Volume 3 | Number 10 | October 2016

INORGANIC
CHEMISTRY

FRONTIERS

&,
R

OYAL SOCIETY

OF CHEMISTRY http://rsc.li/frontiers-inorganic




ROYAL SOCIETY
OF CHEMISTRY

(G5

PEERS

Chinese Chemical Society

INORGANIC CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

@ CrossMark
& click for updates

Cite this: /norg. Chem. Front., 2016,
3,1280

Electrospun carbon nanofiber@CoS, core/sheath
hybrid as an efficient all-pH hydrogen evolution
electrocatalyst+

Huahao Gu,? Yunpeng Huang,? Lizeng Zuo,? Wei Fan*® and Tianxi Liu*®°

Developing all-pH and efficient non-noble-metal electrocatalysts for the hydrogen evolution reaction
(HER) remains a great challenge in science nowadays. In this work, carbon nanofiber (CNF)@CoS, hybrids
with a hierarchical core/sheath structure have been successfully fabricated via a combination of electro-
spinning and hydrothermal methods for use as HER electrocatalysts under all-pH media. The CoS, nano-
particles are uniformly attached onto the three-dimensional (3D) CNF framework, and have different
morphologies on adjusting the concentration of the Co and S precursors. This shows that the
morphology of the electrocatalytically active CoS, has a great impact on the HER performance, which
can be attributed to the difference in the exposure of the effective catalytic sites. Moreover, the
CNF@CoS,; hybrids distinctly exhibit superior HER activities compared to that of pure CoS, agglomerates,
which highlights the importance of the 3D carrier with a nanostructure to increase the number of
exposed electrocatalytic sites. When applied as electrocatalysts operating at all-pH values, the CNF@CoS,
hybrids exhibit remarkable HER properties, with a low onset potential of —40 mV, a small Tafel slope of
66.8 mV per decade and a large current density (10.0 mA cm™ at 5 = 110 mV) in acid medium, along with
a low onset potential of =130 mV in both alkaline and neutral conditions. Apart from the facile preparation
of an efficient all-pH electrocatalyst, this work highlights the impacts of morphology and nanostructure of
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1. Introduction

Due to the serious air pollution induced by overusing fossil
fuels, it has become a matter of utmost urgency to search for
clean and carbon-neutral energy sources to meet the growing
power appetite of the world." Hydrogen is a universally recog-
nized energy carrier, which can store solar and electric energy
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the catalyst on the HER activity, which is universally applicable in the field of catalysis.

via formation of a chemical bond between two hydrogen
atoms.” Electrolysis of water is a highly sustainable and
environmentally friendly pathway to produce hydrogen, com-
pared with the industrial method of steam methane reforming
which utilizes finite resources and generates a greenhouse gas
byproduct (CO,).>* The electrocatalytic hydrogen evolution
reaction (HER) requires a catalyst to reduce the overpotential
(the excess potential relative to the thermodynamic potential),
thus greatly increasing the efficiency of the electrochemical
process.” Although the most effective HER electrocatalyst is
platinum with a near zero overpotential, its high price and
limited abundance impede its wide application. Consequently,
it is of significance to explore noble-metal-free HER electro-
catalysts with excellent performance.

