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Abstract: The development of cheap and efficient catalytic electrodes is of great importance,
to promote the sluggish overall water-splitting systems associated with the large-scale application
of clean and renewable energy technologies. In this work, we report the controlled synthesis
of pyrite-type bimetallic Ni-doped CoS; nanoneedle (NN) arrays supported on stainless steel
(SS) (designated as Ni,Co1_,Sy; NN/SS, 0 < x < 1) and the related compositional influence on
electrocatalytic efficiencies for the oxygen and hydrogen evolution reaction (OER/HER). Impressively,
the Nig33Co00 6752 NN/SS displays superior activity and faster kinetics for catalyzing OER (low
overpotential of 286 mV at 50 mA cm~2; Tafel value of 55 mV dec ') and HER (low overpotential
of 350 mV at 30 mA cm~2; Tafel value of 76 mV dec’l) than those of counterparts with other
Ni/Co ratios and also monometallic Ni- or Co-based sulfides, which is attributed to the optimized
balance from the improved electron transfer capability, increased exposure of electrocatalytic active
sites, and favorable dissipation of gaseous products over the nanoneedle surface. Furthermore,
the conductive, flexible SS support and firmly attached in-situ integrated feature, result in the
flexibility and remarkable long-term stability of as-prepared binder-free Nig33C0067S2 NN/SS
electrode. These results demonstrate element-doping could be an efficient route at the atomic level to
design new materials and further optimize the surface physicochemical properties for enhancing the
overall electrochemical water splitting activity.

Keywords: nanoneedle; nickel cobalt sulfide; element-doping; electrocatalysis; flexible; water splitting

1. Introduction

As an ideal alternative, hydrogen production from electrochemical or photo-electrochemical
water splitting represents one of the most promising strategies to relieve the tension of the growing
crisis from energy and environmental concerns [1,2]. Typically, water splitting involves two half
reactions (i.e., the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)), both of
which are kinetically sluggish in nature [3]. Thus, highly efficient catalysts are required to promote
the slow reaction kinetics, affording a high evolution current at low dynamic overpotentials [4].
Currently, Pt and IrO,/RuQ; are recognized as state-of-art electrocatalysts for accelerating HER
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and OER processes, respectively. Unfortunately, the limited natural reserves and exorbitant price
of these precious metal elements seriously hinders their widespread applicability in commercial
electrolyzers [4,5]. Furthermore, developing a bifunctional electrocatalyst, that is capable of catalyzing
dual HER and OER, is of great interest, as it could potentially simplify the electrolyzer structures
and substantially reduce the device cost. However, despite using the noble metals, Pt is basically
active towards only HER, while IrO, or RuO; possesses superior activity for only OER [6,7]; thus,
it remains a big challenge to simultaneously achieve the satisfied HER and OER capabilities within
the same electrocatalyst. Therefore, in this context, it is extremely urgent to search earth-abundant
and bi-active electrocatalysts to expedite HER and OER kinetics, to construct the next generation of
water-splitting technologies.

Over the past decades, various electrocatalysts have been designed and extensively investigated
to replace precious metals, including transition metal carbides [8-10], nitrides [11,12], sulfides [13-16],
selenides [17,18], phosphides [19-21] as well as their nanocomposites [22-24] for HER, and transition
metals [25-28], hydroxides [29-31], oxides [32-34], and phosphates [20,35] for OER. Among them,
the pyrite-type transition metal dichalcogenides (MX,, M = Fe, Co, Ni and X =S, Se) have recently
attracted growing research interest because of their extremely earth abundance, environmental benign,
and satisfied long-term durability in either acidic or alkaline environments [13-18]. In particular,
cobalt pyrite disulfide (CoS;) exhibits an intrinsically conductive metallic property, in contrast to
the semi-conducting pyrites [36], such as nickel and iron disulfides, making it highly attractive as
an electrode material for energy storage and conversion applications. As for catalyzing HER and
OER, numerous strategies have been developed to further enhance the electrocatalytic performance,
to reach a specified level through nanostructuring, for example, by decreasing particle size and
increasing the number of available catalytic sites [28,34], integrating with a conducting substrate by
facilitating both charge and carrier transport [10,32,37] or constructing hetero-structures with other
metal oxides or sulfides by tuning the surface electronic structure and synergistic interaction [24,38].
Metal and non-metal substituting has been proved to be a facile and efficient route to engineer
the surface atomic configuration and multi-functional redox sites, thus optimizing the intrinsic
electrochemical behaviors [39—41]. For example, NiCo,S;@graphene demonstrates superior overall
bifunctional oxygen electrocatalytic activities, compared to Ni-free CozS4@graphene [40]; Jin’s group
developed a ternary pyrite-phase cobalt phosphosulphide to improve HER activity by modifying the
electronic structure, and further, the hydrogen adsorption energy, on the surface active sites [19].
Recently, doping Ni into CoS, to form bimetallic Ni-Co sulphides with pyrite-type structures,
displays superior pseudocapacitance, compared to monometallic Co and Ni sulphides, owing to
the combined contributions from surface-exposed Ni and Co active species [42,43]. Meanwhile,
HER and OER performance can also be dramatically influenced by the composition of nickel
cobalt sulphides, e.g., the Ni-doping fraction in the final composite. As for application in HER,
Cui et al. have demonstrated that after merging with 10% Ni, the bimetal catalyst (Nig 1Cop ¢Sp) shows
remarkable catalytic activity, which is superior to bare CoS, and other benchmarks (Nig 05Co0.955; and
Nip;CopgSy) [44]. In contrast, Kong et al. and Faber et al. both revealed that doping a certain amount
of Ni into CoS; would have a negative effect on improving the HER activity, for example, Nig ¢gC00.3252
and Nig 41Coq 595, exhibit inferior performances than their counterpart, CoS; [14,45]. It seems that
ambiguous results exist concerning the effect of Ni on tuning the electrocatalytic activities of pyrite
CoS; nanostructures. Therefore, it is highly essential to perform a systematic study over a wide
compositional range of metal-doping, to gain a deeper understanding about the foreign atomic effect
on material properties and further optimize their hydrogen and oxygen electrocatalytic behaviors.

