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KEYWORDS Abstract The development of efficient transition-metal catalysts for the hydrogen evolution reac-
NisSs: tion is significant to meeting global energy demands. In this study, to realize a high-performance
Hydrogen evolution reac- electrocatalyst, we synthesize an Fe-doped Ni;S, nanosheet material in situ on 3D structured nickel
tion; foam via the hydrothermal sulfide method, and then modify it by the dielectric barrier discharge
Nanosheet array; plasma technique. Combining Fe atom doping and plasma modification increases the electrochem-
Plasma; ical surface area, provides an abundance of active sites, optimizes the electronic structure, and accel-
Iron doping erates the reaction kinetics, thereby improving catalytic activity. As a result, the PA@ZFe;4-Ni3S,/

NF catalyst exhibits excellent hydrogen evolution reaction activity, only requires ultra-low overpo-

tentials to achieve a current density of 10 mA cm ™2, and exhibits excellent durability. This study

proposes a novel method for rationally designing non-noble metal electrocatalysts.

© 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The development of green and clean renewable energy is imperative to

a— . b achieving carbon neutrality and meeting the growing demand for

COI_‘reSPOHdmg aut T energy (Chen et al., 2022; Xu et al., 2016a, 2016b; Guo et al., 2022).
E-mail address: shenyj@czust.edu.cn (Y. Shen). B . . . .

1 . . . ecause it has high energy density, no secondary pollution, and exten-
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q first auth sive sources, hydrogen is considered a clean energy source (Jin et al.,
ered as co-lirst authors. 2019; Santo et al., 2020; Chen et al., 2021a, 2021b). Compared to
hydrogen production from fossil fuels, water electrolysis is an ideal
hydrogen-production technology because it produces high-purity
hydrogen via a safe preparation process with a stable yield (Irshad
and Munichandraiah, 2017; Feng et al., 2021). The catalyst determines
the overpotential as well as the reaction rate and efficiency of
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electrocatalytic water splitting (Xing et al., 2020; Suen et al., 2017;
Anantharaj et al., 2018; Karthick, et al., 2017). Pt, the most efficient
catalyst for hydrogen evolution reaction (HER), cannot be utilized
on a large scale owing to its high cost and scarcity (Sultana et al.,
2022; Li et al., 2022a, 2022b). Therefore, the exploration of inexpen-
sive, highly active, and stable transition metal electrocatalysts for
HER is a current research challenge.

In recent years, sulfides(Yang et al., 2019; Zheng et al., 2018; Zhang
et al., 2018a, 2018b, 2018c, 2018d, 2018e, 2018f, 2018g; Ahmed et al.,
2022; Feng et al., 2016), phosphides (Li et al., 2022a, 2022b; Zhang
et al.,, 2020; Wang et al., 2022), hydroxides (Shi et al., 2022; Zhao
et al., 2022), oxides (Xie et al., 2021; Mooni et al., 2020), selenides
(Pu et al., 2016; Xu et al., 2016a, 2016b), and carbides (Zhang et al.,
2018a, 2018b, 2018c, 2018d, 2018e, 2018f, 2018g; Zhu et al., 2021) of
transition metals have been widely used in water splitting and have
yielded excellent results. Among them, NisS, exhibits unique metallic
properties and excellent electrical conductivity owing to its unique
Ni—-Ni bond network (Zhang et al., 2018a, 2018b, 2018c, 2018d,
2018e, 2018f, 2018g; Wang et al., 2021). Therefore, it is considered
one of the most promising electrocatalysts. However, the electrocat-
alytic activity of NisS, is much lower than that of Pt-based catalysts.
Heteroatom doping has been observed to increase active sites, optimize
the electronic structure, and modulate adsorption capacity (Jian et al.,
2018; Li et al., 2018). This is because doping the catalyst with free-
electron-rich metal heteroatoms can increase the density of free carriers
near the Fermi energy level and promote charge separation, improving
the catalytic activity (Li et al., 2020; Tang et al., 2017). Zhang et al.
synthesized Mo-doped Ni3S, electrocatalysts via the solid-phase melt-
ing method. The aMo-Ni3S, catalysts showed ultralow overpotentials
(74 mV at 10 mA cm™2) and Tafel slopes (54 mV dec™") as well as excel-
lent stability. This is attributed to the enhanced adsorption capacity for
HER intermediates by Mo doping (Zhang et al., 2018a, 2018b, 2018c,
2018d, 2018e, 2018f, 2018g). Ma et al. synthesized V-doped Ni3S,
nanosheet arrays on carbon fiber cloth as excellent bifunctional elec-
trocatalysts for water electrolysis. The excellent catalytic activity indi-
cates that the successful doping of V accelerates the reaction kinetics
(Ma et al., 2019). Chen et al. systematically investigated the catalytic
performance of 10 transition-metal-atom -doped Ni3S, compounds,
among which Mn-Ni3S,;, Fe-Ni;S,, and Ru-Ni3S, showed superior
HER activity and low overpotential (Chen et al., 2021a, 2021b). Fur-
thermore, the direct growth of Ni;S; on nickel foam with a 3D struc-
ture enhances conductivity and promotes electron transport, thereby
improving HER performance (Zhang et al., 2019).