Recently, transition metal dichalcogenides (TMDs) have
been regarded as promising earth-abundant HER catalysts due
to their outstanding electrocatalytic ability.'* TMDs can be
divided into two categories. One contains the well-known two-
dimensional (2D) layered materials such as MoS,, MoSe, and
WS,, which have been previously studied in a great number of
works.' ™" The other contains firstrow TMDs with cubic
pyrite-type or orthorhombic marcasite-type structures, in
which metal atoms are octahedrally bonded to the adjacent
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chalcogen atoms, e.g., NiS,, CoS, and CoSe,.>*** The appli-
cation of these TMDs in HER catalysts is inspired by their
similar structure and composition to hydrogenases, whose
catalytic activity is comparable to that of platinum.>* Indeed, a
large number of studies have reported that these first-row
TMDs are highly HER active electrocatalysts, which even
possess advantages over 2D layered TMDs like WS, and MoS,.°
In particular, cobalt based dichalcogenides are emerging as
attractive HER electrocatalysts owing to their low free energy
barrier for the adsorption of H atoms on Co atoms, which has
been further proved using experimental studies.**>® For
instance, Cui’s group prepared a series of first-row TMDs
(FeS,, CoS,, NiS,, CoSe,, et al.) through sulfurization/seleniza-
tion of e-beam evaporated metal films, and among them,
cobalt dichalcogenides presented superior HER activity relative
to the others.”” Apart from their intrinsic HER catalytic
activity, a lot of highly conductive carbon materials with large
surface areas have been involved in constructing composite
electrocatalysts with outstanding performance. CoSe, nano-
particles grown on carbon fiber paper were successfully pre-
pared via a two-step reaction, and the obtained hybrid
exhibited excellent HER activity in acid electrolyte, achieving a
superhigh current density of 100 mA cm™ at a low overpoten-
tial of 180 mV, along with exceptional durability.”® Peng et al.
fabricated a 3D CoS,/reduced graphene oxide (rGO)-carbon
nanotube (CNT) nanocomposite film with a nanoporous struc-
ture and high electrical conductivity, which exhibited a low
overpotential of 142 mV at a current density of 10 mA cm™2.%°

In addition to hybridization, tuning the morphology of elec-
trocatalysts is also an effective pathway to improve their HER
performance. Hollow cobalt sulfide nanoprisms were syn-
thesized using a microwave-assisted synthetic route, exhibiting
a superior catalytic performance to those prepared using a tra-
ditional solvothermal method, due to their higher surface area
with larger porosity, thus facilitating access to the catalytically
active sites.>® Jin’s group reported the controllable preparation
of CoS, materials with three morphologies, i.e., films, micro-
wires and nanowires, and further demonstrated that the
micro- and nanostructured CoS, could increase the electro-
catalytic surface area and promote the release of the generated
hydrogen bubbles, compared with that of CoS, film in 0.5 M
H,S0, solution.*!

Moreover, it is worth mentioning that cobalt based
dichalcogenides not only possess a remarkable HER perform-
ance in acid media, but also have great catalytic potential in
alkaline and neutral conditions. As is well known, most works
based on noble-metal-free electrocatalysts mainly focus on
their acid-stable HER activities for proton exchange techno-
logy. However, commercial alkaline electrolysis technology and
microbial electrolysis cells also require effective catalysts for
use in alkaline and neutral electrolytes.>** As a resul, it is of
great significance to develop efficient HER electrocatalysts over
the whole pH range. However, only limited success has been
achieved up to now.

Herein, carbon nanofiber@CoS, (CNF@CoS,) hybrids with
a core/sheath structure have been facilely fabricated through a

This journal is © the Partner Organisations 2016
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combination of electrospinning and hydrothermal methods,
and utilized as efficient HER electrocatalysts across the pH
range. By adjusting the concentration of the Co and S precur-
sors, CNF@CoS, hybrids can form CoS, nanoparticles with
different morphologies, thus having a great influence on their
electrocatalytic performance. It can be found that angular
shaped CoS,, distributed uniformly with a relatively small size
on the CNF carrier, exhibits the best HER performance, which
can be attributed to its nanoscale structure with more exposed
active sites compared with the others. Benefiting from the
synergistic effects between the electroactive material and the
carrier, the CNF@CoS, hybrid exhibits an outstanding HER
performance, with a low onset potential of 40 mV, a small
Tafel slope of 66.8 mV per decade as well as a large current
density (10.0 mA ecm™ at 5 = 110 mV) in acid medium.
Notably, it also works well in alkaline and neutral conditions,
both with an onset potential of —130 mV, indicating its great
potential as an all-pH and efficient hydrogen-evolution
electrocatalyst.

2. Experimental

2.1. Materials

Polyacrylonitrile (PAN, M,, = 150 000 g mol~') was purchased
from Sigma-Aldrich. CoCl,-6H,0 and thiourea (CS(NH,),) were
purchased from J&K Chemical, with a purity of 99%. N,N-
Dimethylformamide (DMF) and ethanol were obtained from
Shanghai Chemical Reagent Company. Deionized water was
used throughout all the experiments.