In this paper, which is aimed at elucidating the relationship between the Ni concentration
doping into the CoS; matrix and their catalytic capabilities, we present herein the preparation of
a series of Ni-doped CoS; multi-level nanoneedle (NN) arrays on stainless steel (SS) (designated as
NiyCo1_xSz; NN/SS) and the systematical comparison of their electrocatalytic properties in alkaline
electrolyte. The synthesis is achieved via a general two-step hydrothermal method, whereas Ni—Co
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carbonate hydroxide precursors were firstly in-situ grown on a SS support and then transformed into
corresponding Ni—Co sulfides. Interestingly, the electrocatalytic performance of NiyCo;_,S; series was
optimized at a Ni/Co molar ratio of 1:2 (Nig 33C0¢ 6752, x = 0.33) over a wide compositional range
(0 < x <1), which exhibits superior HER and OER efficiencies, compared to other counterparts of
Nig5Co0552 (x = 0.5) and Nip 67C00 3352 (x = 0.67) as well as monometallic CoS; and NiS;. In particular,
the onset potential where OER occurs on Nij 33C00 6752 NN/SS is as low as 245 mV, and the required
overpotential is 286 mV to deliver an OER current density of 50 mA cm~2, which outperforms
the reported state-of-art OER electrocatalysts. Furthermore, benefiting from the in-situ integrated
feature on SS mesh, the resulting carbon- and binder-free Nig33C0067S2 NN/SS electrode also
renders remarkable flexibility and considerable long-term catalytic durability. Extensive analyses
have demonstrated that the superior activity is attributed to a subtle balance between the electronic
conductivity, the energetically modified active sites, and the favorable release of generated gaseous
products over the nanoneedle surface, which simultaneously facilitates the electron, ion, gas transfer
and the chemisorptions of hydrogen and oxygen-containing species, consequently enhancing the
overall water oxidation activity.

2. Results and Discussion

2.1. Synthesis and Characterization

A general two-step hydrothermal method was developed to synthesize the NixCoj_«Sp
nanoneedle arrays on the SS substrate, whereas Ni-Co carbonate hydroxide precursor was grown in
the first step and then transformed into corresponding Ni-Co sulfides after the second sulfidation
treatment (Figure 1a). The phase conversion was also evidenced by the color change of the samples
covering the SS surface. The Ni/Co ratios can be easily tuned by controlling the addition of Ni
and Co-contained resources. The crystallographic information of as-prepared samples was analyzed
by powder X-ray diffraction (XRD). As depicted in Figure 1b, the diffraction peaks of the Ni-Co
precursor can be well matched with the combination of standard peaks of Co(CO3)y50H (JCPDS card
no. 48-0083) and Ni(COs3)y5s0H (JCPDS card no. 35-0501). The Ni—Co-carbonate hydroxides with
different Ni/Co ratios were completely converted into corresponding pyrite-type Ni-doped CoS,,
via an anion exchange reaction in a sodium sulfide environment at 120 °C for 8 h (Figure 1c). During
this step, the active sulfur anions replace the CO32~ and OH ™ ions in the Ni-Co—carbonate hydroxides
to form the Ni,Coj_,S; phase structure. All the identified diffraction peaks of prepared Ni,Co;_,5; at
20 values of about 27°, 32°, 36°, 39°, 46°, 54°, 57°, 60°, 62° and 73° can be unambiguously indexed
to (111), (200), (210), (211), (220), (311), (222), (230), (321) and (331) planes of cubic CoS, (JCPDS card
no. 89-3056; space group: Pa-3;a = b = ¢ = 5.523 A), but are slightly shifted to lower angles, owing to
the substitution of larger Ni?* ions (\;>* = 0.069 nm) for smaller Co?* ions (rco>* = 0.065 nm) on the
metal sites. The replacement of Ni to Co does not affect the crystal structure of CoS,, even up to a
maximum percentage of 100% (NiyCoj_,Sp, 0 < x < 1), owing to the similar physical and chemical
properties of Ni and Co ions as well as their structural compatibility [46]. Noticeably, the 26 values
of the XRD diffraction peaks of pyrite-typed NiyCo;_,5; are located between CoS; and NiS, (JCPDS
card no. 73-0574, Table S1), further revealing the formation of an alloyed pyrite phase. No other
signals of impurities have been detected, especially from the parent hydroxide, implying the complete
conversion and high phase purity of as-prepared sulfides. Therefore, XRD results demonstrate the
successful synthesis of the NiyCo;_,S; series, with solid solubility over a wide compositional range of
0 < x <1[39]. The same crystallographic phase is the primary reason, which accounts for the possible
achievement of Ni-doped CoS,. As shown in Figure 1d, the crystal structure is based on the framework
of corner-sharing MSg octahedra in pyrite-type MS; (M = Ni or Co). The pyrite crystal structure of
CoS; and NiS; thus ensures the successful substitution of CoS; by Ni ions, while still maintaining the
cubic structural symmetry. The parallel formation of NiyCoj_,S, compounds with the same crystal
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symmetry allows us to focus on the investigation of compositional and surface active effects on their
electrochemical properties.
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Figure 1. (a) Schematic illustration of the preparation procedures of NixCoj_4S, NN/SS and the
corresponding electrode photographs; (b) XRD patterns of Ni-Co composite precursors and (c) final
Ni,Co;_,S; with Ni/Co ratios of 1:2, 1:1, and 2:1, respectively. The standard peaks of CoS, and NiS,
are also shown for comparison; (d) Crystal structures of pyrite-type Ni,Coj_4S;.

