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Boosting intrinsic activity of electrocatalysts is the most pivotal in enhancing oxygen evolution reaction (OER) at the source.
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Herein, we identify a mesoporous NisS, particle electrocatalyst on Ni foam that has appropriate surface sulfur chemistry and
demonstrates excellent catalytic activity as well as rapid reaction kinetics. The optimized Ni;S, electrocatalyst shows ultralow

overpotentials of 213 and 283 mV at 10 and 100 mA cm?, respectively, with a very low Tafel slope of 45 mV dec in alkaline

media. The ECSA normalized current density is 1.1 mA cm at the overpotential of 270 mV, nearly three times higher than

the pristine Ni3S, (0.4 mA cm). It has been observed that sulfur-engineered NisS, electrocatalyst can promote more Ni3*

generation with significant shift of Ni center binding energy compared with the pristine NisS, during OER. The findings

propose a facile tactic to improve the intrinsic OER activity for water splitting by optimizing the surface sulfur chemistry of

metal sulfide-based electrocatalysts.

Introduction

Oxygen evolution reaction (OER) is the core half reaction of
electrochemical water splitting, nitrogen fixation and CO,
reduction, involving in a complex four electrons transfer step.’
4 The sluggish kinetics engenders high overpotential (n) for OER,
which directly deteriorates the energy conversion efficiency.>”’
The noble metal (e.g. Ru, Ir) based electrocatalysts have been
widely applied to decrease the OER overpotential. However,
they are expensive and have limited oxygen evolution activity
(n1o > 270 mV).%° Therefore, developing efficient and cost-
effective electrocatalysts is of great importance. It is well-
accepted that the metal bond-containing compounds such as
Ni3S, can not only facilitate the adsorption of key catalytic
intermediates in alkaline media, but also accelerate charge
transfer during OER. They have been considered as a kind of
electrocatalysts.’®14  Nevertheless, the
overpotential is generally over 300 mV for achieving a current
density of 100 mA cm2 because the OER kinetics is significantly
decreased under a high current density.>16

To boost the OER kinetics, the main protocols are to
increase the number of active sites and enhance the catalytic
ability of each active center.'”’® Among them, the intrinsic
activity of electrocatalysts directly determines the OER
performance. It has been demonstrated that the intrinsic
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activity can be significantly enhanced by controlling the surface
chemistry state of electrocatalysts and tuning the electron
structure of the metal center.2%2! |t is reported that the
heterogeneous elements triggered surface chemistry and
engineering of electrocatalysts can adjust the adsorption ability
to the targeted intermediates and expose more active sites,
therefore significantly improving OER performance in alkaline
media.?>2* However, the doping process of non-metal elements
(e.g. N, S and P) usually involves a high temperature treatment,
which easily causes partial volatilization of these elements. This
will have a very limited impact on the active center, impeding
the further improvement of the Ni3S, OER performance.

Herein, we demonstrate the synthesis of mesoporous NisS,
particles on Ni foam by a low temperature hydrothermal route.
The surface sulfur chemistry state can be well-tuned by the fine
adjustment of reaction temperature. The electronic structure
analysis indicates that the surface sulfur dissolution of sulfur-
engineered NisS, (S-Ni3S,) can generate more Ni3* and
effectively regulate the electron binding energy of Ni center
during OER compared with the pristine Ni3S, and the oxygen-
engineered Ni3S, (O-NisS,). The intrinsic activity is therefore
enhanced, markedly boosting OER performance. The S-NisS,
electrocatalyst only requires an ultralow overpotential of 213
mV at 10 mA cm2 with a very low Tafel slope of 45 mV dec™.
The overpotential is 283 mV when the current density increases
to 100 mA cm, much smaller than the pristine NisS; (341 mV)
and the O-Ni3S, (372 mV). This finding realized the rapid and
precise regulation of the surface chemistry state of
electrocatalysts, giving an avenue for improving the activity of
non-noble electrocatalysts.

