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hydrogen evolution reactions†
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and Peter Kasak*a

The depletion of fossil fuels and associated environmental problems have drawn our attention to renewable

energy resources in order to meet the global energy demand. Electrocatalytic hydrogen evolution has been

considered a potential energy solution due of its high energy density and environment friendly technology.

Herein, we have successfully synthesized a noble-metal-free Co–Ni/MoS2 nanocomposite for enhanced

electrocatalytic hydrogen evolution. The nanocomposite has been well characterized using HRTEM,

elemental mapping, XRD, and XPS analysis. The as-synthesized nanocomposite exhibits a much smaller

onset potential and better current density than those of Co–MoS2, Ni–MoS2 and MoS2, with a Tafel value

of 49 mV dec�1, which is comparable to that of a commercial Pt/C catalyst. The synergistic effect and

interfacial interaction of Co–Ni bimetallic nanoparticles enhances the intrinsic modulation in the

electronic structure resulting in an improved HER performance. Moreover, the electrochemical

impedance spectroscopic results suggest smaller resistance values for the Co–Ni/MoS2 nanocomposite,

compared to those for the charge transfer of bare nanosheets, which increase the faradaic process and

in turn enhance the HER kinetics for a better performance. Our as-synthesized Co–Ni/MoS2
nanocomposite holds great potential for the future synthesis of noble-metal-free catalysts.
Introduction

Hydrogen has been considered as an alternative energy carrier
to fossil fuels due to its high energy density and environment
friendly technology (without the release of greenhouse gases,
such as carbon dioxide).1,2 Over the past few decades, the elec-
trochemical splitting of water to produce hydrogen has received
great attention because the reaction can be driven by electricity
generated through eco-friendly resources.3 However, the elec-
trolytic hydrogen evolution reaction (HER) is hampered by high
overpotentials and the corrosion problems of transition metal-
based catalysts.4 Platinum-based electrocatalysts have shown
the lowest overpotentials for hydrogen evolution reaction.5

However, the limited availability and high cost of Pt are the
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main hurdles for large-scale production. A key challenge for
electrochemists is to synthesize a low-cost, scalable, noble-
metal-free catalyst which has an activity comparable to that of
the platinum catalysts.6

Numerous studies have reported that various non-precious
transition metal-based catalysts (Co, Ni, Fe, Mo, W) have
shown remarkable activities for the hydrogen evolution reaction
(HER).7,8 Nanomaterials, metal alloys, oxides, suldes, phos-
phides and carbides of these transition metals have the
potential to replace Pt-based catalysts.9,10 Among these,
molybdenum-based materials have emerged as the most
promising catalysts for the hydrogen evolution reaction with
activities comparable to that of commercial Pt/C.11,12

Molybdenum sulde is the most active, earth-abundant
material which exhibits a layered structure interconnected
through van der Waals forces.13 However, the poor intrinsic
conductivity of MoS2 greatly suppresses its charge transfer
ability and in turn reduces its electrocatalytic hydrogen
evolution performance.14 To cope with this issue, a variety of
strategies have been proposed such as nano-structuring of
MoS2, structural modication and loading it with other active
metal nanoparticles. Nanoparticles loaded onto supports have
been widely studied and present the most efficient way to
modify the electronic structure and electrocatalytic
performance.15,16
This journal is © The Royal Society of Chemistry 2018
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Among the various metal nanoparticles that have been
studied, nickel and cobalt based materials seem to be more
promising for electrocatalytic water splitting. More recently, Ni-
based alloy catalysts (NiFeP, NiFe, Ni2P, Ni/NiO/CNTs) have
shown better electrocatalytic activities owing to the synergistic
effect of alloying metals.17–20 Cobalt based dichalcogenides
(CoS2, CoSe2),21,22 cobalt phosphide (CoP)23 and a cobalt nitride
(Co0.6Mo1.4N2)24 have also been explored as potential candidates
for the hydrogen evolution reaction.