The micro-nanostructures and morphologies of prepared Ni—Co precursors and sulfides were
characterized by scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
techniques. From the SEM images of the prepared Ni-Co carbonate hydroxide precursors, we can
see that the products have high similarity in microstructure despite different molar ratios of Ni to
Co in their components (Figure 2a—c), while completely different morphologies are obtained for pure
Co(CO3)050H and Ni(CO3)o50H (Figure S1). Specifically, the SS substrate is covered densely and
uniformly by the Ni-Co precursor nanoneedle arrays on a larger scale size (Figure S2), whereas
nanoflake and nanowire-aggregated products are formed in the presence of only Co?* or Ni?* ions
(Figure S1). Moreover, as the Ni-doping content increases in Ni—-Co precursors, the corresponding
nanoneedle becomes shorter, narrower and rougher (Figure 2a—c), which can be attributed to the
doping effect on the size control of nanocrystals [47]. This is also echoed with previous phenomena,
namely, the grain sizes slightly decreased with an increasing concentration of metallic Ni element in
Ni—Co-based nanocomposites [44,48]. After the sulfidation treatment, the nanoneedle arrays were
well-retained in the final Ni,Coj_,S,, with the appearance of porous nanostructures and increased
surface roughness (Figure 2d—f). Additionally, in contrast to the energy dispersive spectroscopy (EDS)
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of the precursor, containing Ni, Co, and O (Figure S3), the EDS results of the as-prepared sulfide
disclosed the presence of Ni, Co and S elements in the final NiyCo;_,S; products (Figure 2g—i), again
verifying the successful phase conversion from the Ni-Co carbonate hydroxide precursor to Ni-Co
sulfide after the hydrothermal sulfidation treatment. Moreover, the detected Ni/Co molar ratios
in fabricated Nig33C0g 6752, Nig5C0(5S,, and Nig 7C0g 335, nanoneedles were about 1:1.98, 1:0.80,
and 2.22:1, respectively. The slightly difference relative to the ideal ratios (i.e., 1:2, 1:1, and 2:1) is
mainly ascribed to the different reaction activities of Ni and Co cations during the phase formation
process [49].
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Figure 2. SEM images of the as-synthesized Ni-Co precursors (a—c), NiyCoj_,Sy (d-f) and EDS spectra.
The corresponding Ni/Co molar ratios were 1:2 (a,d,g), 1:1 (b,e,h), and 2:1 (¢ f,i), respectively.

TEM was employed to further identify the micro-nanostructure and detailed structural
information of as-synthesized samples. TEM images of samples detached from the stainless steel
again suggested the morphological nanoneedle of both Ni-Co precursors and the final Nig 33C00 6752
sample (Figure 3), in accordance with the SEM observation (Figure 2d). The surface feature of Ni-Co
precursors is relatively smooth, with no obvious pore structures (Figure 3a). In the corresponding
high-resolution TEM (HRTEM), the measured distance of 0.26 nm matches well with the (221) lattice
plane of Ni-Co-carbonate hydroxide (Figure 3b), which is also supported by the ring patterns of
selected area electron diffraction (SAED, inset in Figure 3b). After sulfidation, the surface texture
became rough and porous nanostructure appeared (Figure 3c). The observed lattice fringe with a
spacing of 0.32 nm can be assigned to the (111) facets of Ni-doped CoS, (Figure 3d), as can be gleaned
from the SAED pattern (inset in Figure 3d). The measured interplanar distance was also confirmed
by the intensity profiles from the selected areas of Figure 3b,d (Figure S4). The TEM analysis here
further corroborated the phase conversion from the Ni-Co precursor to sulfide after the hydrothermal
treatment. Similar results were also obtained from the TEM and HRTEM images of Nig 5Cog 55, and
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Nig 67C00.335; nanoneedle arrays (Figure S5), collectively testifying the above crystallographic and
morphological information from the XRD and SEM analyses.

