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ABSTRACT

Developing high-active and low-cost bifunctional materials for catalyzing hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER) holds pivotal role in water splitting.
Therefore, we present a new strategy to form NiS/NiP heterostructures. The as-obtained
NiS/Ni.P/CC requires overpotentials of 111 mV for the HER and 265 mV for the OER to reach a
current density of 20 mA cm, outperforming their counterparts such as NiS and Ni.P under the
same conditions. Additionally, the NiS/Ni-P/CC electrode requires a 1.67 V cell voltage to deliver
10 mA cm? in two-electrode electrolysis system, which is comparable to the cell using the
benchmark Pt/C||RuO. electrode. Detailed characterizations reveal that strong electronic
interactions between NiS and Ni2P, abundant active sites, and smaller charge transfer resistance

contribute to the improved HER and OER activity.
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1. INTRODUCTION

The development of renewable fuels to replace traditional fossil fuels is highly demanded for
addressing the increasingly serious energy and environmental issues facing the society.* Hydrogen
generated from water splitting provides a very promising strategy for the above-mentioned issues
because hydrogen can act as an energy carrier and the combustion product is only water.? However,
the hydrogen production via water splitting faces the problem of high energy consumption
associated with the high electrolysis potential.®> RuO, and Pt-based materials are commonly
considered to be the best electrocatalysts for oxygen evolution reaction (OER) and hydrogen
evolution reaction (HER), respectively.*’ However, the scarcity of these precious metal
electrocatalysts inevitably hinders their large-scale applications.

Over the past few decades, separated non-noble metal catalysts that are optimized for HER and
OER have emerged as novel materials for catalyzing water splitting, such as transition metal
nitrides®®, carbides'®!! and sulfides? for HER, perovskite oxides,*!* transition metal oxides>
and hydroxides*’!® for OER, which are quite prospective to replace precious metal catalysts in
large-scale applications. However, developing efficient and durable bifunctional electrocatalysts
toward both HER and OER in the same electrolytes with advantages in terms of not only
simplifying system and reducing costs, but also providing high efficiency are quite challenge.®-%

Recently, earth-abundant transition metal compounds have been corroborated to show decent
electrochemical activity and exhibit high durability for both HER and OER, which is quite suitable
for their application in water splitting.?22% In spite of this, the activity of those reported bifunctional
catalysts for catalyzing water splitting reaction are still inferior to that of Pt|RuO. couple.
Therefore, much efforts have been paid to promote catalytic performance of electrocatalysts over

the past few decades.?*? Various strategies have been employed to rationally design catalysts,
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including creation of active sites by increasing phase boundaries among different components,
promoting H atom adsorption and desorption kinetics on catalysts’ surface through adjusting
charge distribution among different components, and rationally electrode structure design, etc. For
example, Zheng et al. realized NiS>-MoS; nanoflake-nanowires heterostructure via interface-
engineering, in which MoS> nanosheets were highly dispersed inside NiS> framework, and the
authors attributed the significantly enhanced HER catalytic activity to abundant nano-interfaces
and defects.?® He et al. revealed that strong interface interaction and redistribution of electrons
between WxC and WS in the WxC@WS: heterostructure play a crucial role for the enhanced HER
activity.*® Furthermore, the growth of catalysts onto a three-dimensional (3D) conductive substrate
such as carbon cloth would offer strong adhesion and reduce interfacial impedance, which are all
beneficial to promoting the electrochemical activity.

Collectively, above mentioned findings indicate that it’s quite reasonable to engineer a novel
heterostructures in pursuit of enhanced catalytic activity. Furthermore, Ni-based sulfides and
phosphides have been demonstrated to be earth-abundant electrocatalysts for both HER and OER.
Herein, we developed a three-step method to fabricate NiS/Ni;P heterostructure on carbon cloth
(denoted as NiS/Ni,P/CC). The as-obtained NiS/Ni,P/CC requires overpotentials of 111 mV for
the HER and 265 mV for the OER in 1 M KOH solution to reach 20 mA c¢cm?, outperforming their
counterparts such as NiS and Ni2P under the same conditions. Additionally, the NiS/Ni2P/CC
electrode requires a 1.67 V cell voltage to deliver 10 mA ¢cm™ in two-electrode electrolysis system,

which is comparable to the cell using the benchmark Pt/C||RuO> electrode.
2. EXPERIMENT SECTION

