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Significant efforts have been focused on the search of earth-abundant elements to solve growing energy issues
and to provide bifunctional behavior for both hydrogen and oxygen evolution reaction. Mixed transition metals
could provide promising synergistic electrochemical properties and serve as bi-catalyst for overall water splitting
process. In this study, a needle grass array of nanostructured nickel cobalt sulfide (NiCo,S,4) was synthesized
using a hydrothermal process. The synthesized NiCo,S, electrodes showed promising electrocatalytic activity
with a low overpotential of 148 mV and 293 mV for hydrogen and oxygen evolution reactions, respectively. The

electrolyzer cell consisting of two NiCo,S, electrodes displayed excellent performance with high electrochemical
stability and low overall cell potential of 1.61 V to achieve a current density of 10 mA/cm?. Our study suggests
that mixed transition metal chalcogenides such as NiCo,S4 could be used as efficient and stable electrocatalyst
for overall water splitting process.

1. Introduction

Out of humanity's ten problems addressed by Nobel Laureate
Richard E. Smalley, “Energy” is top of the list [1]. Increasing energy
demands, depletion of fossil fuels and growing environmental concerns
are three major issues affecting the human society [2-4]. Current sci-
entific and technological interest is focusing on using hydrogen as an
efficient and carbon-free energy carrier and a potential transportation
fuel [5]. Mass production of hydrogen is carried out using the steam-
methane reforming method, which evolves huge amounts of carbon
dioxide into the atmosphere [5,6]. However, hydrogen production
through water electrolysis, involving the hydrogen evolution reaction
(HER), could serve as a cleaner way to produce hydrogen without any
greenhouse emissions if the electricity needed for the electrolysis is
provided by a renewable source. In addition, the oxygen evolution re-
action (OER) serves as a key process for various energy conversion and
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storage devices, including metal-air batteries, fuel cells, and electro-
lyzers [7,8]. The thermodynamic potential for the water splitting re-
action is 1.23 V (vs. reverse hydrogen electrode, RHE), however, higher
dynamic overpotentials limit the practicality of this process [9]. Some
of the efficient benchmark electrocatalysts for OER includes ruthenium
oxide (RuO2) and iridium oxide (IrO2), while for HER platinum (Pt) is
most common [10]. Unfortunately, the applicability of these noble-
metal based catalysts is limited due to lack of abundance, very high
cost, stability issues, and poor integration of multifunctional behavior
[9,11].

Recent advances have been made in developing earth-abundant
transitional metal oxides, hydroxides, sulfides, phosphides, carbides
and nitrides for energy conversion and storage devices [7-9,12-19].
Even though studies provide improved electrochemical activities of
these materials for energy applications, bifunctionality (i.e., to be used
for both OER and HER process) of the electroactive material still
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remains a challenge. Mixed valence oxides, hydroxides and sulfides
based on Mn, Zn, Ni, Co and Fe, have recently attracted remarkable
attention due to improved electrochemical properties and multi-
functional uses for energy [8,9,19-25]. In particular, hydroxides and
sulfides of Ni and Co are widely studied due to excellent electro-
chemical performance for different applications [14-16,26,27]. How-
ever, mixed compositions containing Ni and Co are known to have
superior properties due to higher conductivity, electrochemical stabi-
lity, and synergistic interactions [22,24,25,27]. Synergistically pro-
moted kinetics on varied active sites, along with electronically re-
configured interfaces, provide eminent performance over single
component energy generation or storage [6,9,20]. Moreover, a binder-
free approach could eliminate the negative effects on stability and
electrocatalytic activities observed in dip-coated samples [28,29].

Considering the importance of the aforementioned challenges,
mixed transition metal hydroxide and sulfide, based on Ni and Co, were
synthesized in the current work for bifunctional applicability such as
electrocatalyst for OER and HER process. Nickel-cobalt hydroxide
(NiCo-OH) and nickel-cobalt sulfide (NiCo,S4) were synthesized using a
facile hydrothermal reaction. Direct growth of electroactive material
over the Ni foam substrate showed higher electrochemical performance
for energy generation. The electrocatalytic activity of the samples was
characterized using OER and HER measurements in alkaline media. The
electrolyzer device using NiCo,S, both as anode and cathode showed
low potential of 1.61 V to achieve a current density of 10 mA/cm? with
outstanding electrochemical stability.