Results and discussion
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The sulfur-engineered NisS, electrocatalyst has been
synthesized by a low temperature hydrothermal route, in which
L-cysteine as sulfur precursor was directly reacted with Ni foam
in aqueous solution at 160 °C for 2 h (see details in Experimental
Section). The surface sulfur chemistry state can be well-
regulated by the fine adjustment of hydrothermal temperature
while other experimental parameters keep unchanged. For
comparison, the pristine NisS, and O-NisS; electrocatalysts have
been synthesized at 165 °C and 170 °C, respectively. Typical
scanning electron microscopy (SEM) images in Fig. S1 present
similar particle morphology on Ni foam surface for these three
samples. Moreover, the transmission electron microscopy
(TEM) technique is employed to investigate the microstructure
of S-Ni3S, sample, which has an average particle size of about
200 nm (Fig. 1a). Furthermore, the corresponding selected area
electron diffraction (SAED) pattern indicates the polycrystalline
nature of the as-prepared electrocatalyst, which can be indexed
to (003) and (300) facets of Ni3S,. An enlarged TEM image in Fig.
1b shows that the resultant NisS, particles are composed of
small nanocrystals (6-8 nm) with rich mesoporous arrangement.
This is also verified by nitrogen adsorption-desorption

isotherms and the corresponding pore-size distribution (Fig. $2).

The mesoporous feature is benefit to improve catalytic
performance by exposing more active sites. The lattice fringe is
detected with an inter-planar distance of 0.18 nm relative to
Ni3S; (113) facet in the high-resolution TEM image (Fig. 1c). In
addition, X-ray diffraction (XRD) is applied to characterize the
crystallographic structure of the resulting S-NisS, particles. As
shown in Fig. 1d, all diffractive peaks can be indexed to the
standard pattern of the rhombohedral NisS, phase (JCDPS No.
08-0126) except for three peaks ascribed to metallic Ni
substrate, which is in accordance with TEM observation.
Meanwhile, the XRD patterns of pristine Ni3S, and
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Fig. 1 (a) Low-magnification (inset showing the corresponding SAED pattern), (b) high-

magnification and (c) high-resolution TEM images of the S-NisS, electrocatalysts; (d) XRD
patterns of the S-NisS,, the pristine NisS, and the O-NisS,.
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Fig. 2 XPS spectra of Ni 2ps/, and S 2p regions of (a, b) the S-NisS,, (¢, d) the pristine NisS,
and the O-NisS,.

0-NisS; show similar characteristic peaks with those of S-NisS,,
verifying all products are rhombohedral NisS, on Ni foam.

The surface chemical state and composition of the S-NisS,
particles were analyzed by X-ray photoelectron spectroscopy
(XPS). The Ni 2p3/; region (Fig. 2a) can be deconvolved into four
characteristic peaks at 852.6, 855.7, 855.8 and 856.7 eV
corresponding to Ni-Ni, Ni-O, Ni-OH and Ni3*, respectively, and
a satellite peak at 861.9 eV.?>2% From the S 2p region in Fig. 2b,
a prominent peak at 161.7 eV with a high content of 13.1 % is
attributed to S-S, indicating sulfur elements are well-decorated
on the surface.?” Another two peaks at 163.4 and 164.6 eV can
be assigned to S-Ni, whereas the peak at 168.5 eV belongs to S-
O owing to the oxidation in air.28 These results validate the
synthesis of S-NisS, electrocatalysts. In addition, the high-
resolution XPS spectra of pristine Ni3S, and O-NisS, particles
were also compared in Fig. 2c. For Ni 2ps/,, region, the two
samples show different binding energy for the characteristic
peaks of Ni-Ni, Ni-O, Ni-OH and Ni3*, indicating the electron
structure variation of Ni center. For S 2p regions (Fig. 2d), the
pristine Ni3S, prepared at 165 °C has the similar position and
intensity of S-Ni and S-O peaks with previous literatures.??:30 In
contrast, the sample prepared at 170 °C gives the significantly
enhanced intensity of S-O peak, implying oxygen elements are
bonded on the surface to form O-NisS,. Based on above results,
it is verified that the fine adjustment of reaction temperature
can effectively tune the surface sulfur chemistry state of NisS,
to regulate the electronic structure of Ni center, which is critical
for improving OER performances.