Material Preparation. Scheme 1 depicts the design and integration of NiS/Ni2P nanosheet

arrays on carbon cloth substrate to realize cost-effective catalyst for HER and OER. The
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Ni(OH)./CC were prepared via hydrothermal reaction similar to that reported in the literature.3! In
a typical synthesis, 4 mmol of nickel nitrate hexahydrate, 20 mmol of urea, and 12 mmol of
ammonium fluoride were mixed in 50 mL of deionized water under stirring. The cleaned CC (2.5
x4 cm?) was immersed into the above solution and reacted at 120 <C for 6 hrs in Teflon-lined
stainless steel autoclave. After that, the Ni(OH)./CC was washed with ethanol and water, and then
dried at 60 <C. The synthesis of NiS/Ni(OH)./CC was also via a hydrothermal reaction.3 Typically,
0.1 g of NazS was dissolved in 25 mL of water under stirring, and then, the above solution with
the prepared Ni(OH)./CC was reacted at 150 <C for 6 hrs in a Teflon-lined stainless steel autoclave.
After that, the precursor Ni(OH)./CC was partially sulfurized and the NiS/Ni(OH)./CC was
obtained. For preparing NiS/Ni-P/CC, the NiS/Ni(OH)2/CC and 0.1 g of NaH2PO- were put at the

downstream and upstream side of the tube furnace, respectively, which is similar to that reported

cc Ni(OH), /cC NiS/Ni(OH),/cC Nis/Ni,P/CC

Hydrothermal Sulfurlzatlon Phosphorlzatlon
120 Csh 150 Csh 300 C2h

Scheme 1. Schematic illustration of the preparation of NiS/Ni2P nanosheet arrays on carbon
cloth (CC).

in the literature.®? Subsequently, the NiS/Ni(OH)./CC was annealed at 300 <C for 120 min in N
atmosphere to obtain NiS/Ni.P/CC. The amount of the catalyst supported on the CC was about
5.68 mg cm. To obtain NiS/CC, Ni(OH)2/CC was immersed in 25 mL of water with 0.2 g of NazS
and reacted at 150 <C for 6 hrs. To obtain pure Ni2P/CC, the Ni(OH)2/CC and 0.5 g of NaH2PO>

were put in the tube furnace and annealed at 300 <C for 120 min in N2 atmosphere.
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Material Characterizations. X-ray diffraction (XRD) tests were conducted on X’pert PRO
diffractometer to analyze crystal phases of the as-prepared samples. Scanning electron microscope
(SEM) and energy dispersive X-ray spectrometry (EDX) measurements were performed on Nova
NanoSEM 450 to characterize the morphology and chemical elements of as-obtained materials,
respectively. Transmission electron microscope (TEM) characterization was carried out on FEI
Titan 60-300Cs to characterize lattice fringes and chemical elements. X-ray photoelectron
spectroscopy (XPS) characterization was conducted on a VG Multilab 2000 XPS instrument to
analyze chemical binding states of various ions.

Electrochemical Measurements. Electrochemical tests were performed on a three-electrode
electrochemical cell. The presented potentials in this study were all converted to reversible
hydrogen electrode (RHE) via the equation: Erre = Eagagel +1.023.3% All the polarization curves
were recorded using a linear sweep voltammetry (LSV). Unless specifically mentioned, LSV was
recorded with 95% iR compensation because the tested curves only showed a slightly fluctuation
at this level of compensation. To measure double-layer capacitance (Cai), the cyclic voltammetry
measurement with different scan rates ranging from 10 to 100 mV s was carried out at the

potential windows between 0.3 to 0.5 V vs. RHE. The obtained Cq can be converted into an

electrochemical active surface area (ECSA) using the formula: ECSA= % where the specific
S

capacitance value was 40 pF cm 2%
3. RESULTS AND DISCUSSION

SEM image in Figure 1a exhibits that Ni(OH)2 nanosheet arrays with an average thickness of about
40 nm are uniformly distributed on the CC substrate. After reacting with Na,S solution, the original
smooth surfaces of the Ni(OH)2 nanosheets become rough (Figure 1b), indicating that part of