2.2. Preparation of electrospun CNF nanofiber membranes

The preparation process of the CNF@CoS, nanofiber mem-
branes is schematically shown in Scheme 1. PAN nanofiber
membranes were produced through a simple single-nozzle
electrospinning technique. Typically, 1.0 g PAN was dissolved
overnight in 10 mL DMF with vigorous stirring, forming a
viscous homogenous solution. Then, it was sucked into a 5 mL
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Scheme 1 Schematic illustration of the preparation of CNF@CoS,
hybrids.
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syringe equipped with a stainless spinneret, which was posi-
tioned 18 cm away from the collector. When a high voltage of
20 kV was applied to the system, PAN nanofibers were gener-
ated and collected with a feeding rate of 0.25 mm min™" as
self-standing membrane. The pre-oxidization process was oper-
ated under 250 °C for 2 h with a heating rate of 1 °C min™" in
an air atmosphere to obtain oxidized-PAN (0-PAN) nanofiber
membranes. Afterwards, they were carbonized in a nitrogen
flow at 800 °C for 2 h to prepare the CNF membranes.

The CNF@CoS, core/sheath hybrid membranes were fabri-
cated with a one-step hydrothermal method. First, the pre-
pared CNF membranes were immersed in a bath of HNO3/H,0O
(1:1 v/v) for 6 h to increase their hydrophilicity, and then
washed with deionized water several times. After that, certain
amounts of CoCl,-6H,0 (i.e., 0.3, 1.0, and 3.0 mmol) and CS
(NH,), (i.e., 1.0, 5.0, and 15.0 mmol, respectively) were dis-
solved in 36 mL deionized water with sonication for a few
minutes. The solution was transferred to a 100 mL Teflon-
lined stainless steel autoclave with a piece of acid-treated CNF
membrane (2 x 2 ecm?) immersed in the reaction solution. The
autoclave was sealed and maintained at 180 °C for 17 h, and
then cooled down to room temperature. Finally, the obtained
hybrid membrane was rinsed with deionized water and dried
at 70 °C for 6 h. The products were named CNF@CoS,-1,
CNF@CoS,-3 and CNF@Co0S,-9, respectively. Pure CoS, was
also synthesized via the same procedure without the addition
of CNF membrane.

2.3. Characterization

The morphology of the products was observed using a field
emission scanning electron microscope (FESEM, Ultra 55,
Zeiss) at an acceleration voltage of 5 kV. X-ray diffraction (XRD)
experiments were conducted on an X'Pert Pro X-ray diffracto-
meter with Cu Ka radiation (1 = 0.1542 nm) under a voltage of
40 kv and a current of 40 mA. Thermogravimetric analysis
(Pyris 1 TGA) was performed under an air flow from 100 °C to
900 °C at a heating rate of 20 °C min~'. X-ray photoelectron
spectroscopy (XPS) analyses were made with a VG ESCALAB
220I-XL device and all XPS spectra were corrected using the
C 1s line at 284.6 eV.

2.4. Electrochemical measurements

Electrochemical tests were performed in a standard three-elec-
trode setup using a CHI 660D electrochemical workstation
(Shanghai Chenhua Instrument Co., China), where a graphite
rod was used as the counter electrode, a saturated calomel
electrode (SCE) as the reference electrode and a modified
glassy carbon electrode (GCE) as the working electrode. A piece
of pre-cut CNF@CoS, core/sheath hybrid membrane was fixed
onto the GCE using Nafion solution as a conductive binder,
with a loading amount of 0.6-0.8 mg in a square shape of
3 x 3 mm®. Linear sweep voltammetry (LSV) was measured
with a scan rate of 2 mv s™* in 0.5 M H,SO,, 1.0 M KOH solu-
tion and 1.0 M potassium phosphate buffer solution (PBS). All
of the potentials were calibrated to the reversible hydrogen
electrode (RHE) by adding a value of (0.241 + 0.059 x pH) V.
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Tafel plots were obtained by plotting the polarization curves as
the overpotential (i) versus log current density (logj) to assess
the HER kinetics. The linear portions of the Tafel plots fitted
well to the Tafel equation ( = blog(j) + a, where b is the Tafel
slope). The double-layer capacitance (Cq;) of the various pro-
ducts can be calculated from the cyclic voltammograms in the
region of 0.15-0.25 V vs. RHE. By plotting Aj at 0.2 V vs. RHE
against the scan rate, the slope is twice Cg. Electrochemical
impedance spectroscopic (EIS) measurements were carried out
under various overpotentials in the frequency range from 10° Hz
to 10”2 Hz with an amplitude of 5 mV. The electrocatalytic stabi-
lity of the products was evaluated using the current-time
response under a fixed overpotential for a period of time.