The OER performances of S-NisS, electrocatalyst are
evaluated with pristine NisS,, O-NisS, and commercial
benchmark RuO, electrocatalysts as controls in a standard
three-electrode system containing 1.0 M KOH (see details in
Experimental Section). Linear sweep voltammetry is

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) OER polarization curves in O,-saturated 1.0 M KOH, (b) Tafel plots and (c)
Nyquist plots of the S-NisS,, the pristine NisS, and the O-NisS,; (d) chronopotentiometry
response of the S-Ni3S, electrocatalysts at 10, 50 and 100 mA cm?, respectively (inset
showing OER polarization curves after 2000 cycles).

performed at a slow scan rate of 1 mV s?! to attain OER
polarization curves with minimal capacitive current. As
illustrated in Fig. 3a, the S-NisS, electrocatalyst requires
ultralow overpotentials of 213 and 286 mV to achieve the
current densities of 10 and 100 mA cm2, respectively, which are
much lower than those of pristine Ni3S; (nN10=226, N100=341 mV),
0-Ni3S; (N10=247, N100=372 mV) and commercial RuO, (n0=249,
N100=342 mV). This is also confirmed by the cyclic voltammetry
(CV) curve in Fig. S3. Such remarkable performances are
comparable to most of reported Ni3S,-based electrocatalysts to
date (Table S1). The Tafel slope is a commonly representative
indicator to assess reaction kinetics of electrocatalyst, which
can reflect the change rate of current density with increase of
overpotentials. Thus, the small Tafel slope of S-NisS, (45 mV dec
1), that superior to those of pristine NisS, (93 mV dec?), O-NisS,
(119 mV dec?) and commercial benchmark RuO, (50 mV dec?)
(Fig. 3b), suggests the accelerated OER kinetics caused by
surface sulfur engineering. Further assessment of the reaction
kinetics is applied by the electrochemical impedance
spectroscopy (EIS) measurement. Fig. 3c is the corresponding
Nyquist plots, in which the high- and low-frequency responses
can be attributed to the solution resistance (Rs) and interfacial
charge-transfer resistance (R.) during OER, respectively.
Notably, the R of S-Ni3S, catalyst is much smaller than other
controls, thus confirming the boosted OER kinetics.

Catalytic stability is also a crucial evaluation for catalytic
performances. The chronopotentiometric measurement (CP) is
thus carried out in O,-saturated 1.0 M KOH, showing negligible
potential drop for the S-NisS, electrocatalysts even after
sustaining at 10, 50 and 100 mA cm2 for 60 h, as shown in Fig.
3d. The stability is also evidenced by the comparison of OER
polarization curves before and after 2000 cycles (inset of Fig.
3d). In addition, the XRD pattern of S-NisS, sample after 60 h
OER test (Fig. S4) exhibits unchanged diffractive peaks, further
verifying the outstanding OER stability. The surface sulfur

This journal is © The Royal Society of Chemistry 20xx
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engineering can accelerate reaction kinetics, ;0 fiedHcE
overpotentials, and meanwhile stabilize OER pPdEE8RTHIPSRgAt
potentials change even after long-term test.

To shed light on the effect of surface sulfur engineering on
improving OER performances, the intrinsic performances of the
S-Ni3S,, pristine NisS, and O-NisS, electrocatalysts are
systematically studied. The electrochemically active surface
areas (ECSA) are firstly calculated according to the double-layer
specific capacitances (Fig. S5 & Fig. S6), which show a much
higher value of 12.3 cm? for the S-NisS, in comparison to those
of the pristine NisS, (8.4 cm?) and the O-NisS; (2.9 cm?),
indicating sulfur engineering is helpful to the exposure of active
sites (Fig. 4a).31-32 Subsequently, the ECSA values are applied to
estimate the specific current densities (Fig. 4b), exhibiting the
highest current density of 1.1 mA cm at the overpotential of
270 mV for S-Nis3S, electrocatalyst, almost three times higher
than the pristine Ni3S, (0.4 mA cm).33 Similar trends are also
obtained from the mass activities calculated by the Ni content
on the surface (Fig. $7).3* The current density of 4.4 A g1 for S-
Ni3S, is achieved at the same overpotential (Fig. 4c), which is
approximately 2.4 and 3.7 times higher than the pristine NisS,
(1.8 A g1) and the O-NisS, (1.3 A g1). Turnover frequencies
(TOFs) are further calculated by integrating the Ni redox feature
from the OER polarization curves.3® In Fig. 4d, a high TOF value
of 8 x 10 s! of the S-NisS, sample is 2.7 and 4.0 times higher
than those of the pristine NisS, (3 x 104 s1) and the O-NisS, (2 x
104 s1). As a result, the key feature of sulfur engineering on the
surface of NisS; is to enhance the intrinsic activities for markedly
boosting OER performances in alkaline media.

