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Developing earth-abundant and efficient catalysts for the hydrogen
evolution reaction (HER) is highly desirable. In this communication,
we report the development of a Mn-doped NisS, nanosheet array
on Ni foam (Mn-NizS,/NF) as a superior and durable catalyst for
alkaline hydrogen evolution. Such Mn-NizS,/NF demands an over-
potential of 152 mV to afford 10 mA cm 2 in 1.0 M KOH, 46 mV less
than that for NizS,/NF. Furthermore, this catalyst also shows high
long-term electrochemical durability. This work provides important
guidance for exploring optimal HER catalysts.

The increasing fossil fuel crisis and accompanying environ-
mental pollution have boosted an urgent demand for clean and
renewable energy."”” Hydrogen, as a sustainable clean energy
source, is a promising alternative to traditional fossil fuels.?
Water electrolysis offers an attractive route to produce pure
hydrogen,® but its large-scale application is hindered by the
sluggish kinetics of the hydrogen evolution reaction (HER).®
Thus, high-performance HER catalysts are required to drive high
current density at low overpotentials.®” Currently, platinum (Pt)
is considered to be the best HER catalyst, but the limited storage
and high cost hinder its widespread use.® Hence, it is highly
desirable to develop earth-abundant catalysts with efficient
performance for hydrogen evolution.

Nickel has emerged as an attractive non-noble metal element for
hydrogen evolution with high catalytic activity in recent years.”*>
Transition metal sulfides, such as ultrathin CoS, shells,
NiS; o3** and NiS,,"> have received increasing attention for
applications in catalysis because of their excellent performance
and high conductivity. Among these compounds, Ni;S, stood
out because of its low cost and facile fabrication processes.'®™®
In order to further improve its catalytic performance for the
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alkaline HER, metallic element doping has been proposed as an
effective strategy to make Ni3S, splitting of water more energy-
efficient by virtue of its increased catalytic sites, enhanced
electronic conductivity and optimized hydrogen adsorption
energy."®>* Mn-based compounds are considered as outstand-
ing catalysts for water oxidization, meanwhile, the rich reserve
and low price of Mn element make it a promising dopant.>>>®
Therefore, we anticipate that Mn doping in Ni;S, would greatly
promote the electrocatalytic HER performance under alkaline
conditions.

In this communication, we report the synthesis of a
Mn-doped Ni;S, nanosheet array grown on Ni foam (Mn-Ni,S,/NF)
as an efficient catalyst for the HER with good durability in alkaline
media. Such Mn-Ni;S,/NF achieves a low overpotential of 152 mV
at 10 mA cm ™2 in 1.0 M KOH, 46 mV less than that of Ni;S,/NF.
In addition, this catalyst also presents good long-term electro-
chemical durability with the maintenance of its catalytic activity
for at least 20 h.

Mn-Ni;S,/NF was derived from its hydroxide precursor through
a facile hydrothermal sulfide reaction (see the ESIf for prepara-
tion details). Fig. 1a shows the X-ray powder diffraction (XRD)
pattern of Mn-Ni;S,/NF. The diffraction peaks at 21.7°, 31.1°,
37.8°%, 44.3°, 49.7°, 50.1°, 55.1° and 55.3° can be indexed to the
(101), (110), (003), (202), (113), (211), (122) and (300) planes of
Ni3S, (JCPDS No. 44-1418), respectively. The other peaks corre-
spond to NF. Interestingly, no other Mn-based diffraction peaks
are observed in the XRD pattern of Mn-Ni3S,/NF compared with
pure Ni;S, (Fig. S1, ESIT), suggesting that Mn atoms should be
stabilized in a doping state in the atomic structure of Ni;S,.>”"*®
Inductively coupled plasma mass spectrometry (ICP-MS) analysis
suggests the presence of Mn, Ni and S with an atomic ratio of
0.05:0.65:0.30. The scanning electron microscopy (SEM) image
of the hydroxide precursor (Fig. 1b) shows that the nanosheet
array uniformly grows on the bare NF (Fig. S2, ESIt). After the
hydrothermal sulfide reaction, the SEM image indicates that
the sulfided product still maintains the nanosheet nature but
becomes rough (Fig. 1c). The transmission electron microscopy
(TEM) image of the resulting Mn-Ni;S, further confirms its
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Fig. 1 (a) XRD pattern for Mn-NizS,/NF. SEM images of (b) hydroxide
precursor and (c) Mn-NizS,/NF. (d) TEM image of Mn-NizS, nanosheet.
(e) HRTEM image of Mn-NisS; nanosheet. (f) EDX elemental mapping images
of Mn, Ni and S for Mn-NizS,/NF.