Herein, we have loaded Co and Ni nanoparticles onto MoS2
nanosheets to see whether the synergistic effect of different
metals will change the intrinsic electrical properties and surface
morphology, thus exposing more active sites for the electro-
catalytic hydrogen evolution reaction. HRTEM analysis shows
that Co–Ni nanoparticles are small in size and are in close
contact with the MoS2 nanosheets which can promote mass and
electron transport during the electrocatalytic reaction. The Tafel
value determined for the Co–Ni/MoS2 nanosheets is as low as
49 mV per decade, which is comparable to that of a Pt catalyst.

Experimental
Chemicals

Cobalt(II) acetate tetrahydrate Co(OAc)2$4H2O, nickel(II) acetate
dihydrate Ni(OAc)2$2H2O, hydrochloric acid (HCl), sodium
hydroxide (NaOH), hydrazine hydrate (N2H4 H2O) were obtained
from Sinopharm Chemical Reagent Co., Ltd and were used
without further purication. Molybdenum(VI) oxide (MoO3) and
sodium sulde nonahydrate (Na2S$9H2O) were bought from
Aldrich and used as received. Water was puried using ion
exchange (Milli-Q, Millipore) and served as deionized (DI)
water.

Characterization

Powder X-ray diffraction (XRD) measurements of the products
were performed using a Philips X'Pert Pro Super X-ray diffrac-
tometer equipped with graphite monochromatized CuKa radi-
ation (l¼ 1.54178�A). Transmission electron microscopy (TEM),
and high-resolution TEM (HRTEM) images were recorded on
a JEM-ARF200F transmission electron microscope. The high-
angle annular dark-eld scanning transmission electron
microscopy (HAADF-STEM) images were taken on a JEOL JEM-
ARF200F atomic resolution analytical microscope. The X-ray
photoelectron spectroscopy (XPS) measurements were carried
out on a PerkinElmer RBD upgraded PHI-5000C ESCA system.
The inductively coupled plasma atomic emission spectroscopy
(ICP-AES) measurements were made using a PerkinElmer
Optima 8000 ICP-AES/ICP-OES spectrometer.

Synthesis of MoS2 nanosheets

In a typical synthesis, 0.72 g of molybdenum(VI) oxide (MoO3)
and 3.6 g of sodium sulde nonahydrate (Na2S$9H2O) were put
into 56mL of a 0.4MHCl solution and stirred for a fewminutes.
Aer that, the reaction mixture was transferred into a 100 mL
autoclave and heated at 270 �C for 12 hours. Aer cooling the
autoclave to room temperature, the black product obtained was
This journal is © The Royal Society of Chemistry 2018
washed with water and ethanol three times. Finally, the product
was dried at 60 �C in a vacuum oven for further use.
Synthesis of Co–Ni nanoparticles supported on MoS2
nanosheets

For the loading of Co–Ni nanoparticles onto MoS2 nanosheets,
100mg ofMoS2 was dispersed in 30mL of ethylene glycol. Then,
2.5 wt% of Co(OAc)2$4H2O and 2.5 wt% of Ni(OAc)2$4H2O
(Co : Ni ¼ 1 : 1 atomic ratio) were added into the reaction
mixture which was stirred for 24 hours. Aer stirring, the pH of
the solution was adjusted to 10 by dropwise addition of NaOH
solution, and 2 mL of hydrazine hydrate was added as
a reducing agent. The solution mixture was then added into
a 100 mL round bottomed ask and placed in a microwave oven
(National N-S570MFS microwave oven, 2450 MHz, 900 W, Sanle
General Electric Corp. Nanjing, China) at 600 W for 2 min. The
as-synthesized product was washed with distilled water and
absolute ethanol several times to remove possible residual
impurities. The product was dried at 60 �C in a vacuum oven
before being further characterized. The synthesis of Co–MoS2
and Ni–MoS2 were the same, except that Co(OAc)2$4H2O and
Ni(OAc)2$4H2O were used separately.
Electrochemical measurements