precursor Ni(OH): is sulfurized into NiS. Moreover, the morphology of NiS/Ni(OH)2 nanosheets
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shows further changes after the phosphorization process (Figure 1c). The average thickness of
nanosheets (about 100 nm) is larger than that of Ni(OH)2 precursor and the material surface
becomes more rough. EDX analysis confirmed the distribution of Ni, S, P, O and C elements in
the NiS/Ni,P/CC (Figure S1), and the existence of O element is owing to surface oxidation during
exposure in air.®* Besides, the C signal in the survey scan is quite weak, which may be caused by
the excessive amount of catalyst supported on the carbon cloth substrate. The HRTEM were further
performed to characterize surface structures and interfaces between NiS and Ni2P. The HRTEM
characterization in Figure 1d reveals that there obviously exists plenty of boundaries for NiS/NiP.
The existence of the interface suggests possible electronic interactions between NiS and Ni2P in
the hybrid material and an increase of active sites, which will be further discussed in the following
analysis. The two-dimensional lattices (both lattice distances and the angle between two
crystallographic directions) of NiS and Ni2P in different area were presented in the Figure S2a-2d.
The interplanar spacings of 0.294 nm and 0.277 nm correspond to the (101) and (300) planes of
NiS, respectively (Figure S2b). Besides, the interplanar spacings of 0.281 nm and 0.253 nm
correspond to the (101) and (200) planes of Ni2P, respectively (Figure S2d). Additionally, the Ni,
S, and P elements are distributed throughout NiS/Ni2P nanosheet through STEM EDX mapping
analysis (Figure S3a-3e). The corresponding selected area electronic diffraction pattern in Figure
S3f confirms that the material is polycrystalline.

XRD characterization was employed to identify the phases and crystallinity of as-prepared
materials. Figure 2a shows that Ni(OH). was synthesized after hydrothermal process (black curve)
(JCPDS no.74-2075). The characteristic peaks of NiS (JCPDS no0.86-2280) can be found after the
sulfurization treatment (blue curve), indicating that part of the Ni(OH)2 precursor has been

sulfurized to form NiS. Additionally, Ni(OH). without sulfurization was further converted into
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Figure 1. SEM images of (a) Ni(OH)2/CC, (b) NiS/Ni(OH)./CC, and (c) NiS/Ni2P/CC; (d)
HRTEM image of NiS/Ni.P/CC.

Ni2P after the phosphorization treatment (red curve) (JCPDS no. 74-1385), suggesting that the
final product is the mixture of NiS and Ni2P. For comparisons, pure NiS and Ni2P nanosheet arrays
were separately grown on carbon cloth (denoted as NiS/CC and Ni2P/CC, respectively), and the
results of XRD analysis are shown in Figure S4a and 4b. All the observed characteristic peaks in
XRD pattern can be indexed to pure NiS and Ni2P phases, respectively. Furthermore, XPS
characterization was employed to study the elements chemical states information for NiS/Ni>P/CC,
along with NiS/CC and NiP/CC. Figure 2b shows the corresponding high-resolution Ni spectra.
The characteristic peaks at the binding energies (BEs) of 857.3 eV and 875.1 eV can be ascribed
to Ni 2pa2 and Ni 2p1/2 in NiS.% While the peaks located at about 856.5 eV and 874.3 eV can be
ascribed to Ni 2ps2 and Ni 2pa/2 in NizP.% In contrast, the BEs of Ni 2ps/2 (856.8 eV) and Ni 2p12
(874.4 eV) in NiS/Ni2P show a negative shift compared with NiS, and a positive shift compared
with Niz2P. Similarly, the BEs for S 2ps2 and S 2p12 in NiS/Ni2P exhibit a negative shift compared

to pure NiS (Figure 2c), and the BEs of P 2p in NiS/Ni2P show a positive shift compared to Ni2P
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Figure 2. (a) XRD patterns of Ni(OH)2/CC, NiS/Ni(OH)2/CC, and NiS/Ni2P/CC; high-resolution
XPS of (b) Ni 2p, (c) S 2p, and (d) P 2p of the as-prepared catalysts.
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(Figure 2d). The shift of binding energy caused by the interfacial charge redistribution between
NiS and NizP suggests a change in the electronic structure of NiS/Ni,P/CC. Small difference in
electronic structure of catalyst could lead significant change in chemical properties.®” Therefore,
the charge redistribution in the NiS/Ni>P/CC hybrid would be another crucial role for the improved
catalytic activity.