nanosheet morphology (Fig. 1d). The high-resolution TEM
(HRTEM) image shown in Fig. 1e demonstrates the lattice
fringe spacings of 0.185, 0.205 and 0.239 nm, which can be
ascribed to the (113), (202) and (003) planes of Ni;S,. Note that
the interplanar distance is slightly longer than that of pure
Ni;S, due to the substitution of Mn into Ni;S,. The selected area
electron diffraction (SAED) pattern (Fig. S3, ESIT) indicates that
the three diffraction rings recorded for the Mn-Ni;S, nanosheet
can be indexed to the (300), (202) and (003) planes of the NisS,
phase. As shown in Fig. 1f, energy-dispersive X-ray (EDX) elemental
mapping confirms the uniform distribution of Mn, Ni and
S elements throughout the whole nanosheet array.

Fig. 2a presents the X-ray photoelectron spectroscopy (XPS)
survey spectrum of Mn-Ni;S,/NF, further confirming the
existence of Mn, Ni and S elements. The Mn 2p;/, spectrum
(Fig. 2b) shows a peak at 643.6 €V corresponding to Mn*".*° The
two strong peaks at 855.8 and 873.5 eV can be assigned to
the Ni 2p3/, and Ni 2p,, states (Fig. 2c), respectively.>**' The
satellite peaks (identified as ““Sat.”) at 862.0 and 879.6 eV are
the shakeup type peaks of Ni.**** Fig. 2d presents the S 2p
region; the peak at 163.1 eV corresponds to S 2p, and the peak
at 168.9 eV is assigned to typical Ni-O-S species caused by
surface oxidation in air.**

The electrocatalytic performance of Mn-Ni;S,/NF was evalu-
ated in 1.0 M KOH using a standard three-electrode system with
a scan rate of 5 mV s~ *. Bare NF, Ni;S,/NF, and Pt/C were also
tested under the same conditions for comparison. Due to the
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Fig. 2 (a) XPS survey spectrum for Mn-NisS,/NF. XPS spectra in the (b) Mn 2p,
(c) Ni 2p and (d) S 2p regions for Mn-NizS,/NF.

influence of ohmic resistance, the as-measured reaction currents
cannot directly reflect the inherent behavior of the catalysts,
therefore an iR compensation was applied to all initial data,*"®
and all potentials were recorded on a reversible hydrogen electrode
(RHE) scale in this work. From the linear sweep voltammetry (LSV)
curves (Fig. 3a), we observe that Pt/C shows excellent HER activity
and only needs an overpotential of 83 mV to achieve a current
density of 10 mA cm 2 Ni;S,/NF also shows good catalytic
activity with the demand of an overpotential of 198 mV to drive
a current density of 10 mA cm 2. As expected, the catalytic
performance of Ni;S,/NF is significant improved by Mn doping.
The overpotential of Mn-Ni;S,/NF is 152 mV at the same current
density, 46 mV less than that of Ni;S,/NF. This performance
is better than the performances of Ni;S,/AT-NF (200 mV for
10 mA em?),*” MoS, (187 mV for 10 mA em ?)*® and other
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Fig. 3 (a) LSV curves for bare NF, Pt/C, NizS,/NF and Mn-NizS,/NF with a
scan rate of 5 mV s~ (b) Tafel plots of Pt/C, NizS,/NF and Mn-NizS,/NF.
(c) The capacitive currents at 0.36 V as a function of the scan rate for NizS,/NF
and Mn-NizS,/NF. (d) Nyquist plots of NizS,/NF and Mn-NizS,/NF recorded at
an overpotential of 200 mV with a fitted equivalent circuit (inset).
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Fig. 4 (a) LSV curves for Mn-NizS,/NF before and after 500 CV cycles.
(b) Time-dependent current density curve of Mn-NizS,/NF under a static
overpotential of 200 mV for at least 20 h.
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non-noble metal HER catalysts in alkaline media (Table S1,
ESIT). The reaction kinetics of the HER can be estimated by the
Tafel equation: 1 = blogj + a, where b is the Tafel slope and j is the
current density.>® As plotted in Fig. 3b, Pt/C shows a Tafel slope of
80 mV dec ™. The Tafel slope of Mn-Ni,S,/NF is 98 mV dec™ ", lower
than that of NiS,/NF (121 mV dec '), implying a faster HER
kinetics on Mn-Ni;S,/NF. Furthermore, we investigated the catalytic
performance of Mn-Ni;S,/NF with different Mn doping degrees by
modulating the atomic ratios of Mn and Ni. As presented in Fig. S4
(ESIT), Mn0,-Ni3S,/NF, Mngo,~Ni3S,/NF and Mn,0,-NiS,/NF
electrodes show decreased HER activity compared with Mnso,—
Ni;S,/NF, suggesting that the HER activity can be rationally
tuned by changing the Mn content.