3. Results and discussion

3.1. Morphology and structure of CNF@CoS, core/sheath
hybrid membranes

Electrospinning is a low-cost, scalable and versatile method to
prepare nanofiber membranes with tunable nanostructures,
large specific surface areas and good structural stability.** As
shown in Fig. S1, the electrospun CNFs possess an average
diameter of 300-400 nm and have smooth surfaces without
defects. Such a randomly arranged structure forms an inter-
connected network, which can be utilized as an ideal carrier
for the attachment of electrochemically active materials. In
this work, CoS, nanoparticles were decorated onto the CNF
membranes using a one-step hydrothermal process. It can be
clearly seen from Fig. 1A-C that all the nanofibers are uni-
formly covered with CoS, nanoparticles in this overall view.
However, as observed from images at high magnification
(Fig. 1D-F), the morphology and size of the attached CoS,
nanoparticles show a great change on increasing the concen-
tration of CoCl,-6H,0O and CS(NH,),. For CNF@CoS,-1, CoS,
nanoparticles have an angular shape with a random polyhe-
dron structure. Furthermore, the average diameter of the
hybrid nanofibers is rather large in size, up to nearly 1 pm. As
shown in Fig. 1E, the CoS, nanoparticles in CNF@CoS,-3 have
a much smaller size compared with that in CNF@CoS,-1,
along with a more homogeneous dimension. Such a nano-
scaled structure with relatively small and even size may increase
the effective electrocatalytic surface area, thus exerting a posi-
tive effect on the HER performance. EDS mapping images of
the CNF@CoS,-3 hybrid (Fig. S21) indicate the uniform distri-
bution of Co and S elements, verifying the uniform growth of
CoS, on the CNF carrier. With an excessive amount of cobalt
salt, the CoS, particle size becomes even smaller for the
CNF@Co08S,-9 hybrid without such distinct angular edges
(Fig. 1C, F and S371). In addition, the CoS, nanoparticles are so
small (around 50-100 nm in diameter) that some part of them
inevitably accumulate densely, which could impede effective
contact between the electrolyte and the electrocatalytic active
materials. For pure CoS, without CNF carrier (Fig. S47), the
CoS, particles self-aggregate to form large agglomerates,

This journal is © the Partner Organisations 2016
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Fig. 1 FESEM images of (A, D) CNF@CoS;-1, (B, E) CNF@CoS,-3, and (C, F) CNF@CoS,-9 hybrids at low and high magnifications.

indicating the importance of the CNF carrier to effectively dis-
perse CoS, nanoparticles.

The surface chemical states of CNF@CoS,-3 hybrid were
characterized using XPS as shown in Fig. 2A-C. The survey
spectrum confirms the coexistence of C, Co, O and S elements
within the hybrid without any detectable impurity. The high-
resolution Co 2p spectrum exhibits two strong peaks located at
778.7 and 793.8 eV, corresponding to Co 2p;, and Co 2py,,,
respectively.” In the high resolution S 2p spectrum, peaks at
162.9 eV and 164.1 eV are observed, referring to S 2pz, and
S 2pyy, of the divalent sulfide ions (S*>7), respectively.® For the
XRD patterns in Fig. 2D, the CNF membrane displays a broad
peak ranging from 20° to 30°, implying its amorphous struc-
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Fig. 2 XPS spectra of the CNF@Co0S,-3 hybrid: (A) survey spectrum,
(B) high-resolution Co 2p spectrum, and (C) high-resolution S 2p spec-
trum. (D) XRD patterns of CNF, CoS, and the CNF@CoS,-3 hybrid.
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ture. Both pure CoS, and CNF@Co0S,-3 display diffraction
peaks at 26 = 28.3°, 32.7°, 36.7°, 40.3°, 46.8° and 55.5°, which
can be well indexed to the (111), (200), (210), (211), (220) and
(311) planes of the cubic phase of CoS, (JCPDS 41-1471),
respectively.*’ All the above results further demonstrate the
successful preparation of the CNF@CoS, hybrids.

