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Water electrolysis is considered to be an effective way to fabricate hydrogen, and it is desirable to find the
highly efficient, inexpensive and good durability bifunctional electrocatalysts for overall water splitting.
In this paper, we synthesis a unique structured catalyst that was composed by CogSg nanowires and
nickel cobalt layered double hydroxide (NiCo-LDH) nanosheets. The ultrathin nanosheets decorated on
the CogSg nanoarrays offer large specific surface area, numerous active edge sites and excellent electrical
conductivity for fast electron transfer. Benefiting from this heterogeneous structure, the catalyst presents
excellent catalytic performance in alkaline media. It requires 168 mV to reach current density of 10 mA/
cm? for HER and 278 mV to reach current density of 30 mA/cm? for OER. When used as electrode in a
homemade two-electrode system, it only needs t a voltage of 1.63 V to achieve current densities of
10 mA/cm?, which proves CogSg@NiCo LDH/NF as a superior bifunctional catalyst for water splitting.

© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.

1. Introduction

Hydrogen is highly competitive among numerous energy
sources for its clean, high abundance and high energy density
[1,2]. Electrolytic water splitting is an effective and clean way to
fabricate hydrogen. It contains two half reactions: hydrogen evolu-
tion reaction (HER) happens on cathode side and oxygen evolution
reaction (OER) happens on anode side [3,4]. Pt is the best HER per-
formance [5], and RuO, and IrO, are the most efficient OER cata-
lysts. But they cannot achieve large-scale applications because of
their high costs and scarcities [6,7]. Thus, it is desirable to find
low cost electrocatalysts which are catalytically active for both
HER and OER.

Over the past few years, researchers have put a lot of efforts into
finding the bifunctional electrocatalysts for OER and HER and made
great progress. Non-precious metal based catalysts, including
metal hydroxides [8,9], oxides [10,11], phosphides [12,13], sulfides
[14,15] and selenides [16,17], have gained considerable attention.
However, the performance of non-noble metal electrocatalysts is
still lower than that of noble metal catalysts, and most of them
are catalytically active for single reaction. The composite of two
or three kinds of non-precious components is an effective approach
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to enhance the electrocatalytic activity by synergistic effect, and to
develop bifunctional catalysts. Nanoarray architectures grown on
Ni foam (NF) show excellent electrolytic water performance for
their large surface areas, strong conductivity, high stability and
efficient electron transfer [18-21]. For example, NiCo,P,@CoNi
(OOH), arrays on NF shows excellent OER performance [22].
NiCoSe, nanobrush arrays on NF can afford current density of
10 mA/cm? at overpotential of 274 mV in alkaline media towards
OER [23]. Thus, the rational design on the chemical compositions
and structures of the nanoarrays brings opportunities for the
development of electrolytic water catalysts.

Herein, we report the three-dimensional (3D) hierarchical core-
shell structure of CogSg@NiCo-LDH on NF. NF was served as the
electrode substrates because of its 3D porous structure and supe-
rior electrical conductivity. The NiCo-LDH ultrathin nanosheets
grown on CogSg nanowires provide a lot of exposed active sites.
This unique nanoarchitecture ensures efficient electron, mass
transfer and intimate contact with the electrolyte. Consequently,
the 3D core-shell nanostructure displays excellent OER and HER
performance in alkaline media (1 mol/L KOH). It requires 168 mV
to achieve 10 mA/cm? for HER and 278 mV to achieve 30 mA/cm?
for OER. Simultaneously, CogSs@NiCo-LDH has lower tafel slope,
smaller charge transfer resistance and larger electrochemically
active surface area compare with CogSg/NF and NiCo LDH/NF.
When used for overall water splitting, it only needs 1.63 V to reach
a current density of 10 mA/cm?.

2095-9273/© 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
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2. Experimental
2.1. Chemicals and materials

NF with a thickness of 1 mm was purchased from Shanxi
Liziyuan Co., Ltd. Nickel nitrate hexahydrate (Ni(NOs),-6H,0),
cobalt nitrate hexahydrate (Co(NOs),-6H,0), urea (CO(NH,),),
poly(vinylpyrrolidone) (PVP, M,, =30,000), ammonium fluoride
(NH4F), sodium sulfide hydrates (Na,S-9H,0) were bought from
Sinopharm Chemical Reagent Co., Ltd. All chemical reagents were
of analytical grade and used as received.