Figure 3. TEM and HRTEM images of the Ni-Co precursor (a,b) and final Ni-doped CoS, (c,d) with a
Ni/Co molar ratio of 1:2.

X-ray photoelectron spectroscopy (XPS) was further performed, to characterize the elemental
compositions and surface chemical valences of synthesized Ni-doped CoS, in the near-surface range.
The XPS survey spectra of Nig 37Co0q 665y, in Figure 4a, reveals the presence of Ni, Co, and S elements
with molar ratios of 1:2:6.7, consistent with theoretical values (1:2:6). The additional C (as a reference)
and O elements are ascribed to exposure to air. The spin-orbit doublets and two shakeup satellites
(denoted as “Sat.”) can be well fitted in the Ni 2p high-resolution XPS spectra, by using a Gaussian
fitting method (Figure 4b), which is respectively assigned to the characteristic peaks of Ni** and Ni>*.
The Co 2p spectra (Figure 4c) can be de-convoluted into six species, including pairs of fitting peaks
for Co?* and Co®*, and their shakeup satellites. The Ni and Co 2p spectra reveal the coexistence
of Ni?*/Ni** and Co?*/Co’" in the prepared Nig33C0g ¢S, product, in accordance with reported
results in the literature [50]. The S 2p XPS peak of Nig33C00 7S, NN can be assigned into four
peaks (Figure 4d). Two peaks, located at 161.5 and 162.7 eV, correspond to S 2p;/, and S 2p3,; of
S?~, respectively. Another peak, centered at 164.2 eV, is the signal from bridging S,?>~ [51], which
has been recognized to facilitate the HER electrocatalysis [52]. The binding peak at 168.8 eV is
ascribed to the shakeup satellite peak [53]. These XPS results together demonstrate the presence of
NiZ* /Ni?*, Co?* /Co®* and $2~ /S,2~ in the synthesized NiyCo1_,S; nanostructures, well agree with
those reported previously [50].
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Figure 4. (a) XPS survey spectra; (b) Ni 2p; (c¢) Co 2p; and (d) S 2p high-resolution spectra of
Nig 37C00.6652 NN, respectively.

2.2. Electrocatalytic Performance

To investigate the electrocatalytic activities of the as-synthesized self-standing electrodes,
electrochemical measurements were carried out in Nj-saturated 1.0 M KOH, using a three-electrode
configuration (without iR correction for all the data). The prepared binder and conductive additive-free
NiyCo;_ Sy NN/SS electrode, with catalyst loading around 1.2 mg cm~2, was directly employed as a
working electrode. Monometallic sulfides of CoS; and NiS, as well as precious metal RuO, were also
evaluated as benchmarks for comparison. As revealed in the OER linear sweep voltammetry (LSV)
curves (Figure 5a and Figure S6), the bimetallic NiyCo;_,S, NN with different Ni/Co ratios exhibits
superior water oxidation activity compared to monometallic CoS,, NiS;, and also the precious metal
catalyst of RuO,. Particularly, the Nig 33Co00 675, catalyst affords the best OER performance with the
required overpotential (1) of 286 mV, to reach an evolution current density of 50 mA cm~2, which is
slightly lower than its Nip5Cog 55, (292 mV) and Nig 67C00 335, (297 mV) counterparts and also much
lower than bare CoS, (340 mV), NiS, (420 mV) and RuO, (365 mV), respectively. The anodic peak near
1.36 V in the curves is ascribed to the Ni oxidation state from Ni(II) to Ni(Ill) [54]. The corresponding
Tafel plots were fitted on the basis of the LSV polarization curves, as displayed in Figure 5b. The Tafel
analysis reveals that a much smaller Tafel slope of 55 mV dec~! is fitted over the Nig 33C0 ¢7S» surface
than those on Ni5C0(5S; (61 mV dec™!) and Nig 6,C0g 335, (68 mV dec™1), indicative of the faster
OER kinetic catalyzing by Nig33Co¢ 675, nanoneedle arrays. Furthermore, in Tafel region, the linear
relationship between logarithmic current density and overpotential extends a larger region of higher
current density for Nig 33C00 6752 nanoneedles, fingering its lower mass transfer resistance at higher
evolution currents [50]. Moreover, electrochemical impedance spectroscopy (EIS), under OER operating
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conditions, was performed, to characterize the electrical conductivities and charge transport properties
of synthesized electrocatalysts (Figure 5c). The fitted charge transfer resistance (R.) values are in
good accordance with the trend of OER activities, further corroborating the faster catalytic kinetics
in favoring the superior catalytic performance of Nij33C0q ¢7S; nanoneedles among the NixCoj_4Sp
series. Notably, the OER parameters of RuO, are comparable to the values reported in the literature
and the presented performance of Nig 33C00 752 NN/SS rivals those of the most active earth-abundant
element-based electrocatalysts reported so far (see detailed comparison in Table S2).
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Figure 5. (a) Oxygen evolution reaction (OER) performance of commercial RuO,, bare CoS; and
Ni-doped CoS, nanoneedle arrays on SS in 1.0 M KOH. The scan rate is 5 mV s~!; (b) Corresponding
Tafel plots. The error bar stands for the results, ranging from three independent repeated measurements;
(c) Nyquist plots of the four catalysts at an overpotential of 300 mV; (d) Chronopotentiometric response
of Nig33C00,67S2 NN/SS at a constant anodic current density of 25 mA cm 2.