The loading amount of CoS, in different hybrids was
studied using TGA analysis, as shown in Fig. 3. There exist
several stages of weight change for pure CoS,, which corres-
pond to different phase changes. When performed in an air
flow, CoS, begins to lose sulfur at 430 °C, which subsequently
transforms to its stable form of metal sulfate.’’*° The pro-
ducts collected after thermal treatment at 700 °C and 900 °C
were further investigated using XRD, as shown in Fig. S5.1 The
diffraction peaks at 26 = 31.6°, 37.2°, 45.0°, 56.1°, 59.7° and
65.7° can be assigned to the (220), (311), (400), (422), (511) and
(440) crystal planes of Co;0, (JCPDS 42-1467), respectively,

Cos,

Weight (%)

—— CNF@CoS,-1
40 ——CNF@CoS,-3
——CNF@Cos,9
20- ——CNF
0 T T T T
200 400 600 800

Temperature (°C)

Fig. 3 TGA curves of CNF, CoS, and the CNF@CoS, hybrids measured
in an air flow from 100 °C to 900 °C.
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indicating that CoS, has been oxidized completely at
900 °C.*>*! In contrast, although the product at 700 °C has
some characteristic diffraction peaks of Co;0,, the peak inten-
sities are far weaker than those at 900 °C. Furthermore, some
additional peaks appear at 26 = 25.2°, 34.7°, which correspond
to the planes of CoSO, (JCPDS 03-0843). As a result, when cal-
cinated in air, CoS, first loses sulfur, then changes to cobalt
sulphate, and finally turns into pure Coz0,4 at 900 °C. The TGA
curve of CNF displays a huge weight loss from 430 °C to
680 °C, which results from its burning in air. As a result, the
TGA process for the CNF@CoS, hybrids combines the
decomposition of CNF with the transformation of CoS,. To our
surprise, it was found that the three CNF@CoS, hybrids had
the same residue weight at 900 °C, demonstrating that the
loading ratios of the electroactive CoS, remained almost the
same, about 74.8 wt% in the hybrids (see ESIf for calculation
details). This result indicates that the concentration of precur-
sor has a great influence on the morphology instead of the
loading amount.