2.2. Synthesis of CooSg nanowires on NF

CogSg nanoarrays on NF was prepared by a two-step hydrother-
mal reaction. Before synthesis, the NF (2 cm x 3 cm) was ultrason-
ically with 3 mol/L HCl and acetone for 15 min in sequence, next,
washed thoroughly with deionized water and ethanol, and dried
in vacuum at 60 °C. In a typical synthesis, 1.5 mmol Co(NOs),-6H,-
0, 1.5 mmol NH4F, 7.5 mmol urea were dissolved in 30 mL deion-
ized water and stirred vigorously to obtain transparent solution,
then a piece of NF was immersed into a Teflon-lined stainless-
steel autoclave containing above solution. Then sealed autoclave
and put it into an oven at 120 °C for 6 h. After cooling down, the
NF was taken out and ultrasonic in ethanol and deionized water,
followed by drying at 60 °C. Next, the NF was immersed in 30 mL
0.1 mol/L Na,S solution, then kept at 120 °C for 6 h in an oven.
When the reaction was finished, the NF was ultrasonically with
ethanol and deionized water again to remove residual ingredients.
Finally, the NF was dried at 60 °C in an oven.

2.3. Synthesis of CogSs@NiCo-LDH on NF

To fabricate NiCo-LDH nanosheets on CogSg nanoarrays, 100 mg
Ni(NOs3),-6H,0, 100 mg Co(NOs),-6H,0, 200 mg urea, 50 mg PVP
were dissolved in 15 mL ethanol and 15 mL deionized water. After
stirring, the solution was poured in a 50 mL autoclave, then the
above obtained CogSg/NF were immersed into it and kept at 90 °C
for 10 h. when the reaction was over, taken out the NF and rinsed
with deionized water and ethanol, finally, dried at 60 °C.

2.4. Characterizations

The power X-ray diffraction (XRD) patterns were recorded with
a Bruker D8 diffractometer using Cu Ko as the radiation source.
Scanning electron microscope (SEM) with a Hitachi S4700 operates
at 20 kV and transmission electron microscopy (TEM) with a FEI
Tecnai G220 operates at 200 kV. High-resolution TEM (HRTEM)
was carried out at 200 kV. The element mapping was obtained
on an Tecnai F20 at 200 kV. X-ray photoelectron spectra (XPS) sys-
tem was carried on a Thermo Fisher ESCALAB 250 with a
monochromatic Al Ko X-ray source.

2.5. Electrochemical measurements

We used a CHI760e electrochemical workstation to test electro-
chemical properties at room temperature. In the experiment, the
NF was used as the working electrode, and an Ag/AgCl (3 mol/L
KCl) was utilized reference electrode and a carbon rod as the coun-
ter electrode. The electrocatalytic activity of catalysts for OER and
HER were performed in 1 mol/L KOH (pH 14) solution. Before the
test, high-purity argon was introduced to the electrode for
30 min. For HER performance, linear sweep voltammograms
(LSV) were conducted at a scan rate of 5 mV/s. For OER perfor-
mance, linear sweep voltammograms (LSV) were conducted at a

scan rates of 2 mV/s. Electrochemical impedance spectroscopy
(EIS) were employed in a frequency region of 0.01 Hz to 100 kHz.
The potential values were calibrated to the reversible hydrogen
electrode (RHE) according to the equation: Egpg = Epgjagci + 0.059-
pH +0.197.

3. Result and discussion

In this study, the NiCo-LDH@CooSg/NF was synthesized by a
three-step hydrothermal method as illustrated in Fig. 1a. First, NF
was used as the substrate, and the Co precursors grew on NF by a
hydrothermal reaction. Next, the NF was put in Na,S solution to
form the CooSg nanowires arrays by an ion-exchange reaction.
Finally, the CogSg nanowires was treated in the solution contains
Ni?* and Co?* for forming NiCo-LDH, and Fig. S1 (online) shows
the photograph of the four examples. The mass loading is about
1.8 mg/cm?.

Fig. 1b showed the XRD patterns of CogSg and NiCo-LDH@CogSs.
In order to avoid the influence of the peak of metallic nickel, the
catalyst was scraped off the NF before the test. The peaks located
at 29.8°, 31.1°, 44.8°, 47.5°, 51.9°, 54.6° and 60.9° and was well
matched to the (311),(222),(422),(511),(440),(531) and
(53 3) planes of the CogSg (JCPDS No. 02-1459) [24]. The other
peaks can be indexed to NisS, (JCPDs No. 44-1418) [25], which
came from the partial sulfidation of NF. In the pattern of CogSg@-
NiCo-LDH, the remaining peaks could attributed to (00 6),
(012), (015) and (110) planes of NiCo LDH (JCPDS No. 40-
0216) [26]. The above results suggested that the CogSg and NiCo
LDH were successfully fabricated on the NF.