To gain in-depth insight into the enhanced intrinsic activity
caused by surface sulfur engineering, the chemical state
variation of S-Ni3S, catalyst after different reaction time is
investigated using high-resolution XPS spectra. Fig. 5a presents
the Ni 2p3/, region of S-Ni3S, sample before and after OER.
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Fig. 4 (a) Electrochemically active surface areas of the S-NisS,, the pristine NisS, and the
0-NisS,; (b) ECSA-normalized and (c) mass-normalized OER polarization curves, and (d)
turnover frequency curves of the S-NisS,, the pristine NisS, and the O-NisS,.
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Fig. 5 XPS spectra of (a) Ni 2ps/, and (b) S 2p regions of the S-NisS, electrocatalysts after 0, 5 and 10 h OER at 20 mA cm2 in O,-saturated 1.0 KOH, respectively; (c) comparison of XPS
spectra of Ni 2p;/, region after 10 h and (d) relationship of Ni3*/Ni?* ratio and OOH* content for the S-NisS,, the pristine NisS, and the O-Ni;S,.

When the reaction time is 5 h, the characteristic peak of Ni-OH
is improved with the disappearance of the Ni-O and Ni-Ni peaks,
revealing the initial adsorption of OH* intermediates at
electrode-electrolyte interface to convert both Ni-O and Ni-Ni
into Ni-OH.3637 The Ni3*/Ni?* ratio calculated by integrating peak
areas is increased to 0.09, indicating more Ni3* generation
during OER. Moreover, a significant positive binding energy shift
of 0.6 eV can be calculated for Ni3* while a negative shift of 0.23
eV for Ni-OH. When the reaction time is prolonged to 10 h, the
Ni3*/Ni?* ratio is further increased to 0.14 with the unchanged
binding energy, indicating the surface of S-NisS, has been in the
stable chemical state with maximum Ni3* content. The
corresponding S 2p region (Fig. 5b) shows that the S-S and S-Ni
peaks are vanished after 10 h OER, implying the entire
dissolution of the sulfur on the surface during reaction process.
The intriguing phenomena reveal that the surface sulfur
dissolution of S-NisS, effectively regulates the electron
structure of Ni center. Furthermore, the Ni 2p;/, region of the
S-Ni3S,, the pristine NisS, and the O-NisS, are compared (Fig.
5¢). It can be seen that the S-NisS, have the highest Ni3*/Ni2*
ratio and negative locations of binding energy for Ni2* and Ni3*,
which can promote the adsorption ability of Ni center to key
active intermediates (OOH*) in OER.383% The relationship of
Ni3*/Ni?* ratio and OOH* content for these three samples is
provided in Fig. 5d, displaying that the Ni3*/Ni%* ratio is in direct
proportion to OOH* content. Obviously, the S-NisS;
electrocatalysts give the highest OOH* content of 12.2 % (Fig.
S$8), which is in accordance with the above analysis. Therefore,
surface sulfur engineering can facilitate more Ni3* generation
with significant shift of Ni center binding energy, thus enhancing
the intrinsic activity to markedly boost OER performance.

4| J. Name., 2012, 00, 1-3

Conclusions

In summary, a mesoporous NisS, particle electrocatalyst on Ni
foam has been synthesized by a low temperature hydrothermal
route. The surface sulfur chemistry state can be effectively
tuned by finely adjusting reaction temperature. The S-NisS,
electrocatalysts only require an ultralow overpotential of 213
mV at 10 mA cm2 with a very low Tafel slope of 45 mV dec™.
Even at a higher current density of 100 mA cm?2, the
overpotential is still 283 mV, much lower than the pristine NisS,
(341 mV) and the O-NisS, (372 mV). Such impressive
performances surpass benchmark RuO, and most reported
NisS,-based electrocatalysts to date. Based on electronic
structure analysis, it is discovered that the surface sulfur
dissolution can promote more Ni3* generation and effectively
regulate the binding energy of Ni center during OER in
comparison with the pristine Ni3S, and the 0O-NisS,, thus
enhancing intrinsic activity to markedly boost OER
performance. The facile tactic for rapidly and precisely
regulating the surface chemistry state of electrocatalysts can be
applied to other materials towards efficient oxygen generation.
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