3.2. All-pH-value HER performance of CNF@CoS, hybrids

The electrocatalytic activity of the CNF@CoS, hybrids was first
investigated in an acid medium of 0.5 M H,SO, solution with
a three-electrode setup at a scan rate of 2 mV s *. The LSV
curves for the CNF@CoS, hybrids with different morphologies
are shown in Fig. 4A. Two key points are utilized to evaluate
the performance of the HER electrocatalysts from the LSV
curves. One lies in the overpotential (i), which is the difference
between the applied and thermodynamic potential for a given
electrochemical reaction. The other point refers to the electro-
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chemical current density, indicating the output of the electro-
catalytically evolved hydrogen. Naturally, an excellent HER
catalyst is capable of generating a large current density under
a low overpotential, i.e., more hydrogen can be produced using
less energy if the reaction is undertaken using a well-perform-
ing electrocatalyst.*> Therefore, it can be deduced from Fig. 4A
that among all the CNF@CoS, hybrids, the CNF@Co0S,-3
hybrid displays the best electrocatalytic activity, with an onset
overpotential of 40 mV. The other two LSV curves are more or
less negatively shifted compared with that of the CNF@CoS,-
3 hybrid, implying an inferior HER performance. Furthermore,
the CNF@CoS,-3 hybrid also has an apparent current density
(j) of 10.0 mA cm™ at a low overpotential (i7) of 110 mV, com-
pared with 166 mV required for CNF@CoS,-1 and 143 mV for
the CNF@Co0S,-9 hybrid. A possible reason for the difference
in their electrocatalytic activities can be speculated from the
morphological changes discussed above. Compared to the
other two hybrids, the CNF@Co0S,-3 hybrid possesses an
optimal hierarchical structure with uniformly distributed CoS,
nanoparticles of a relatively smaller size without severe
agglomeration, which may offer a large contact area between
electrolyte and catalyst, thus facilitating ion/electron transfer,
leading to the best HER performance. This hypothesis was
further confirmed from the electrochemical double-layer
capacitance (Cq;) and electrochemical impedance spectra (EIS).
Cq1 measurements were carried out using cyclic voltammetry
(CV) tests to estimate the effective surface area of the solid-
liquid interface.*’ It can be observed from Fig. 4B and C that
the CNF@Co0S,-3 hybrid exhibits a larger Cq; of 17.5 mF cm™>
than those of its counterparts (Fig. S67), indicating a higher

=~

——200mV's

Current (mA cm'z)

014 016 018 020 022 024 0.26
Potential (V vs RHE)

D*
124 A CNF@CoS,-1
= CNF@CoS,-3
104 A A, ® CNF@CoS,9
A
= A A
£ 8 A A
= A A
e A A
= 61 A a
8 4 At “
N N &
'.. A

Z'(ohm)

(A) LSV polarization curves for the CNF@CoS,-1, CNF@Co0S,-3 and CNF@CoS,-9 hybrid modified GCE in 0.5 M H,SO4 solution. (B) CV curves

of the CNF@CoS,-3 hybrid in the region of 0.15-0.25 V vs. RHE. (C) Plot showing the extraction of the double layer capacitance (Cq) for the
CNF@CoS,-3 hybrid at 0.2 V. (D) Nyquist plots of the CNF@Co0S,-1, CNF@Co0S,-3 and CNF@Co0S,-9 hybrids at an overpotential of 0.17 V.
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exposure of the electrocatalytic sites, thus contributing to its
excellent HER performance. Fig. 4D displays the Nyquist plots
of the different CNF@CoS, hybrids obtained under the same
overpotential of 170 mV. R, represents the charge transfer
resistance, which corresponds to the semicircle of the Nyquist
plots. It can be clearly observed that CNF@CoS,-3 shows the
lowest R.. of 9.9 Q, in comparison with 12.5 Q for CNF@CoS,-9
and 22.9 Q for the CNF@CoS,-1 hybrid. Measured under the
same proton reduction potential, a lower R, value reflects a
more effective electron transfer in the CNF@CoS,-3 hybrid,
leading to more efficient hydrogen evolution.** EIS responses
of the CNF@CoS,-3 hybrid at various overpotentials were also
tested, as shown in Fig. S7.f R of 28.9 ©, 9.9 Q and 6.4 Q
under overpotentials of 120, 170 and 220 mV were found,
respectively. This reveals that with increasing overpotential,
more efficient hydrogen generation takes place, along with a
more rapid electron transfer.

Further comparison of the HER performance between pure
CNF, CoS,, the CNF@CoS,-3 hybrid and commercially avail-
able Pt catalyst was also made. As shown in Fig. 5A, the Pt cata-
lyst exhibits a superb HER activity, with a near zero onset
potential and a large current density, while pure CNF hardly
displays any catalytic performance. Although pure CoS,
agglomerates exhibit a non-negligible electrocatalytic perform-
ance, the onset potential and current density are far inferior to
those of the CNF@CoS,-3 hybrid, which is due to its serious
aggregation inhibiting the efficient exposure of its electro-
catalytic sites. As confirmed from the analysis of Cg, the cata-
Iytically active surface area of CNF@C0S,-3 (17.5 mF cm ™~ in
Fig. 4B and C) is over ten times larger than that of pure CoS,