Fig. S2 (online) showed the Co precursor on NF, and Fig. 1c
showed typical SEM image of CogSg/NF: the CogSg nanowires grow
on the surface of NF skeleton uniformly and the diameter of the
nanowire was approximately 100 nm. Fig. 1d and e showed SEM
images with different magnifications of the CogSg@NiCo LDH/NF.
Compared with CogSg/NF, the surface of the nanowires became
rough. Through careful observation, we found the ultrathin
nanosheets grew on the surface of CogSg nanowire, which con-
firmed the formation of the CogSg@NiCo LDH/NF 3D heterogeneous
structure after the third hydrothermal treatment. The morphology
and structure of the catalyst was further investigated with TEM
and HRTEM. Fig. 2a showed the CooSg nanowires. The diameter
of the nanowire was about 100 nm, which identical with SEM
images. Fig. 2b showed the core-shell structure of CogSg@NiCo-
LDH. The nanosheets with the thickness less than 10 nm was
coated on the surface of the nanowire homogeneously (Fig. S3
online). The HRTEM of CogSg@NiCo-LDH/NF in Fig. 2c showed that
the core phase has lattice spacings of 0.291 nm that attributed to
the (3 11) plane of CogSg (JCPDs No. 02-1459) [27], and that the
lattice fringes with interplane spacings of 0.219 and 0.251 nm in
the shell (the thin nanosheet) can be attributed to (015) and
(01 2) plane of NiCo LDH (JCPDS No. 40-0216) [28]. Fig. 2e dis-
played the energy-dispersive spectroscopy (EDS) elemental map-
ping analysis of the core-shell structure: the element Co was
uniformly dispersed in the whole region, the Ni and O components
were mainly dispersed in the shell region, and the S component
was distributed in the core nanowire region. These results further
demonstrated the CogSg@NiCo LDH core-shell structure.

The detailed elemental valence states of NiCo-LDH@CogSg/NF
were investigated by XPS. Fig. 3a showed the full spectra of com-
posites, in which four elements including Co, Ni, S and O were
detected. Fig. 3b and c¢ showed the spectra of Co 2p and Ni 2p.
And both of them can be well fitted into two shakeup satellites
(identified as Sat.) and two spin-orbit doublets. In the Co 2p spec-
trum, the peaks at binding energies of 780.0 and 795.8 eV were
attributed to Co®*, and the other located at 781.7 and 797.4 eV
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Fig. 1. (Color online) The synthesis procedure and the XRD and SEM characterizations. (a) Schematic illustration of the synthesis of CosSs@NiCo LDH/NF; (b) XRD patterns of
CogSg@NiCo LDH and CogSg scrapped from NF; (¢) SEM images of CogSg nanowires/NF; (d), (e) CogSg@NiCo LDH/NF.

were attributed to Co?* [29]. As to the Ni 2p spectrum, the Ni**
peaks located at binding energies of 855.4 and 873.0 eV, the Ni>*
peaks located at 857.1 and 874.5 eV [30]. Fig. 4d showed the S
2p spectrum, it can be fitted into three peaks. One peak located
at 168.5 eV can be assigned to the shakeup satellites, and the other
two peaks at 163.0 and 161.3 eV were assigned to S 2Py, and S
2Ps),. Particularly, the peak at 161.3 eV corresponded to S*~ [31],
and the other was ascribed to metal-sulfur bond. The above analy-
sis indicated that the composites contained Co>*, Co?*, Ni3*, Ni%*
cations and S?~ anion, which was consistent with recent reports
[32,33]. And the analysis also confirmed the catalyst is composed
by CooSg and NiCo-LDH.