Besides the catalytic activity, the Nig 33Co¢ 6752 NN rooted on SS substrate also presented excellent
OER electrochemical stability for continuous long-term OER processes (Figure 5d). At a fixed
OER current density of 25 mA c¢cm 2, there was no obvious degradation of the overpotential of
Nip33C00,67S2 NN/SS after an operation period of 15,000 s, suggesting the wonderful long-term
catalytic durability. During our testing process, we observed that the evolved oxygen bubbles
dissipated rapidly into the electrolyte with no big bubbles remaining on the electrode surface, which
mainly contributes to the novel one-dimensional (1D) nanoneedle arrays, facilitating the gas and
mass transfer and thus maintaining the effective solid-liquid interface for electrocatalysis [16,36].
This conjecture has been verified by the fact that the nanoneedle arrays were still essentially preserved
after successive long-term OER electrolysis (Figure S7). Despite undergoing an increase of a typical size,
the distributed nanoneedles were firmly attached onto the stainless steel without obvious aggregation
and detachment, which is believed to be another pivotal factor to the structural durability and
remarkable electrochemical robustness of Ni,Coq_, S, NN/SS electrode in alkaline conditions.

To explore the suitability of as-synthesized NiyCo;_,S, NN/SS in the process of overall
water-splitting, the HER activities were assessed using the same solution. As displayed in the
HER polarization profiles of Figure 6a, the Nig33C00 6752 NN/SS delivered a cathodic current
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density of 30 mA cm~2 at an overpotential of 350 mV, which is lower than that of comparative
Nip5Co055; (370 mV) and Nig 47C00 335, (387 mV). Similar to the case for catalyzing OER, all the
bimetallic Ni-doped CoS; electrodes exhibit lower overpotentials than those of un-doped CoS, and
NiS, (Figure S8), an indication that the introduction of atomic Ni on the metal sites has a positive
effect on enhancing hydrogen and oxygen electrocatalysis. Although the precious catalyst, Pt/C,
afforded a current density of 30 mA cm~2 at a very low overpotential of 200 mV, the prepared
Nig 33C00.67S2 NN/SS electrode transcended Pt/C at large current densities (>110 mA cm~2), indicating
the superior capability of the former in large-scale hydrogen evolution applications. Figure 6b gives
the corresponding Tafel plots. The fitted Tafel slope of the Nig 33C00 6752 (76 mV dec™!) was lower
than those of Nip5C005S; (82 mV dec™ 1), Nig¢7C00.33S2 (89 mV dec™ 1) and CoS; (98 mV dec 1)
counterparts, respectively. These Tafel values of Ni,Co;_,S; suggest that the HER proceeds the
Volmer-Heyrovsky mechanism [38]. Moreover, the Tafel values are consistent with the HER
performance trend, which further reveals that the HER kinetics follow an order of Nij33Co0¢ 6752
> Nio.5C00.5SQ > Ni0_67C00h33SZ > CoSy,.
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Figure 6. (a) HER polarization curves of commercial Pt/C, bare CoS, and Ni-doped CoS, on SS in
1.0 M KOH. The scan rate is 5mV s~ 1; (b) Fitted Tafel slopes; (c) Calculation of double-layer capacitance
by fitting the capacitive current vs. scan rates. The error bar stands for the results, ranging from three
independent repeated measurements; (d) Chronoamperometric data of Nig33C0g 7S, NN/SS at a
constant potential of —0.35 V. Inset shows the polarization plots of first cycle and after 500 cycles.