2. Experimental details

NiCo-OH was synthesized using a facile hydrothermal method. In a
typical synthesis, 125 mg of cobalt nitrate, 62.5 mg of nickel nitrate and
4 ml of glycerol were dissolved in 20 ml isopropanol to form a trans-
parent pink solution. This solution was then transferred into a 45 ml
Teflon autoclave reactor containing a pre-cleaned Ni foam. The reaction
was carried out at 180 °C for 6h. After cooling the reactor to room
temperature, Ni foam deposited with NiCo-OH was washed several
times with ethanol and dried under vacuum at 60 °C for 10 h.

NiCo,S4 was synthesized by sulfurizing the NiCo-OH coated Ni
foam. For this conversion, the latter was placed into a Teflon reactor
containing 50 mg of thioacetamide in 20 ml of ethanol. The sulfuriza-
tion was carried out at 160 °C for 6 h. The obtained electrode was wa-
shed with ethanol and dried under vacuum at 60°C for 10h. The
schematic for the synthesis procedure is given in Fig. 1. For comparison,
cobalt hydroxide (Co(OH),) and nickel hydroxide (NiOH) were syn-
thesized on Ni foam using the above methods. Commercial IrO, and
platinum, for use as OER and HER electrocatalysts, were purchased
from Alfa Aesar, and Sigma Aldrich, respectively. The NiCo-OH and
NiCo,S4 samples were analyzed using X-ray diffraction (XRD), X-ray
photoelectron spectroscopy (XPS), and scanning electron microscopy
(SEM) combined with energy dispersive X-ray spectroscopy (EDS) to
elucidate structural, chemical and morphological properties. XRD was
performed over the scrap-out powder from the Ni foam electrode using
a Shimadzu X-ray diffractometer (Lenexa, Kansas, USA) to study the
phase purity of the synthesized samples. XRD patterns were recorded
using CuKoa; radiation (A = 1.5406 [o\) in 26-0 mode. The micro-
structural and morphological characterestics of the NiCo-OH and
NiCo,S,4 films, hydrothermally deposited on Ni foams, were studied
using a Quanta 200 SEM (FEIl, Hillsboro, Oregon, USA) at an accel-
eration voltage of 20 kV. The samples were also micro-analyzed using
the EDVAC Genesis X-ray analysis probe. The spectral patterns, that
allowed elemental compositions as well as elemental mapping in space,
were generated and recorded for each session. XPS analysis was per-
formed over the scrap-out powder from the Ni foam electrode using a
ThermoFisher Scientific Instruments K-Alpha® spectrometer (East
Grinstead, UK) to study the chemical composition of the synthesized
samples. The XPS instrument was equipped with a monochromated Al
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Ka radiation source (hv = 1486.6 eV) and an X-ray spot of ~400 um in
radius. Survey spectra were acquired with a pass energy of 200 eV,
while high-resolution core level spectra for all elements were acquired
with a pass energy of 50 eV. Quantitative chemical compositions were
calculated from the high-resolution core level spectra following the
removal of a non-linear Shirley background. The Avantage software
was used for the peak fittings as it incorporates the appropriate sensi-
tivity factors and corrects for the electron energy analyzer transmission
function.

Electrochemical measurements were performed using a Versastat 4-
500 electrochemical workstation (Princeton Applied Research, USA).
The electrocatalytic performance of the electrodes was analyzed using a
three-electrode system. A graphite rod was used as a counter electrode,
a saturated calomel electrode (SCE) as a reference electrode, and the
synthesized electrodes were used as working electrodes in 1 M KOH.
Electrocatalytic testing included linear sweep voltammetry (LSV),
cyclic voltammetry (CV) and chronoamperometry. LSV was performed
at a scan rate of 1 mV/s for both OER and HER. The potential was
converted to RHE using the Nernst equation [30]. Electrodes were also
analyzed using electrochemical impedance spectroscopy (EIS) studies in
a frequency range of 0.05Hz to 10 kHz with an applied 10 mV of AC
amplitude.

3. Results and discussion

XRD measurements were carried out to analyze the phase purity and
crystalline nature of the synthesized samples. These studies were per-
formed on the scraped powders from the Ni-foam. X-ray diffractograms
of the synthesized samples are shown in Fig. 2. NiCo-OH sample
showed diffraction peaks at 20 values of around 12.1°, 24.5°, 33.2° and
59.1°, which corresponds to the a-phase of nickel-cobalt double hy-
droxide. The X-ray diffractogram of the sulfurized nickel-cobalt double
hydroxide matches with the NiCo,S, phase. More specifically, all the
diffraction peaks can be indexed to the cubic phase of NiCo,S4 (JCPDS
card No. 43-1477) with no obvious oxide impurities, thus indicating a
total conversion of nickel-cobalt double hydroxide to NiCo,S,. Both X-
ray diffractograms match well with nickel cobalt hydroxide and nickel
cobalt sulfide phases and are in accordance with literature reports
[31-34].