Research Article

(1.3 mF em™ in Fig. 5B and C). Such a huge difference
between the hybrid and pure electrocatalytic materials strongly
supports the importance of constructing a hierarchical struc-
ture with exposed HER active sites on a nanoscale size. The
corresponding Tafel plots are shown in Fig. 5D. As is well
known, the reaction mechanism of a catalyst can be deduced
from its Tafel slope, which is determined from the inherent
properties of the catalyst. For CNF@CoS,-3 measured in 0.5 M
H,S0,, the Tafel slope is calculated to be 66.8 mV per decade,
suggesting that the HER activity occurs through a Volmer-
Heyrovsky mechanism, in which fast discharge of a proton
takes place, followed by a rate-limiting electrochemical recom-
bination with an additional proton. Moreover, it should be
noted that the Tafel slope of the CNF@CoS,-3 hybrid is lower
than that of pure CoS, (86.8 mV per decade), indicating a
higher HER efficiency. This result can be further explained
using the R, from the EIS analysis, as shown in Fig. 5E. On
the one hand, the semicircle of pure CoS, is far larger than
that of the CNF@Co0S,-3 hybrid, demonstrating a higher
charge transfer resistance. On the other hand, the solution
resistance (Rg), a value that can be obtained from the inter-
section of the curves at the real axis in the range of the high
frequency region, displays the same tendency (8.2 Q for the
CNF@Co0S,-3 hybrid and 15.6 Q for pure CoS,). In terms of the
cycling stability in 0.5 M H,SO, solution, the CNF@CoS,-
3 hybrid displays a slight fluctuation in HER performance,
with the response current first increasing over 2000 s, and
then decreasing later (Fig. 5F). Consequently, the morphology
of the CNF@CoS,-3 hybrid after cycling for 2000 s was charac-
terized, as shown in Fig. S8.f It can be observed that no
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Fig. 5 (A) LSV polarization curves for different material modified GCE in

Z'(ohm)

0.5 M H,SO4 solution. (B) CV curves of CoS; in the region of 0.15-0.25 V

vs. RHE. (C) Plot showing the extraction of the double layer capacitance (Cq) for CoS;, at 0.2 V. (D) Tafel plots for Pt, CoS,, and the CNF@CoS,-
3 hybrid modified GCE in 0.5 M H,SO, solution. (E) Nyquist plots of CoS, and the CNF@CoS,-3 hybrid at an overpotential of 0.17 V. (F) Time depen-
dence of the current density for the CNF@QCoS;,-3 hybrid modified GCE recorded at —0.17 V versus RHE in 0.5 M H,SO,4 solution.
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Table 1 Comparison of HER activity of the CNF@CoS,-3 hybrid to
reported electrocatalysts

Onset
Mo 20 N100 overpotential

Sample (mv) (mv) (mv) (mv) Ref.
CoSe,/carbon fiber 137 150 181 28
Co,P nanorod 134 167 70 45
CoS,/rGO 143 173 346 46
CogSg@C 240 40
C0ySg@MOS,/CNFs 190 64 47
CoS, nanowire 145 75 31
CoS,/rGO-CNT 142 153 178 29
Co-N-rich CNTs 260 48
MosS,-G 183 130 49
MoP 135 167 50 50
WS,/rGO 229 51
CNT@MoSe, 178 70 52
CNF®@CoS, 110 133 232 40 This work

io: overpotential (i) for current density () of 10.0 mA ecm™2; i1,: 17 for
7=20.0 mA ecm™; 17100: 77 for j = 100.0 mA cm .

obvious change occurs in the morphology after cycling for
2000 s. The increase in HER activity may be attributed to the
activation process at the beginning, and this similar phenom-
enon has been reported in previous studies.>>**>® For the later
decrease in current density, a possible reason may be due to
the partial loss of the electrocatalytically active sites of the
CNF®@CoS,-3 hybrid during the violent bubble accumulation
and release process, which can be further proved from its mor-
phology after the whole cycling test (Fig. S91). However, it is
worth mentioning that despite the partial collapse, the CoS,

Inorganic Chemistry Frontiers

nanoparticles still generally well-covered the surface of the
CNF nanofibers after the cycling test, demonstrating that the
CNF carrier plays an important role in stabilizing the structure.
In contrast, pure CoS, particles display a huge decline in
electrocatalytic activity (Fig. S107). All the above results clearly
verify that the HER performance of the hybrid materials is
better than that of the pure aggregate, demonstrating the
rational design of the hybrid product, whose electrocatalytic
performance is also remarkable when compared to some pre-
vious studies in acid media, as listed in Table 1.