Before each electrochemical experiment, a glassy carbon (GC)
electrode (0.196 cm2 geometric surface area) was rst polished
with an alumina slurry (Al2O3, 0.05 mm) on a polishing mat to
obtain a mirror-nish, followed by sonication in 0.1 M HNO3,
0.1 M H2SO4, and DI water for 10 min successively. Then, ca.
80 mL (loading on GCE 0.57 mg cm�2) of the catalyst in DI water
(4 mg/1 mL) was drop-coated onto the polished electrode
surface using a microliter syringe, and was then dried under
vacuum at room temperature. Aer drying, the catalyst lm was
covered with a thin layer of Naon (0.1 wt% in water, 5 mL) to
ensure that the catalyst remained tightly attached to the elec-
trode surface during the electrochemical measurements. Vol-
tammetry measurements were carried out with a CHI750D
electrochemical workstation in a standard three-electrode setup
with a working electrode, Ag/AgCl electrode as the reference,
and platinum wire as the counter electrode. Aer the
measurements, all of the experimental results were converted
with respect to a standard RHE reference electrode. To measure
the HER activity, a 0.1 M HClO4 solution was used. The elec-
trolyte solution was purged and saturated with N2, in order to
create an inert atmosphere and avoid any interference due to
the presence of dissolved oxygen during the electrochemical
measurements. Then, the catalyst-functionalized GC electrode
was immersed in the solution and rotated at 1000 rpm using
a rotating disk electrode workstation. Measurements were taken
at a 5 mV s�1 scan rate by linear sweep voltammetry (LSV). The
accelerated durability test for the long-term stability of elec-
trodes was investigated by electrochemical cycling in a potential
window range between �0.30 and 0.30 versus RHE in a 0.1 M
HClO4 solution, at a scan rate of 10 mV s�1 with a 1000 rpm
rotation speed for up to 2000 cycles.
RSC Adv., 2018, 8, 3374–3380 | 3375
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Results and discussion

The strategy for the synthesis of a highly efficient noble metal
free electrocatalyst for the hydrogen evolution reaction was
inspired by the synergistic effect of the interfacial phenomenon
of different metallic nanoparticles. Herein, we propose to use
both Co and Ni NPs loaded onto MoS2 nanosheets which can
signicantly promote the catalytic performance by synergistic
effect. We have rationally designed and synthesized molyb-
denum sulde nanosheets and then loaded them with ultra-
small sized Co–Ni nanoparticles for HER. The morphology of
the as-synthesized Co–Ni/MoS2 nanosheets was observed
through transmission electron microscopy (TEM). A typical
TEM image of the Co–Ni/MoS2 nanosheets is displayed in
Fig. 1a and it can be clearly seen that the MoS2 mainly consists
of numerous sheets that are a few nm in thickness. The loading
of Co–Ni nanoparticles can be observed in the high resolution
transmission image (Fig. 1b), which shows apparent lattice
fringes corresponding to MoS2 nanosheets and Co–Ni nano-
particles. The distance between the adjacent lattice fringes was
calculated to be 0.61 nmwhich corresponds to the [002] plane of
pure hexagonal MoS2. The successful loading of Co–Ni NPs and
close contact with MoS2 nanosheets was also observed by
HRTEM analysis. The high resolution transmission image
reveals small dots of Co and Ni nanoparticles on MoS2 nano-
sheets with an observed lattice spacing value of 0.20 nm which
can be readily ascribed to the [111] plane of Co and Ni. The size
of the Co–Ni nanoparticles is about 5 nm and the planes
interact well with MoS2 resulting in interfacial contact, thus
providing exposed reaction sites. In addition, HAADF-STEM
element mappings were also taken to strengthen the claim of
successful loading of Co–Ni NPs onto MoS2 nanosheets, and it
can be clearly seen from Fig. 1d that Co–Ni NPs are evenly
distributed on the nanosheets, indicating the high dispersity of
nanoparticles.

The XRD patterns of as-synthesized MoS2 and Co–Ni–MoS2
are shown in Fig. 2. The XRD pattern of the MoS2 nanosheets
Fig. 1 SEM image (a), HRTEM image (b), STEM image (c) and HAADF-
STEM element mappings images (d) of the Co–Ni/MoS2
nanocomposite.