Scanning electron microscopy was used to investigate the micro-
structure and morphology of the NiCo-OH and NiCo,S,. Fig. 3(a—c)
show SEM images of the NiCo-OH at various magnifications. The sur-
face of the Ni-foam was covered with NiCo-OH spheres with size ran-
ging from 500 to 1500 nm. The spatial distribution of elements can be
observed using EDS by acquiring the characteristic X-ray emission lines
of Ni, Co, and O, as evidenced in Fig. S1. It becomes apparent that Ni is
primarily concentrated within the substrate material while the spheres
that cover most of the surface consist of Ni, Co and O, suggesting the
correspondence with the crystalline phase of NiCo-OH detected through
XRD. The morphology and structure of the sulfurized NiCo-OH spe-
cimen at various magnifications is shown in Fig. 3(d—f). It appears that
the NiCo-OH nano-spheres convert into a dense film of a nanostructured
needle-grass array of NiCo,S, having needle diameters between 50 and
100 nm. The solid film layer has a thickness of approximately 2 um,
beyond which nano-needles protrude for another 1-2 um (see Fig. 3(e)).
Fig. S2 corresponds to the EDX elemental maps showing the uniform
distribution of Ni, Co, S in accordance with the crystal structure of
NiCo,S,4 detected through XRD.

Fig. S3 shows the XPS survey-scan spectrum of the NiCo-OH and
NiCo,S4 and confirms the presence of the expected elements [35]. The
Ni and Co 2p core level spectra for the hydroxide are shown in Fig.
S4(a) and Fig. S4(b), respectively. Both spectra show the presence of
satellites associated with the 2p3,» and 2p;,» spin orbit split compo-
nents. The binding energy of the Ni 2p3,, peak occurs at 855.0 eV and
the satellite at 861.3 eV. The binding energy of the Co 2p;,» peak occurs
at 780.3 eV and the satellite at 786.0eV. For both Ni and Co, the
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Fig. 2. X-ray diffractogram of the synthesized NiCo-OH and NiCo5Sy.

binding energies and satellite structure indicate the probable presence
of both metal (2+) hydroxides and metal (3 +) oxyhydroxides [36,37].
The binding energy of the O 1s peak occurs at 530.7 eV, which sits
between the expected binding energies of the metal oxides and hy-
droxides, which also supports the mix of metal 24 /3 + species in the
NiCo hydroxide/oxyhydroxide formed. This mixed oxidation state is in
agreement with the XRD assignment of a nickel-cobalt double hydro-
xide.

The Ni 2p, Co 2p and S 2p spectra for the NiCo sulfide (NiCo,S,) are
given in Fig. S4(c-e). The spectral shape for the Ni and Co 2p peak
envelope is similar and corresponds to different Ni—S and Co—S species.
To understand the physical interpretation of these peaks, it is pertinent
to first look at the S 2p peak envelope, which is also quite complex. The
largest S 2p component, with a binding energy of 169.1eV and a
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shoulder at 170.3 eV corresponds to the S 2p3,» and S 2p;,» peaks, re-
spectively, for NiCo sulfate [38,39]. The lowest binding energy com-
ponent at around 162.5 eV corresponds to the 2p;,, peak for NiCosS,4
[40,41]. The larger and higher binding energy component at 163.7 eV
has a binding energy typical of elemental sulfur [42] and a study of
sulfide mineral surfaces suggests that a S 2ps,», peak observed at
binding energies of 163.0-164.2eV corresponds to the presence of
elemental sulfur, rather than polysulfide or metal sulfide species (which
occur at lower binding energies) [43]. Returning to the Ni 2p spectra,
the components at approximately 854 and 857 eV correspond to the Ni
2p3,» peaks for NiCo sulfide and NiCo sulfate, respectively, and the
broader peak at around 862 eV is the Ni 2p3,, satellite. There is the
corresponding Ni 2p;,, envelope for these components at higher
binding energies. For the Co 2p spectra, there is a similar set of peaks to
the Ni 2p, with the components at around 778 and 782eV corre-
sponding to the Co 2p3,» peaks for NiCo sulfide and NiCo sulfate re-
spectively together with the satellite peak at around 786 eV and the
associated Co 2p; - peaks at higher binding energies. Hence, the surface
of these NiCo,S, needles is complex, with the presence of sulfide, sul-
fate and elemental sulfur species.