The HER performance of the CNF@Co0S,-3 hybrid was
further examined in 1.0 M KOH solution and 1.0 M PBS solu-
tion to evaluate its activity as an all-pH-range electrocatalyst
(Fig. 6). In alkaline medium, the CNF@CoS,-3 hybrid exhibits
an onset overpotential of 130 mV, accompanied by significant
hydrogen evolution (j = 10.0 mA cm™?) at a voltage of
—207 mV. Furthermore, the Tafel slope of the CNF@CoS,-3
hybrid (113.3 mV per decade) is also relatively smaller than
that of pure CoS, (172.5 mV per decade) in KOH solution,
implying a faster HER process with higher efficiency. When
applied in neutral conditions, it could be easily found that all
the electrocatalysts have a much poorer activity than those in
acid and alkaline electrolytes. The CNF@CoS,-3 hybrid catalyst
exhibits an onset potential of —130 mV, a Tafel slope of
163.7 mV per decade, and a current density (j) of
10.0 mA cm™? at an overpotential (i) of 360 mV. In addition,
the working stability is another important criterion when
making an excellent electrocatalyst. Fig. 6C and F depict the
current-time (I-t) curves of the CNF@CoS,-3 hybrid catalyzed
HER under a constant overpotential of 0.27 V in KOH and
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(A, D) LSV polarization curves for different material modified GCE in 1.0 M KOH and 1.0 M PBS. (B, E) Tafel plots for Pt, CoS,, the CNF@CoS,-

3 hybrid modified GCE in 1.0 M KOH and 1.0 M PBS. (C, F) Time dependence of the current density for the CNF@CoS,-3 hybrid modified GCE
recorded at —0.27 V and —0.50 V versus RHE in 1.0 M KOH and 1.0 M PBS, respectively.
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0.50 V in PBS, respectively, which also exhibit good cycling per-
formance. Moreover, taking further insight from the I-¢ curves
obtained using different electrolytes, it can be seen that the
serrated waves of the /-t curve obtained in PBS solution are
more violent than those in H,SO, and KOH solutions, indicat-
ing that the CNF@CoS,-3 hybrid is less effective in driving H,
(g) bubble release in neutral media, which can be attributed to
different HER mechanisms in different electrolyte media.** In
addition, it is speculated that these accumulated H, (g)
bubbles can generate an effective protective layer separating
the electrocatalyst from the neutral electrolyte, thus period-
ically hindering the dissolution or collapse of the catalyst,
leading to an enhanced stability compared with that in acid
and alkaline electrolytes.

4. Conclusions

In summary, CNF@CoS, core/sheath hybrids with different
morphologies were prepared through a combination of electro-
spinning and hydrothermal methods for use as HER electro-
catalysts in all-pH-value conditions. A hierarchical structure is
facilely constructed with nanosized CoS, particles evenly dis-
tributed on the CNFs, thus effectively preventing self-agglo-
meration of electroactive CoS,. In addition, the attached CoS,
nanoparticles display different morphologies on tuning the
precursor concentration, but their loading amounts remain
the same. The differences in morphology have a huge impact
on the electrocatalytic performance, which can be attributed to
the differences in the exposure of the efficient electroactive
sites. Owing to the synergistic effects between the 3D CNF
carrier and the electrocatalytically active CoS, nanoparticles,
the optimal CNF@CoS, hybrid exhibits an excellent all-pH
HER performance, with a low onset potential of —40 mV, a
small Tafel slope of 66.8 mV per decade and a large current
density (10.0 mA cm ™ at # = 110 mV) in acid media, as well as
remarkable activities in alkaline and neutral media.
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