To reveal the enhanced HER activity of Ni;S,/NF after Mn
doping, the double layer capacitances (Cq;) for NisS,/NF and
Mn-Ni;S,/NF were calculated based on cyclic voltammograms
(Cvs) under different scan rates (Fig. S5, ESIt). As observed in
Fig. 3¢, we find that the Cq; value of Mn-Ni;S,/NF (11.2 mF cm ™ ?)
is larger than that of Ni;S,/NF (7.9 mF cm™?), indicating higher
surface roughness and surface area for Mn-Ni;S,/NF,***° which
is in favor of the enhanced HER activity. The improved electrical
conductivity of Mn-Ni;S,/NF could be demonstrated via electro-
chemical impedance spectroscopy (EIS) measurements. Nyquist
plots show a significant decrease of charge transfer resistance
(Re) from 11.17 Q for NizS,/NF to 1.67 Q for Mn-Ni;S,/NF
and also a decrease in the series resistance (R;) from 4.77 Q
to 0.75 Q (Fig. 3d), suggesting that the HER kinetics on the
Mn-Ni;S,/NF surface is improved, which is consistent with the
analysis of Tafel plots.*"

Durability is another essential factor to measure the perfor-
mance of catalysts. As shown in Fig. 4a, Mn-Ni;S,/NF only shows
a slight loss in the current density after 500 cyclic voltammetry
(CV) scans, indicating the superior stability of the catalyst in the
electrochemical process. In addition, we also performed the HER
at an overpotential of 200 mV, and Mn-Ni;S,/NF maintains its
catalytic activity for at least 20 h (Fig. 4b). The turnover frequency
(TOF) offers an important parameter in evaluating the intrinsic
catalytic activity of the catalyst based on the surface site. The
number of surface sites was inferred from the electrochemical
active surface area (ECSA)** (see the ESIT for calculation details).
As shown in Fig. S6 (ESIt), Mn-Ni;S,/NF achieves a TOF of
0.20 s~ at an overpotential of 200 mV, which is higher than the
value of 0.09 s ! obtained from Ni;S,/NF at the same over-
potential. The above investigations reveal that the enhanced
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HER activity of Mn-Ni;S,/NF can be attributed to the following
aspects: (a) the higher surface roughness provides more active
sites;>'>*® (b) the enhanced electrical conductivity;*' (c) Mn

doping may generate a synergy to optimize electronic environments

to improve the intrinsic electric properties of the catalysts.*>**

In summary, Mn doping has been experimentally proven as
an efficient strategy to enhance the catalytic performance of
Ni;S, for alkaline hydrogen evolution. The resulting catalyst
exhibits a low overpotential of 152 mV at 10 mA cm ™2 in 1.0 M
KOH. In addition, this catalyst also shows good long-term
electrochemical durability with the maintenance of its catalytic
activity for at least 20 h. This work not only offers an attractive
and cost-effective catalyst for the production of hydrogen under
alkaline conditions, but also provides important guidance for
designing and synthesizing Ni;S,-based catalysts with enhanced
HER activity.
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