The electrocatalytic performance of NiCo-OH and NiCo,S4 as OER
electrocatalysts was investigated using LSV. The polarization curves for
all the synthesized samples, along with the commercial IrO,, are shown
in Fig. 4(a). NiCo-OH showed a lower overpotential (i.e. 339 mV)
compared to its counter nickel hydroxide (i.e. 374 mV) and cobalt hy-
droxide (i.e. 351 mV) at a current density of 10 mA/cm?. This could be
due to mixed-composition metal hydroxide catalyst providing sy-
nergistic interactions and enhanced electrochemical performance
[22-24,44,45]. Reports suggest further improvement in electrocatalytic
performance for metal chalcogenides [9,16,46,47]. Hence, after sul-
furization of NiCo-OH, the overpotential value reduced to 293 mV,
which is better than the equivalent value of the commercial IrO, cat-
alyst (i.e. 301 mV). NiCo,S, showed better or comparable results to that
of many previously reported metal sulfides and mixed-transition metal
sulfides. For example, Liu et al. synthesized cobalt-sulfide nanosheet
films over titanium mesh as an electrocatalyst for oxygen evolution, and
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Fig. 3. SEM images for (a), (b), (c) NiCo-OH, and (d), (e), (f) NiCo,S4.
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Fig. 4. OER results: (a) polarization curves, (b) Tafel slopes, (c) durability test of the NiCo,S, electrocatalyst using LSV, and (d) stability performance of the
electrodes using chronoamperometry (inset figure shows oxygen evolution during this experiment from the NiCo,S, electrode).

observed an overpotential of 361 mV to obtain a current density of
10 mA/cm? [48]. Ren et al. synthesized hierarchical nickel sulfide na-
nosheets directly grown over Ni foam as an electrocatalyst for water
reduction and oxidation [27]. Ni3S4 nanosheets directly grown over Ni
foam delivered a current density of 20mA/cm? for OER at the

overpotential of 320 mV. Whereas, mixed transition electrocatalysts
synthesized by Chauhan et al. showed improved OER performance of
CuCo,S, (310 mV at 10 mA/cm?) compared to ideal Co3S4 (> 450 mV
at 10mA/cm?) [49]. The improved performance was attributed to the
Cu?* site for absorption of —OH, —O and —OOH reactive species. The
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series resistance of the synthesized samples at different potentials was
analyzed using EIS (see Fig. S5). It is observed that charge transfer
resistance of NiCo,S, is lower than that of NiCo-OH at same potentials.
In addition to lower charge transfer resistance, NiCo,S4 also displayed
lower total impedance compared to NiCo-OH. The reduced series re-
sistance of NiCo,S, with increasing potential showed better catalytic
performance over NiCo-OH. The electrochemically active surface area
(ECSA) of NiCo-OH and NiCo,S, was estimated using CV in the non-
Faradic region. The cyclic voltammograms show typical rectangular
like-shaped curves with no oxidation or reduction peaks, suggesting
regular feature of electrical double layer capacitor (see Fig. S6). A linear
relationship between current density and scan rate of the synthesized
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samples was observed. The slope of these curves provide the value of
double layer capacitance which is directly related to the surface area of
these materials [50]. Double layer capacitance of 10.4 and 17.4 mF/
cm? was calculated for NiCo-OH and NiCo,S,, respectively. The Tafel
slope indicates the reaction kinetics for the different catalysts (see
Fig. 4(b)). Although NiCo,S, showed lower overpotential at 10 mA
current, the kinetics of the reaction was observed to be little sluggish
and close to other reports [6]. NiCo,S,4, NiCo-OH, Co-OH, NiOH and
IrO, showed a Tafel slope of 95, 81, 67, 104 and 118 mV/dec, respec-
tively. Table S1 shows a comparison for the OER performance of the
synthesized catalysts with other previously reported results in alkaline
media.
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The durability of the NiCo,S; electrode towards OER was in-
vestigated using cyclic stability tests and chronoamperometry. The
polarization curves for NiCo,S; showed the minimal difference of
10 mV after 2000 cycles (see Fig. 4(c)). The catalytic performance was
also tested using chronoamperometry and compared with an IrO, cat-
alyst. As observed from Fig. 4(d), the current density of NiCo,S, re-
mained almost constant for > 17 h of testing. From the overall mea-
surements, it was observed that NiCo,S, exhibits a stable and durable
catalytic performance, comparable to the commercial catalyst, and has
the potential to be used as a highly efficient OER catalytic electrode.