The OER performance was investigated in a typical three-
electrode system with 1 mol/L O,-saturated KOH solution. For
comparison, NiCo LDH/NF, CogSg/NF and the bare NF was tested
under the same condition. Fig. 4a presented polarization curves
(with IR-compensation) of samples, from which we can see some
anodic oxidation peaks located at overpotential from 1.2 to 1.4V,

and the peaks corresponded to the oxidation of Co?* to Co®* and
Ni%* to Ni®* [34]. And the size of the oxidation peak depended on
the quantity of element. The CogSg@NiCo LDH/NF could afford
the current density of 30 mA/cm? at an overpotential of 278 mV,
which was lower than NiCo LDH/NF (331 mV), CogSg/NF
(310 mV) and bare NF (510 mV). Similarly, at a high current den-
sity, the heterogeneous structure exhibited the best performance,
which only needs 330 mV to reach current density at 100 mA/
cm?. The overpotential was lower than that of recent reported
studies (Table S1 online). Tafel slope is an important means to eval-
uate electrocatalysts kinetics, and it can be obtained from the Tafel
equation, n = blog|j| + a (where # represents the overpotential, b
represents the Tafel slope and j represents the current density)
[35]. Fig. 4b exhibited the tafel slope of OER, the slope of CogSg@-
NiCo LDH/NF was 83 mV/dec, lower than CogSg/NF (100 mV/dec),
NiCo LDH (117 mV/dec), NF (125 mV/dec). The combination of
CogSg/NF and NiCo LDH can largely increase the OER performance
according to the above results. EIS is another tool to understand
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Fig. 2. (Color online) TEM images. (a) CogSg nanowires scrapped from NF; (b) CogSs@NiCo LDH scrapped from NF. (c) HRTEM image of CogSs@NiCo LDH; (d, e) EDS mapping of
CogSg@NiCo LDH.
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Fig. 3. (Color online) XPS analysis. (a) XPS full spectrum of CogSg@NiCo LDH; high-resolution spectrum of (b) Co 2p spectra, (c) Ni 2p spectra, and (d) S 2p spectra.
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Fig. 4. (Color online) OER performance. (a) LSV curves of CogSg@NiCo LDH/NF, NiCo LDH/NF, CogSg/NF and NF; (b) Tafel plots of CogSg@NiCo LDH/NF, NiCo LDH/NF, CogSg/NF
and NF; (c) Nyquist plots of the CogSg@NiCo LDH/NF, NiCo LDH/NF, CogSg/NF and NF electrodes (equivalent circuit in inset); (d) chronopotentiometry durability test of

CoySg@NiCo LDH/NF.

the electrode kinetics. The corresponding Nyquist plots were
shown in Fig. 4c, and the upper right corner displayed the equiva-
lent circuit. Ry means the solution resistance and R, means the
charge transfer resistance. The Ry is almost same for different cat-
alysts because of the same electrolyte (1 mol/L KOH). Lower R
value reflected a fast charge transfer process and a fast reaction
rate [36]. The Nyquist semicircular diameter of the CogSg@NiCo
LDH/NF is smallest among the four samples, which indicates the
heterogeneous structure has a smaller reaction resistance and fast
faradaic process. On one hand, the excellent performance should
be attributed to high specific surface area and numerous active
sites provide by the well-arranged CogSg@NiCo LDH nanoarrays.
On the other hand, the CogSg@NiCo LDH arrays directly grown NF
benefit to electrons transfer and gas release. The stability test
was carried at a constant current density of 30 mA/cm?. As shown
in Fig. 4d, we can only see a slight increase in overpotential after
12 h.

The HER performance was investigated in a typical three-
electrode system in 1 mol/L H,-saturated KOH solution. The other
three materials were also tested. Fig. 5a showed the polarization
curves, and CogSg@NiCo LDH/NF displayed the best HER perfor-
mance, which required only 168 mV to achieve 10 mA/cm?, obvi-
ously smaller than that of NiCo LDH/NF (#,, = 234 mV), CogSg/NF
(110=226mV) and bare NF (1,,=287 mV), better than the
recently reported non-noble catalysts, as shown in Table S2
(online). It required a low overpotential of 276 mV to achieve the
current density of 100 mA/cm? The difference toward HER
performance can be reflected by the tafel plots, the tafel slope of

the CooSg@NiCo LDH/NF, NiCo LDH/NF, CogSg/NF and bare NF is
103, 126, 123 and 153 mV/dec. Fig. 5¢c showed the Nyquist plot
and the corresponding equivalent circuit, the value of CogSg@
NiCo-LDH/NF was about 10.8 Q, which was smaller than CogSg/
NF (15.7 Q), NiCo LDH/NF (12.03 Q) and NF (32.5 Q), suggesting
fast charge transfer process during reactions. Furthermore, we
examined the long-term stability of CogSg@NiCo LDH/NF, as shown
in Fig. 5d, and the overpotential remained basically unchanged
after 12 h test at a constant current density of 10 mA/cm?. The
above results revealed the excellent performance of CogSg@NiCo
LDH/NF towards HER.