3376 | RSC Adv., 2018, 8, 3374–3380
shows diffraction peaks which can be readily indexed to
hexagonal MoS2 (JCPDS #37-1492) with cell parameters of a ¼
3.1612�A, b ¼ 3.1612�A, c¼ 12.299�A and space group P63/mmc.25

The characteristic XRD diffraction peaks of MoS2 were easily
observed at 14.3�, 35.8�, 39.5�, 44.1�, 49.7� and 58.3� well
matched to the [002], [102], [103], [006], [105] and [110] planes of
the molybdenite-2H phase, respectively. The diffraction peaks
of the Co and Ni nanoparticles in Co–Ni–MoS2 were not
observed largely due to the ultra small size of the nanoparticles.

X-ray photoelectron spectroscopy (XPS) was used to evaluate
the surface composition and valence states of Co–Ni–MoS2. The
representative XPS survey scan spectrum (Fig. S1†) indicates the
existence of the Mo, S, Co and Ni elements. Fig. 3a exhibits the
Mo 3d binding energy (225–236 eV) region with binding ener-
gies for Mo 3d5/2 and Mo 3d3/2 of 229.5 and 232.3 eV, respec-
tively, which can be readily assigned to Mo4+ which exists in the
pure MoS2.26 Fig. 3b shows the high resolution XPS spectrum of
S 2p which can be deconvoluted into two peaks, one at 161.3
and the other at 162.6 eV, attributed to S 2p3/2 and S 2p1/2
respectively, and these correspond well to the S2� of the 2H
phase of MoS2. The binding energies of Co 2p3/2 and Co 2p1/2
are observed at 778.27 eV and 794.5 eV with satellite peaks at
782.0 eV and 799.0 eV, respectively, and are in good agreement
with the values reported for Co nanoparticles with the presence
of surface oxides, indicating the successful loading of Co
nanoparticles (Fig. 3c).27 The high resolution XPS spectrum of
the Ni 2p orbital shows two strong peaks at 852.67 eV and
870.7 eV, corresponding to Ni 2p3/2 and Ni 2p1/2, respectively
(Fig. 3d). Ni 2p also shows satellite peaks at 857.47 eV and
875.9 eV which are in good agreement to those of Ni nano-
particles.28 The ratio of Co and Ni was observed to be 1 : 1 from
the XPS and ICP-AES measurements, which is in agreement
with the experimental data.

Among various transition metal suldes, MoS2 has proved to
be an efficient and active material for the electrocatalytic
hydrogen evolution reaction (HER).29–31 Its benets include
lower cost, higher chemical stability, activity and almost
Fig. 2 XRD patterns of the MoS2 nanosheets and the Co–Ni/MoS2
nanocomposite.

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 XPS spectra of Co–Ni/MoS2 nanocomposite: Mo 3d orbital (a),
S 2p orbital (b), Co 2p orbital (c) and Ni 2p orbital (d).
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comparable characteristics to graphene, such as the covalent
bonded S–Mo–S sheets in MoS2 being associated together by
weak van der Waals forces and its tendency to easily peel into
thin sheets.32,33 In addition, the electrocatalytic HER activity and
stability of MoS2-based composites in acidic media also present
a challenge in order to meet the higher durability and stability
requirements of catalysts when they are exposed to electrolysis
equipment in acidic environments.34,35 Herein, the overall MoS2
based composite is dened as a Co–Ni associated Co–Ni–MoS2
hybrid. The as-developed nanocomposite material has shown
excellent HER performance with a durable nature in acidic
conditions. It is also documented that superior hydro-
desulfurization behavior (HDS) of catalyst materials may lead to
them having an extraordinary HER catalysis performance, due
to the close free energy of adsorbed atomic hydrogen with that
of the Pt-group metals (i.e., DGH* z 0), this property makes
them auspicious for the HER.36–38

In our designed electrocatalyst, the MoS2 material was tuned
with Co–Ni co-doping, yielding Co–MoS2 and Ni–MoS2 phases,
where the promotion degree of MoS2 is accelerated by the
adjacent Co and Ni sites.39,40 The HER performance of all of the
synthesized materials is shown in Fig. 4a and is also compared
with the well-known commercial Pt/C catalyst. As for the HER
catalysis, the performance of the catalyst material shows
a strong dependence on the hydrogen adsorption energy and
kinetic energy barrier of the hydrogen evolution reaction
Fig. 4 LSV curves in 0.1 M HClO4 (a) and Tafel plots (b) of MoS2,
Ni/MoS2, Co/MoS2 and the Co–Ni/MoS2 nanocomposite.