It has been recognized that the HER catalytic activity is largely determined by the electrochemical
active surface area (ECSA). To estimate the ECSA of these prepared Ni-doped CoS, catalysts,
we measured the electric double layer capacitance (EDLC) at the electrode—electrolyte interface,
by fitting the capacitive currents as a function of scan rates (Figure S9). Accordingly, the determined
EDLC values of Nij33C00 ¢7S2, Nig.5C005S,, and Nig ¢7C0¢33S, were ca. 24.1, 17.6, and 9.5 mF cm 2
(Figure 6¢), respectively, which demonstrates that the enhancement of the Nig33C0q¢7S; sample
in providing a higher active surface area and larger amount of active sites, as compared to the
controlled samples with other Ni/Co ratios. Apart from the high activity, the catalytic durability
is also required for constructing a proof-of-concept electrocatalyst. To assess the HER durability,
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the Nig33C00.6752 NN/SS electrode was cycled continuously for 500 potential cycles. No obvious
activity decay was detected (Figure 6d), suggesting the considerable long-term stability for HER
electrocatalysis below 0 V in alkaline electrolyte. Meanwhile, in the chronoamperometric measurement
after 13,000 s, the Nig33C0067S2 NN/SS electrode maintained 90.1% of the initial catalytic active
current, again suggesting the high operational durability. The remarkable catalytic stability was mainly
ascribed to the intrinsic robustness of pyrite crystal phases and favorable gas transfer mechanism
of nanoneedle arrays as well as the firm attachment between the SS support and the in-situ grown
sulfide nanostructure.

2.3. Flexible Property

In addition to the aforementioned high bifunctional electrocatalytic performance, the mechanical
flexibility of the SS mesh and the structural integrity of in-situ growth feature allowed the artificial
bending of the prepared catalytic electrodes (Figure 7a). As can be seen from Figure 7b, to achieve a
current density of 100 mA cm 2, the resultant Nig 33C00 6752 NN/SS electrode rendered remarkable
flexibility with an HER activity decay of only 10%, even after blending at 180° in alkaline media. As for
OER electrocatalysis, we investigated the OER performance of the Nij33C0¢ 6752 NN/SS electrode
after different bending times. Numerous gas bubbles were observed at a large current density of
300 mA cm 2 on different bended electrodes (Figure 7c). More specially, the collected OER polarization
curves were almost coincident after bending 20 and 40 times, respectively, as compared to the initial
state without bending (Figure 7d). These observations highlight the remarkable performance of
as-synthesized Ni-Co-S nanoneedle arrays on the SS as a flexible electrocatalytic electrode. The highly
flexible and integrated electrode is promising for the future development of various flexible systems
and devices, such as flexible fuel cells, metal-air batteries, portable hydrogen/oxygen fuel devices,
and flexible photo-electrodes for photo-electrochemical catalysis and so on.
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Figure 7. (a) Photograph of the flexible Nig 33C0 7S, NN/SS electrode at bended states. The inset
shows the normal state; (b) HER polarization curves of Nig 33C00 6752 NN/SS electrodes at different
bending angles; (c) Oxygen evolution images of Nij33C0g 6752 NN/SS electrodes at the initial state
and after bending 20 and 40 times with an OER current density of 300 mA cm~Z; (d) OER polarization
curves of Nig33C00,67S2 NN/SS electrodes after different bending times.
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2.4. Overall Water-Splitting

Encouraged by the considerable electrochemical activity in promoting half reactions,
Nip33C00,67S2 NN/SS was expected to act as a bifunctional electrode, serving as both a cathode
for HER and an anode for OER in overall water splitting. As displayed in Figure 8a, the Nig33C00 6752
NN/SS electrode is capable of catalyzing OER with anodic potential upon 1.23 V and is active for
HER with a cathodic potential below 0 V. The fabricated Nig33C0067S2 NN/SS | | Nig33C00.6752
NN/SS electrolyzer afforded a current density of 10 mA cm ™2 at the required cell potential of 1.67 V
(Figure 8b), which is only 110 mV higher than that of the Pt/C | | RuO,-based electrochemical system.
The combined overpotential of 440 mV for overall water splitting made the Nip 33C0g 675 NN/SS one
of the reported active bifunctional catalysts, including metal hydroxides, oxides, chalcogenides and
phosphides (Table S3). Obvious hydrogen and oxygen bubbles were generated on the electrode surface
during the testing process (Figure 8c), evidencing the favorable kinetics during the water oxidation
catalytic process. In addition, the long-term stability of the Nij33Coq67S2; NN/SS water-splitting
system was evaluated in a continuous polarization for 10 h at 1.70 V. The activity retention was 81.4%
for the Nig 33Cog 6752 NN /SS-based electrolyzer, which is much lower than that of Pt/C + RuO; (51.7%,
Figure 8d), demonstrating the considerable long-term durability of the Nig 33C00 6752 NN/SS electrode
as both a cathode and anode electrode, in electrically catalyzing overall water splitting.
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Figure 8. (a) Polarization curve of Nig 33C0¢ 6752 NN/SS, collected in a three-electrode configuration,
with the potential ranging from —0.4 to 1.6 V; (b) Overall water-splitting performance tested by a
two-electrode configuration in 1.0 M KOH; (c) Image of the Hy and O, gas evolution on Nij 33Coq 675
NN/SS electrodes. The size of both the electrodes is 1 cm x 1 cm; (d) Long-term catalytic stability of
fabricated electrolyzers at a fixed potential of 1.7 V.