To assess the catalytic activities of NiS/Ni2P/CC electrode toward HER (Figure 3a) and OER
(Figure 3c), the polarization curves were carried out in 1 M KOH solution. For comparisons,
electrocatalytic activities of NiS/CC, Ni2P/CC, bare CC, RuOz, and Pt/C were also investigated.
As shown in Figure 3a, the NiS/Ni>P/CC requires a HER overpotential of 111 mV to generate 20
mA cm?, being lower than that of NiS/CC (158 mV) or Ni,P/CC (126 mV). Besides, the
NiS/Ni,P/CC electrode shows better HER activity at high current densities, e.g 300 mA cm?,
which approaches the catalytic activity of the benchmark Pt/C electrode at same current density.
The control experiment using the bare CC electrode shows negligible catalytic activity for HER.
Meanwhile, the LSV polarization curves of the as-prepared catalysts for HER without iR-corrected

were shown in Figure S5a. Additionally, considering the difference in mass loading of the as-
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Figure 3. (a) and (b) the iR-corrected LSV curves and the Tafel plots of various catalysts for HER;
(c) and (d) the iR-corrected LSV curves and the Tafel plots of various catalysts for OER.

prepared catalysts, we further compared the mass activity per unit area of all the catalysts. As
shown in Figure S6a, NiS/Ni.P/CC still exhibits the best mass activity for HER among the
compared samples. To better understand HER mechanism, the Tafel slopes are determined from
the equation of # = b log (j) + a. The Tafel slope for NiS/Ni,P/CC electrode is 76.1 mV dec™
(Figure 3b), which is smaller than NiS/CC electrode (139.9 mV dec™®) and Ni,P/CC electrode (82.8
mV dec™), indicating faster kinetics and higher hydrogen generation rate during the process of
HER.% According to the established mechanisms for HER in alkaline media, when the Tafel slope

is ca. 120 mV dec?, the Volmer reaction (H20 + & — Hags + OH") is the rate-determining step,
and when the Tafel slope is ca. 40 or 30 mV dec, the Heyrovsky reaction (Hags+ € + H2O — OH"

+ Hy) or the Tafel reaction (Hags + Hags — H2) is the rate-determining step.®® The Tafel slope for

the NiS/Ni.P/CC electrode lies in the range of 40 to 120 mV dec?, implying NiS/Ni,P/CC
electrode proceeds via the Volmer-Heyrovsky mechanism and the electrochemical recombination
is the rate-determining step during the process of HER.%® Additionally, the exchange current
density (jo) for NiS/Ni-P/CC electrode was calculated to be about 0.68 mA cm2, being higher than

the other Pt-free electrocatalysts such as MoP NPs (0.046 mA cm),*! Ni-Mo-N (0.67 mA cm2),%2
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and FeB; (0.245 mA cm™),® indicating a higher intrinsic electron transfer rate at the interface of
NiS/Ni>P/CC electrode and alkaline electrolyte.