This journal is © The Royal Society of Chemistry 2018
pathway. In Co–Ni/MoS2, the introduction of foreign metal
candidates inside the MoS2 lattice induces the feasibility to
engineer the electronic and/or surface structures for enhancing
the HER activity. In light of the above stated factors, Co–Ni/
MoS2 was shown to have a superior HER performance to that of
Co–MoS2 and Ni–MoS2, in a systematic way. The performance of
the Co–Ni/MoS2 nanocomposite has also proven that it has the
potential to be an alternative catalyst to the commercial Pt/C
catalyst. The enhanced HER activity may also correlate to
morphology changes and/or chemical changes, through the
introduction of bimetallic Co–Ni active sites with sulfur
bridging.41,42

Remarkably, the Co–Ni/MoS2 catalyst showed a much
smaller and highly improved HER onset potential than those of
Co–MoS2 and Ni–MoS2, and a further increase in the over-
potential led to an increase in the current density, even
compared to that of the commercial Pt/C catalyst, as the
cathodic current increased. The as-generated larger cathodic
current compared to that of Pt/C should exclusively be due to
two proposed reasons. First, from the catalytic reduction of
protons from the Co–Ni co-associated MoS2 composite, and
second, that the Co–MoS and Ni–MoS phases might play a more
crucial role in decreasing the hydrogen binding energy (DGH) at
the S-edge to weaken the H* adsorption tendency signi-
cantly.43,44 Cobalt and nickel are also considered to enhance the
intrinsic activity of each active site by electron transfer towards
molybdenum in the Co–Ni/MoS2 nanocomposite. This corre-
sponds to the removal of s* metal d – sulfur 3p electrons from
Co–Ni resulting in a high intrinsic activity of these elements.
The co-presence of Co–Ni also increases the dispersion degree
owing to the stronger interaction between the metallic nano-
particles and support, enhancing the active sites. Moreover, the
Tafel plots presented in Fig. 4b show a small Tafel slope of ca.
49 mV per decade for the as-developed Co–Ni/MoS2 nano-
composite which much better than those of Co–MoS2, Ni–MoS2
and MoS2 with values of ca. 58 mV per decade, 62 mV per
decade, 106 mV per decade, respectively. The value is also very
close to that of the Pt/C catalyst which has a 34 mV per decade
characteristic slope value. The performance and Tafel values
reect classical HER theoretical behaviour in acidic media, and
the Volmer–Heyrovsky HER mechanism should be responsible
for the electrochemical HER by the Co–Ni–MoS2 nanocomposite
and bare MoS2.45–47 Moreover, details on the specic calculated
values for the HER performance for all of the catalysts have been
provided in Table S1.†

To better understand the enhanced HER performance of the
Co–Ni/MoS2 catalyst, cyclic voltammetry was performed to
evaluate the effective active surface area (Aeff). Cyclic voltam-
metry at various scan rates such as 1, 5, 10, 20, 40, 60, 80 and
100 mV s�1, etc. were performed within the range of 0.075–
0.275 V vs. RHE, as presented in Fig. 5. From the as-driven cyclic
voltammograms, the Aeff can be calculated by plotting the DJ at
0.15 V vs. RHE in the CV against the scan rate, where the slope is
twice that of the Aeff.43 The measured Aeff value for Co–Ni–MoS2
is 6.3. In addition, the double layer capacitance (Cdl) behavior
may also be predicted from the as-obtained CV results. Cdl

values are directly related or proportional to the active surface
RSC Adv., 2018, 8, 3374–3380 | 3377
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Fig. 5 The cyclic voltammetry at various scan rates for Co–Ni/MoS2
catalyst.

Fig. 6 Accelerated durability tests (ADTs) of the HER performance of
the Co–Ni/MoS2 nanocomposite up to 2000 cycles (a), the inset
shows the i–t curves for the durability, and Tafel plots before and after
the durability tests (b).