3. Discussion

The electrochemical parameters of investigated catalysts are summarized in Table 1. Given that the
catalytic performance is generally influenced by electronic and geometric factors, further consideration
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is required to gain a deeper understanding about the influence of Ni component in NiyCo;_S;
composite. As previous reported and based on our observations here (Figure 2), the doping of Ni into
CoS; leads to a decrease in the geometric size of nanoneedles [43,44], improving the surface roughness
and specific surface area (geometric effect). However, this trend is inconsistent with that observed
in electrocatalytic performance (Nig33C00 6752 > Nig5C00 552 > Nig 67C00 3352 > C0Sy), either in HER
or OER. We next considered the effect from the electronic structure. On one hand, conductivity
investigations on a series of spinel NiyCos_,O4 (0 < x < 1) revealed that the activation energy almost
disappears completely at a modest x value, rendering the oxide with a semi-metallic nature [48,55].
On the other hand, the larger crystallite size may also result in a more conductive sample [48].
Thus, in our study, the Nig 33C00 675, sample may have possessed the highest electrical conductivity
in the Ni,Co1_,S; series, which facilitated the electron transfer during the catalytic reaction and
allowed the superior catalytic activity toward both HER and OER. Actually, the optimized electron
transfer at a moderate addition of Ni atoms into CoS; has been already revealed in literature [42],
and is also corroborated by the EIS analysis, whereby the Nig 33C00¢7S, exhibits the lowest charge
transfer resistance among all studied compounds herein (Figure 5c). Otherwise, as revealed by the
characterization of the electrochemical active surface area (Figure 6c), the catalytic active sites should
also play a pivotal role in determining the catalytic performance. In the series of Ni-doped CoS,,
the Co-rich sample exhibited the highest overall activity, an indication that cobalt may energetically
act as active sites for electrocatalysis to benefit the reaction kinetics, which is more effective than
nickel sites [14]. Therefore, the superior performance of Nig33C0¢ 7S, could be attributed to the
synergistic effect between the engineered electro-conductivity and the surface catalytic active sites,
which simultaneously favors the electron transfer and facilitates the chemisorptions of hydrogen and
oxygen-containing species, thus enhancing the overall electrocatalytic water-splitting activity.

Table 1. Summary of the electrochemical activities of NiyCo;_,S; NN/SS electrodes with different

Ni/Co ratios.
Tafel Slope Overpotential (mV)
Catalysts Reaction (mV d _pl) HER@30 mA cm—2 R¢t (QY) C4q; (mF cm™2)
m ec OER@50 mA ¢cm—2
HER 98 410
CoS OER 99 340 72
. HER 76 350
Nig 33Co00.6752 OER 55 286 33 24.1
. HER 82 370
Nip 5C00552 OER 61 202 39 17.6
. HER 89 387
Nip.67C00.3352 OER 68 297 45 9.5

4. Materials and Methods

4.1. Synthesis

The Ni—Co precursors were grown on stainless steel, using a simple hydrothermal method. In a
typical synthesis, 0.482 g urea, 0.194 g Ni(NO3);-6H,0 and 0.388 g Co(NO3),-6H,O were added
into 40 mL deionized water and continuously stirred for at least 30 min to obtain a clear solution.
After that, a piece of stainless steel (1 cm x 1 cm), which was previously washed by acetone and
ethanol in turns for five minutes and dried at 60 °C overnight, was immersed into the above aqueous
solution. This mixed solution was transferred into a Teflon-lined stainless autoclave with the volume of
50 mL. After being tightly locked, the autoclave was maintained at 120 °C for 10 h in an electric oven.
After naturally cooling down to room temperature, the stainless steel, wrapped with homogeneously
distributed Ni-Co-carbonate hydroxide nanoneedle arrays, was obtained after washing by deionized
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water for several times. The other Ni-Co carbonate hydroxide precursors, with different Ni:Co
ratios, were prepared through the similar procedures, except by changing the added molar ratios of
Ni(NO3);:6Hp0 and Co(NO3),-6H;O, respectively.

The as-prepared Ni—Co precursor on stainless steel was converted into the corresponding sulfide
nanostructures by a second hydrothermal process. In detail, 100 mg Na,S powder was dissolved
into 30 mL deionized water and stirred for 10 min to form a sulfide precursor solution. Afterwards,
the stainless steel substrate attached by Ni-Co—carbonate hydroxide precursor was immersed into
the solution. The above solution was transferred to a 50 mL autoclave and maintained at 120 °C for
3 hin an electric oven. After cooling down naturally, the Ni,Co;_,S, nanoneedle arrays grown on SS
(NiyCo1_,Sy NN/SS) were removed from the solution, washed with ethanol and DI water and then
dried overnight at 60 °C.