The electrochemical performance of NiCo-OH and NiCo»S4 as HER
electrocatalysts was also investigated. Fig. 5(a) shows the polarization
curves for all the tested samples. NiCo,S, showed an overpotential of
148 mV, which is much lower than that for NiCo-OH (i.e. 170 mV), Co-
OH (i.e. 173 mV), and Ni-OH (i.e. 185 mV) to deliver a current density
of 10mA/cm?. The needle grass arrays of NiCo,S, synthesized in this
work outperformed other metal sulfides and mixed-transition metal
catalysts. For example, a case study of crystalline NiS, NiS, and Ni3S,
nanoparticles showed overpotentials of 474, 454 and 355 mV, respec-
tively [51]. Irshad et al. synthesized honey-comb structured NiCo,S, as
a HER catalyst, using an electrochemical deposition method and re-
quired a high overpotential of 280 mV (at 10 mA/cm?) [6]. Huang et al.
synthesized Co-doped iron sulfide as an electrocatalyst for HER [52].
The overpotential required to drive 10 mA/cm® was 150 mV and
showed a decrease of 1 mV after 500 cycles. As shown in Fig. 5(b), Tafel
slope for NiCo,S,4, NiCo-OH, Co-OH, Ni-OH and Pt were calculated to be
119, 110, 121, 112 and 65 mV/dec, respectively. The obtained results
for NiCo-OH and NiCo,S, are comparable to other noble metal-free HER
electrocatalysts (see Table S2).

The durability of the NiCo,S, electrode as a HER electrocatalyst was
analyzed using cyclic stability tests and chronoamperometry. After
2000 cycles, NiCo,S; showed a reduced overpotential of 10 mV at
10 mA/cm?, as seen in Fig. 5(c). A similar behavior was also observed in
the chronoamperometric measurements, as seen in Fig. 5(d). The per-
formance of the NiCo,S, electrode improved over a period of time at a
constant potential. The aformentioned results suggest that NiCo,S4 can
be used as a durable electrocatalyst for HER processes.

Catalytic activities of different electrodes were tested by fabricating
an electrolyzer for overall water splitting, and the polarization curves
for various combinations are shown in Fig. 6(a). The potential obtained
for the NiCo,S4/NiCo,S,4, as a symmetrical catalytic electrode system,
showed better values among all the different combinations tested with
the aim to understand the performance of NiCo,S, in detail. Specifi-
cally, the NiCo,S4/NiCo,S, device required an onset potential of 1.46 V.
A current density of 10mA/cm® was obtained at 1.61V for the
NiCo,S4/NiCo5S4 device, while the same potential was required for the
IrO,(anode)/Pt (cathode) device.

Moreover, IrO,(anode)/NiCo,S,(cathode), IrO,(cathode)/
NiCo,S4(anode) and NiCo,S4(anode)/Pt(cathode) devices required
1.71, 1.64 and 1.63V, respectively, to achieve a current density of
10 mA/cm?. The NiCo,S4/NiCo,S, device showed a comparable per-
formance to other two-electrode systems reported within the literature
(see Table S3). The chronometric response of the NiC0,S4/NiCo,S, and
NiCo-OH/NiCo-OH system is shown in Fig. S7, with the NiCo,S4/
NiCo,S,4 device displaying a very stable performance over an extended
period of time. In practice, the electrolysis is carried out at higher po-
tentials. Hence, the stability of the electrolyzer was studied at a higher
current density by applying a constant potential of 2V to the NiC0,S4/
NiCo,S, electrolyzer (Fig. 6(b)). The aformentioned studies on a device
basis showed that the NiC0,S4/NiCo0,S,4 electrolyzer maintained a stable
performance over a period of 17 h, thus indicating superior stability of
the synthesized electrodes.

4. Conclusion

The current work demonstrated that mixed transition metal
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chalcogenides such as NiCo,S4 could be used for energy generation via
electrocatalysis. The NiCo,S4 outperformed both the NiCo-OH and the
individual hydroxides as a water-splitting electrocatalyst. Moreover,
the electrodes showed a superior stability performance for both OER
and HER reactions for up to 2000 cycles. Symmetrical electrode cell of
NiCo,S, required a low potential of 1.61 V to achieve a current density
of 10mA/cm? The findings of this study suggest that NiCo,S, elec-
trodes can be used effectively for energy generation as efficient elec-
trocalatyst for overall water splitting process.
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