Fig. 7 Nyquist plots of the electrochemical impedance spectroscopy
(EIS) for MoS2, Co/MoS2, Ni/MoS2 and the Co–Ni/MoS2 nanocomposite.
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area of the present catalyst material. The higher electrochemi-
cally active surface area positively contributes to the electro-
catalytic HER activity.48 The overall results revealed that the
Co–Ni co-association with the S-edge of theMoS2 structures may
create more active sites, which are more effective for electro-
chemical performance than those of the bare MoS2, monoa-
tomic Co/MoS2 and Ni/MoS2 catalysts.49,50 Moreover, the
exposed surface area of MoS2 and active site density also play
important roles in providing a large amount of active sites, and
in turn, enhancing the activity.51

Similarly, the Aeff for Ni–MoS2 and Co–MoS2 have also been
measured as 5.6 and 4.9, respectively, by using the CV segments
presented in Fig. S2 and S3.†

The durability and stability of the electrocatalyst is also an
important and challenging task for the HER in acidic environ-
ments due to the occurrence of hydrogen evolution on the
catalyst surface. The Co–Ni/MoS2 catalyst was subjected to
accelerated durability tests (ADTs) and cycled between 0 V and
�0.4 V at a scan rate of ca. 5 mV s�1 up to 2000 cycles to evaluate
its long-term stability. As shown in Fig. 6a, long term durability
tests were also conducted to examine the durable nature of the
catalyst and stability of the catalyst material, the i–t curve
results are shown as the inset Fig. 6a0. The i–t curves revealed an
excellent durable performance and also gave a strong message
of negligible or no dessolution of Ni and its constituted candi-
dates within the whole catalyst material. Aer the ADTs test, the
durability, in terms of Tafel slope behavior, were calculated and
presented in Fig. 6b. From the results, it has been evaluated that
the high performance material showed a �2–4% loss in its
overall performance, including overpotential and Tafel slope.
This loss in performance is very minor or negligible. Moreover,
the shape of the particles also remains the same which suggests
the high stability of Co–Ni/MoS2 under the reaction conditions
(Fig. S4 and S5†). The ratio of Co–Ni was measured to be 1 : 0.92
from ICP-AES measurements, which suggests the dissolution of
a small amount of Ni during the ADTs. The XRD pattern of Co–
Ni/MoS2 also remains the same aer the ADTs which also
suggests the stability of the as-synthesized material.

Apart from the visible ex situ electrochemical behavior of the
HER, the electrode kinetics, interface reactions and electron
3378 | RSC Adv., 2018, 8, 3374–3380
transportation within the catalyst materials and inside the
catalytic system, such as between the MoS2 & Co–Ni interfaces
and the as-developed material and electrolyte interface,
respectively, during the HER process, were characterized using
electrochemical impedance spectroscopy. It can be seen from
Fig. 7 that the derived Nyquist plots show that the Co–Ni/MoS2
nanocomposite has smaller resistance values in charge transfer
(Rct) than those of MoS2, Co/MoS2 and Ni/MoS2, which would
suggest a faster faradaic process and enhanced HER kinetics of
the Co–Ni/MoS2 nanocomposite over other materials. The
smaller Rct value may be attributed to the intrinsic modulation
in the electronic structure induced by the association with
Co–Ni metals.52,53
This journal is © The Royal Society of Chemistry 2018
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Conclusions

In conclusion, we have successfully synthesized a noble-metal-
free Co–Ni/MoS2 nanocomposite and characterized it well
from TEM, HRTEM, Elemental mapping, XRD and XPS analysis.
The Co–Ni/MoS2 nanocomposite showed an enhanced perfor-
mance for the electrocatalytic hydrogen evolution reaction
comparable to that of commercial Pt/C. The Co–Ni/MoS2
nanocomposite showed a Tafel value of 49 mV per decade and
an increased current density. The synergistic effect of Co–Ni
nanoparticles with the MoS2 nanosheets greatly favors the
hydrogen evolution performance. Moreover, the electro-
chemical impedance spectroscopic results suggest smaller
resistance values in the Co–Ni/MoS2 nanocomposite which
increase the charge mobility and in turn enhance the HER
performance. Our as-synthesized noble-metal-free Co–Ni/MoS2
nanocomposite may hold great potential for the synthesis of
future catalysts.
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