Figure 3c shows the iR-corrected LSV curves of as-obtained materials toward OER. The current
“shoulder” at about 1.4 V vs. RHE can be attributed to anodic oxidation of Ni-based species.
Besides, the strong signal intensity of the oxidation peak of Ni species may be related to the amount
of catalyst loading and the exposed Ni-based active sites. Similarly phenomenon on Ni-based
phosphides have been reported by Sun’s group and Liu’s group.**® Furthermore, the polarization
curve of pure Ni(OH)./CC electrode exhibits a quite weak oxidation peak at about 1.4 V (Figure
S7), indicating that the strong oxidation peak for NiS/Ni2P/CC is probably not caused by the
incomplete conversion of Ni(OH)2 during the sulfurization or phosphorization process. Meanwhile,
cyclic voltammogram (CV) of as-prepared samples were shown in Figure S8a-8c. Since there is a
significant oxidation peak of the Ni species prior to the OER process in the forward scan, the
required OER overpotentials to generate 20 mA cm are determined from the reverse scan LSV
curves. A small OER overpotential of 265 mV is obtained for the NiS/Ni-P/CC electrode at 20 mA
cm (Figure 3c), which is superior to the benchmark RuO- electrode (291 mV) and outperforms
other reported OER catalysts at the same current density, such as NiS (7 = 335 mV)* and Ni-P (y
=320 mV).*" Besides, NiS/Ni-P/CC electrode shows a higher activity than NiS/CC (292 mV) and
Ni2P/CC (308 mV) at the same current density. Meanwhile, the LSV polarization curves of the as-
prepared catalysts for OER without iR-corrected were shown in Figure S5b. Furthermore,
NiS/Ni2P/CC still exhibits the best mass activity for OER among the compared samples (Figure
S6b). The Tafel plots for OER were further determined from the LSV curves, which are swept
from positive to negative (Figure 3d). The NiS/Ni:P/CC electrode exhibits the relatively small

Tafel slope of 41.3 mV dec? among all catalyst materials investigated in this study, including
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RuO; (83.3 mV dec?), NiS/CC (100.1 mV dec?), and Ni:P/CC (60.7 mV dec™), suggesting
favorable kinetics for OER on NiS/Ni.P/CC electrode. Meanwhile, the calculated jo for
NiS/Ni,P/CC electrode is about 2.5x10* mA cm, being higher than other OER catalyst such as
C0304 (6.0%10° mA cm?2).%®

We measured the double layer capacitance (Ca)) in a non-Faradaic potential region to assess
electrochemically active surface area (ECSA) of catalysts (Figure S9a-9c).2° The obtained ECSA
value for the NiS/Ni.P/CC (480 cm?) is significantly larger than that of NiS/CC (128 cm?) and
Ni,P/CC (172 cm?). This implies that the abundant the phase boundaries between NiS and NizP in
the composite could create more exposed active sites and thus contribute to an enhanced ECSA
for the NiS/Ni2P/CC. The improved ECSA for NiS/NiP/CC electrode is beneficial to the enhanced
anion exchangeability between electrolytes and catalytic active sites, which definitely contributes
to the significantly improved catalytic performance. The turnover frequency (TOF) was calculated
to investigate the intrinsic activity of the materials for HER and OER.*° The detailed calculation
method was shown in the supporting information The TOF of NiS/Ni2P/CC electrode for HER is
calculated to be 0.901 s at an overpotential of 200 mV, being higher than that of NiS/CC (0.603
s1) and NizP/CC (0.857 s™). Meanwhile, the TOF of NiS/Ni,P/CC for OER is estimated to be
0.331 s at an overpotential of 300 mV, which is higher than that of NiS/CC (0.142 s™) and
Ni,P/CC (0.146 s?). These results indicate a higher intrinsic HER and OER activity on
NiS/Ni2P/CC than that on NiS/CC and Ni.P/CC. Moreover, we carried out the electrochemical
impedance spectroscopy (EIS) measurement to evaluate the charge transfer resistance of as-
obtained materials.>>>* As shown in Figure 4b, The Nyquist plots of as-obtained catalysts at -0.25

V show an apparent semicircle in lower frequency region, which is associated with charge transfer
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23 Figure 4. (a) AJ (Ja-Jc) of various catalysts plotted against the scanning rates; (b) Nyquist plots of
various catalysts at -0.25 V; (c) and (d) chronopotentiometry measurements of NiS/Ni2P/CC for
26 HER and OER at an current density of 20 mA cm2; (e) LSV polarization curves of two-electrode
28 water splitting system for the NiS/Ni>P/CC||NiS/NiP/CC and Pt/C||RuQOz; (f) chronopotentiometry
measurement of the NiS/Ni.P/CC||NiS/Ni,P/CC electrolyzer at an current density of 10 mA cm™,

32 resistance (Rct). Smaller value of Ret represents faster electrochemical reaction rate. The smaller
34 Ret for NiS/NiP/CC electrode comparing to NiS/CC and Ni2P/CC indicates the faster charge
37 transport among all the studied counterparts. This result is consistent with the lower Tafel slope
39 for NiS/Ni2P/CC electrode in Figure 4b and 4d. In short, the strong electronic interactions between
41 NiS and Ni2P, the enhanced catalytically active sites, and the faster charge transport kinetics
contribute to the superior electrocatalytic activity for both HER and OER on NiS/Ni;P/CC
46 electrode comparing to NiS/CC and NizP/CC.

