water. The conductive network of the
Ni cores could also guarantee its com-
mercial production at a large scale.
Besides, the high density of the grain
boundaries as a result of the very small
particle size of the NiO shells creates
efficient diffusion pathways for the H+

ions.[16]

The chemical synergistic effect between the CoSe2 NB
substrate and the NiO shells also contributes to the enhanced
activity. Notably, the free CoSe2 NBs have a relatively high

Figure 3. a) Polarization curves for the HER on a bare glassy carbon (GC) electrode and modified
GC electrodes comprising the Ni/NiO/CoSe2 nanocomposite, CoSe2 NBs, Ni/NiO NPs, and
a commercial 20 wt % Pt/C catalyst, respectively. b) Tafel plots derived from (a). c) Polarization
curves for the HER on modified GC electrodes comprising Ni/NiO/CoSe2 nanocomposites with
different annealing treatments. d) Nyquist plots of the Ni/NiO/CoSe2 nanocomposite and CoSe2

NBs. Z’ is the real impedance and �Z’’ is the imaginary impedance. Catalyst loading: about
0.28 mg cm�2. Sweep rate: 2 mVs�1.

Figure 4. a) Dissociation of water, formation of Hads intermediates, and
subsequent recombination of two Hads atoms to form H2 as well as
desorption of OH� ions from the Ni/NiO core/shell domains. b) Co 2p
XPS spectra for the free CoSe2/DETA NBs and the as-constructed Ni/
NiO/CoSe2 nanocomposite.
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activity for catalyzing the HER (Figure 3a–c), showing its
role as a functional catalyst for water splitting.[15] On the other
hand, the NiO shell functions as a synergist. Figure 4 b shows
that the electron-binding energy of Co 2p in CoSe2 decreases
by 0.4 eV after being decorated by Ni/NiO core/shell NPs
(Figure 4b). This is presumably caused by the electron
transfer from the NiO shells to the CoSe2 substrate.[12] Then
the more Lewis acidic NiO shells further facilitate the
activation of Lewis basic H2O through Lewis acid–base
interaction, which finally leads to an improved activity for the
HER. Thus, this work represents a new strategy for con-
structing advanced electrocatalysts for the HER with high
performance by coupling different multifunctional materials
together.

Generally, there are three principal steps that could
participate for the HER in acidic media,[9, 10b,d, 17] that is, the
Volmer (electrochemical hydrogen adsorption: H3O

+ + e�!
Hads + H2O), the Heyrovsky (electrochemical desorption:
Hads + H3O

+ + e�!H2›+ H2O), and the Tafel (chemical
desorption: Hads + Hads!H2›) reactions. According to the
kinetic models for the HER, Tafel slopes of about 120, 40, or
30 mV per decade will be achieved if the Volmer, Heyrovsky,
or Tafel step is the rate-determining step, respectively.[17] The
experimentally observed Tafel slope of about 39 mV per
decade for the Ni/NiO/CoSe2 catalyst suggests that the
Volmer–Heyrovsky mechanism takes effect in the HER.[17]

In summary, we report a cheap and advanced catalyst for
the HER of the Ni/NiO/CoSe2 nanocomposite, which can be
synthesized by anchoring Ni/NiO nanoparticles onto CoSe2

nanobelts through a simple solvothermal reaction and
a subsquent thermal annealing process. Such a composite
catalyst shows a small cathodic onset potential of about
�0.03 V and a small Tafel slope of about 39 mV per decade.
To our knowledge, this new nanocomposite catalyst is one of
the best Pt-free electrocatalysts for the HER in acidic
medium. The enhanced property may be attributed to the
compact configuration of the Ni/NiO core/shell NPs anchored
onto the spacious CoSe2 NBs. This work presents a new
strategy for designing advanced non-noble metal catalysts by
coupling multifunctional nanostructures together and can be
extended for developing new composite catalysts in the
future.
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