The electrochemical active surface area (ECSA) represent the
density of active sites on catalyst surface, so we could estimate it
through the electrochemical double-layer capacitance (Cqy) [18].
We carried out CV tests in the non-faradaic area (0.66-0.76 V vs.
RHE) to obtain the Cg in the different scan rate (10, 20, 30, 40,
50 mV/s). Fig. 6a showed the CV curves of CogSg@NiCo LDH/NF,
CogSg/NF and NiCo LDH/NF. Fig. S4a and b (online) showed the CV
curves of the CogSg/NF and NiCo LDH/NF, the anodic (i) capacitive
current and cathodic (i.) capacitive current at 0.72 V were shown
in Fig. S5 (online). The calculated Cy, values in Fig. 6d are 64, 44.5
and 25 mF/cm? for CogSg@NiCo LDH/NF, CogSg/NF and NiCo LDH/
NF respectively. These values indicated the CogSg@NiCo LDH/NF
possess the largest ECSA, which came from the rational combination
of the CogSg nanowires with NiCo LDH nanosheets. The large ESCA is
responsible for the excellent HER and OER activities.

Based on the above discussions, the 3D core-shell structure of
CogSg@NiCo LDH showed the outstanding performance toward
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OER and HER. Therefore, a water-splitting electrolyzer system was
used to investigate the overall water splitting performance, the
CogSg@NiCo LDH/NF served as both anode and cathode in 1 mol/L
KOH solution. As displayed in Fig. 7a, the electrode required
1.63 V to reach the current density of 10 mA/cm?, which demon-
strated excellent catalytic activity. We can see bubbles generated
on the surface of the electrode clearly during the electrolysis pro-
cess. Table S3 (online) showed the performance comparison to
reach the current density of 10 mA/cm? with other recently

reported non-noble bifunctional catalysts. The data pointed out
that the CogSg@NiCo LDH/NF has better overall water splitting per-
formance. The stability test was carried out under the constant cur-
rent density of 10 mA/cm? and provided in Fig. 7b, Only slight
change (<0.6%) in potential was observed over 12 h, exhibiting
the superior long-term stability.

SEM and XRD characterizations were applied to analyze struc-
ture and composition evolution of the CogSg@NiCo LDH/NF after
overall water splitting test. Fig. S6a and b (online) represent
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Fig. 7. (Color online) Overall water splitting performance. (a) Polarization curves for overall water splitting with CogSs@NiCo LDH/NF electrode as both the anode and cathode
at scan rate of 5 mV/s; (b) Chronopotentiometry durability test of CoSg@NiCo LDH/NF at a constant current density of 10 mA/cm? over 12 h in a two-electrode configuration.

the SEM images of CogSg@NiCo LDH/NF after test, and the struc-
ture collapsed slightly and some particles appeared on the sur-
face after OER (shown in Fig. S6a online). There is almost no
change in structure after HER (shown in Fig. S6b online). The
results demonstrated that the mechanical robustness of the cat-
alyst. Fig. S6¢ and d (online) showed the corresponding XRD pat-
tern after OER and HER. The XRD pattern after HER remained
unchanged, but we found the peaks of NiCo LDH disappeared
after OER test, and the emerging peaks can be attributed to
NiOOH and CoOOH, and they were transformed from NiCo LDH.
The results suggested that the NiOOH and CoOOH are the active
composition for OER, which is consistent with relevant studies
[37].

4. Conclusion

In summary, we have successfully fabricated a novel 3D CogSg
nanowires@NiCo LDH nanosheets grown on NF by a three-step
hydrothermal approach. The conductivity was greatly improved
by using NF as the substrate. The active components of catalyst
grow directly on the nickel foam without using polymeric binders,
promising strong durability under high current density and better
catalytic performance. The open framework enables efficient mass
transfer, and benefit to the generation and removal of gas bubbles.
The synergetic effect of NiCo LDH, CogSg and NF optimizes the cat-
alytic activity. All these factors lead to the remarkable catalytic
activities toward HER and OER, and make CogSg@NiCo LDH/NF an
excellent bifunctional catalyst for water splitting.
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