48 Long-term stability under harsh HER and OER conditions is another critical issue for the
application of a promising electrocatalyst. Therefore, the stability of the NiS/Ni.P/CC electrode
53 for HER and OER were measured in alkaline solution using chronopotentimetry at 20 mA cm.

55 The NiS/Ni2P/CC electrode shows a stable potential response for both HER and OER and without
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significant degradation after 25 hrs of continuous electrolysis (Figure 4cand 4d). SEM images of
NiS/Ni2P/CC after long term HER and OER stability tests (Figure S10a and 10b) exhibit no
apparent change in morphology, further confirming the good stability of the NiS/Ni.P/CC. Besides,
XPS characterization was further conducted to analyze the change of surface structure of
NiS/Ni2P/CC electrode after stability tests. As shown Figure S11a-11c, the characteristic peaks of
Ni 2p (at about 853.2 eV), P 2p (at about 129.9 eV), and S 2p (at ca. 162 eV) corresponding to Ni-
P and Ni-S bonding in NiS/Ni2P/CC still exist after HER stability test. The relatively low peak
could directly be attributed to the formation of phosphate on the surface 2. Besides, these
characteristic peaks mentioned above have completely disappeared after OER stability test. The
remaining peak at about 856 eV for Ni 2p can be attributed to the formed Ni hydroxides species
during the OER process according to reported studies 3%°1, Meanwhile, the elemental analysis
from the EDX shows that the content of O in NiS/Ni2P/CC after stability tests is significantly high
than the newly prepared sample (Table S1), which further confirmed an oxidation on the surface
of NiS/Ni2P/CC during the process of HER and OER. Furthermore, the HRTEM in Figure S12a
and 12b confirmed that the amorphous shell was formed on the surface of the NiS/Ni>P/CC.
Based on the bifunctional property of the material, NiS/Ni>P/CC was applied as both anode and
cathode in the overall water splitting electrolyzer. The assembled electrolyzer requires a 1.67 V
cell voltage to reach 10 mA cm (Figure 4e). This performance is even comparable to the
assembled electrolyzer using nickel-based catalysts such as NixPy (1.58 V) and Ni2P (1.63 V) at
the same current density.>>®® Furthermore, the performance of NiS/Ni2P/CC||NiS/Ni,P/CC
electrolyzer outperforms precious metal catalysts at high current densities. For instance, the
NiS/Ni,P/CC||NiS/Ni,P/CC electrolyzer needs 1.87 V voltage to achieve 200 mA cm, which is

lower than that of the Pt/C||RuO: electrolyzer (1.98 V). In addition, the electrocatalytic
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performance of the NiS/Ni2P/CC electrode is better than most of other reported bifunctional
catalysts for water splitting (Table S2). Finally, the NiS/Ni.P/CCJ||NiS/Ni2P/CC electrolyzer
maintains an excellent stability for over 10 hrs bulk water electrolysis (Figure 4f), which laid a

solid foundation for the long-term application of the electrolysis.
4. CONCLUSION

In summary, a strategy to enhance electrocatalytic activity of water splitting by forming a hybrid
structure has been demonstrated. The as-obtained NiS/NiP/CC catalyst shows excellent
electrochemical activity and superior long-term durability for both HER and OER. The outstanding
electrochemical activity of NiS/Ni2P/CC is attributed to strong electronic interactions between NiS
and Ni2P, abundant active sites, and enhanced smaller charge transfer resistance. The NiS/NizP
electrocatalyst grown directly on the conductive substrate without complicated pre- or post-
treatments is robust and reliable for long-term water splitting. Furthermore, the material design
presented in this study can also be extended to fabricate other non-noble metal catalysts for the
application in electrochemical energy conversion and storage.
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