4.2. Characterization

The phase formation of synthesized NiyCo;_,S; series compounds and their precursors were
identified using powder X-ray diffractometer (XRD, Bruker D8 Advanced, Bremen, Germany) with Cu
Ko« radiation. The micro-nano morphologies were characterized by scanning electron microscopy (SEM,
54800, 30 kV, Hitachi, Tokyo, Japan) and transmission electron microscopy (TEM, jem-2100f, 200 kV,
JEOL, Tokyo, Japan) along with energy dispersive spectroscopy (EDS), respectively. In order to perform
the TEM measurement, the Ni,Coj_,S; samples were detached from the SS support by ultrasonic
treatment, dispersed in ethanol to from a homogeneous solution, and then dripped on the copper grid.
X-ray photoelectron spectroscopy (XPS) was conducted to detect the surface chemical compositions
and elemental oxidation states using a ESCALAB 250XI (Thermo-Fisher Scientific, Waltham, MA, USA)
apparatus with Al as the exciting source.

4.3. Electrochemical Tests

Electrochemical tests were carried out on an IviumStat electrochemical workstation (Ivium
Technologies, Eindhoven, The Netherlands) using a three-electrode system in Nj-saturated 1.0 M KOH
solution. The synthesized catalysts supported on the SS substrate were used as the working electrode.
The corresponding counter electrode and reference electrode are graphite rod and saturated calomel
electrode (SCE), respectively. All the electrochemical measurements were performed in 1.0 M KOH
electrolyte, which was saturated with high-purity Ny (Air Product, purity 99.995%, HuanYu Company,
Tianjin, China) for at least 30 min before each test and maintained under the inert atmosphere
throughout the whole test. The OER and HER linear sweeping voltammetry (LSV) data was collected
at a scanning rate of 5 mV s~!. Before collecting the final data, the working electrodes were repeatedly
cycled by cyclic voltammograms (CVs) until the stable curves were obtained. All the mentioned
potentials in this work were converted with respect to the reversible hydrogen electrode (RHE) using
the following calibration: Eyg rRyg = Evsscg + 1.067 V in 1.0 M KOH. The electrochemical capacitance
(Cqp) was measured, from 1.12 to 1.22 V, at different scan rates of 5, 8, 10, 15,20 mV s, respectively.
Electrochemical impedance spectroscopy (EIS) was performed with the sweeping frequency from
10 kHz to 100 mHz. The obtained EIS curves were fitted by a simplified Randles circuit, in order to
determine the values of charge transfer resistance (R.t). The overall water-splitting performance was
measured in a two-electrode configuration, using the same catalysts as the active materials of both
anode and cathode electrodes.

5. Conclusions

In summary, we have demonstrated the successful synthesis of Ni,Co;_,5S; nanoneedles on S5
support with different Ni/Co elemental ratios (0 < x < 1) and the chemical composition-dependent
HER and OER electrocatalytic activities. Compared to other counterparts, the Nig 33C00 675, NN/SS
electrode exhibited superior bifunctional HER and OER performances, including lower overpotentials
(286 mV at 50 mA cm ™2 of OER and 350 mV at 30 mA cm™2 of HER), larger evolution currents
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and faster kinetics (Tafel slopes of 55 and 76 mV dec~! for OER and HER) as well as remarkable
long-term durability (e.g., no obvious decay of continuous OER catalysis for 15,000 s). Furthermore,
the Nig33C00,6752 NN/SS electrode rendered considerable flexibility with HER activity decay of
only 10%, even after blending at 180° in alkaline media. The accelerated overall water-splitting
performance of Nig33C00 6752 NN/SS is ascribed to the favorable balance between the engineered
electro-conductivity and the exposure of electrocatalytic surface active sites as well as the beneficial gas
transfer over nanoneedle arrays surface. Meanwhile, the conductive, flexible SS substrate and firmly
attached in-situ integrated feature contribute to the flexibility and remarkable catalytic stability of
nickel cobalt sulfide-based electrodes. This work establishes the Nij 33C0¢ 6752 NN/SS as a promising
bifunctional electrode for water electrolyzation and also demonstrates the element doping strategy
as an effective way to regulate conductivity and atomic active sites for enhancing the hydrogen and
oxygen electrocatalysis.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4344/7/12/366/s1,
Figure S1: SEM images of precursors, Figure S2: Low-magnification SEM, Figure S3: EDS spectra, Figure S4:
Measurement of lattice distance, Figure S5: TEM and HRTEM images of Nig 5Coq 55, and Nig 67Co0 335, Figure Sé6:
OER performance of monometallic CoS, and NiS,, Figure S7: SEM images of Ni-Co-S NN after OER polarization
for 15,000 s, Figure S8: HER performance of monometallic CoS, and NiS;, Figure S9: Cg) measurements,
Table S1: 26 degree of selected crystal planes in prepared samples, Table S2: Comparison of OER performances
of Nig33Co0g 6752 NN/SS with other reported non-noble metal OER electrocatalysts in 1.0 M KOH, Table S3:
Comparison of overall water-splitting performances of Nig33Co0g 6752 NN/SS with other reported non-noble
metal electrocatalysts in 1.0 M KOH.
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