In addition to elemental doping, researchers have improved the cat-
alytic performance of materials via structural modifications, defect
engineering, and crystal-plane control (Zhang et al., 2018a, 2018b,
2018c, 2018d, 2018e, 2018f, 2018g). For example, Zhang et al.
(2018a, 2018b, 2018c, 2018d, 2018, 2018f, 2018g) prepared NiO
nanorods with oxygen vacancies by cation exchange, and the calcu-
lated partial density of states showed that the formation of new elec-
tronic states near the Fermi energy level enhanced the electrical
conductivity of NiO. As a result, NiO had an ultra-high HER activity
with a low overpotential of only 110 mV at 10 mA ecm 2. A Ni-ZIF/
Ni-B@NF bifunctional electrolytic water-splitting catalyst with a crys-
talline—amorphous mixed phase was developed (Xu et al., 2020). In
alkaline solution, Ni-ZIF/Ni—B nanosheets loaded on NF required a
hydrogen precipitation reaction overpotential of 67 mV and oxygen
precipitation reaction overpotential of 234 mV to achieve a current
density of 10 mA cm~2 The use of plasma technology provides many
advantages for catalyst modification, such as high efficiency, uncon-
ventional preparation strategies, strong functionalization, and environ-
mental friendliness (Liang et al., 2016; Wang et al., 2017; Jin et al.,
2017). Plasma-technology-based methods can effectively remove the
depletion layer at the interface and expose more surface sites for con-
tinuous charge transfer. Most importantly, plasma technology enables
the surface modification of a material without destroying its inherent
properties and structure, further enhancing hydrogen evolution perfor-
mance (Wang et al., 2018). However, there are few studies on the use of

plasma-modified catalysts for the HER and oxygen evolution reaction
(OER). However, there are few studies on the use of plasma-modified
catalysts for hydrogen evolution reaction and oxygen evolution reac-
tion. In particular, plasma-modified Fe-Ni3S,/NF nanosheet catalysts
for electrocatalytic water splitting have not been reported. Therefore,
we prepared highly active HER catalysts using a novel strategy com-
bining elemental doping and plasma modification.

In this study, Fe-Ni;S, nanosheets with varied Fe/Ni molar ratios
(Fe-Ni3S,/NF) and original Ni3S, (Ni3S,;/NF) were synthesized on
nickel foam as catalysts for HER using a two-step hydrothermal
method, where nickel foam provided the nickel source for Ni3S,. Sub-
sequently, the Fe;4-Ni3S,/NF nanosheets with optimal catalytic activ-
ity were modified by DBD plasma. The PA@Fe;4-NizS,/NF
nanosheet array displayed outstanding HER performance in alkaline
solutions and excellent durability owing to the synthesis of Fe-doped
NisS, directly on nickel foam to form sphere-like 3D nanosheet struc-
tures. This is mainly attributed to the doping of Fe atoms and the
plasma modification exposing more active sites, increasing both the
electrochemical active specific surface area and electron transfer rate.
Therefore, this study not only provides a superior HER electrocatalyst,
but also a new design strategy for high-performance catalysts.

2. Experimental section

2.1. Sample preparation

Deionized water with a resistivity of 18.2 MQ cm ™' was used
throughout the experiment. Nickel nitrate hexahydrate (Ni
(NO3),-6H,0, 98 %), nickel foam (NF, 99 %), iron nitrate
nonahydrate (Fe(NO3);-9H,0, 99 %), and ammonium fluo-
ride (NH4F, 99 %) were purchased from Aladdin (Shanghai,
China). Urea (CH4N,0, 99 %) was purchased from Rhawn
(Shanghai, China). All compounds were used directly in the
experiment without further purification.

Several nickel foams measuring 2 cm x 3 cm were succes-
sively placed in 3 M HCI, anhydrous ethanol, and water for
ultrasonic treatment for 15 min, and then vacuum dried at
60 °C.

The Fe-NizS,/NF nanosheet was prepared using a simple
two-step hydrothermal method. In the first step, to synthesize
FeNi precursor/NF, a certain amount of nickel nitrate hexahy-
drate, iron nitrate nonahydrate, 4 mmol ammonium fluoride,
and 10 mmol urea were added to 40 mL of water. After stirring
until completely dissolved, the solution was transferred to a
50-mL Teflon-lined autoclave, and the processed NF was ver-
tically placed in the solution. Subsequently, the solution was
heated to 120 °C and processed at this temperature for 6 h.
After cooling, NF loaded with FeNi precursors was sequen-
tially washed with anhydrous ethanol and water, then dried
at 60 °C. The mole ratios of Fe and Ni additions and their cor-
responding names are presented in Table 1. Meanwhile, Fe salt
was removed during the synthesis to obtain a separate Ni pre-
cursor/NF. In the second step, to sulfide the NiFe precursor/
NF, 8 mmol of Na,S was added to 40 mL of deionized water.
Subsequently, the equipped Na,S solution was added to the
autoclave containing FeNi precursor/NF, heated to 100 °C,
and treated for 8 h at this temperature. After natural cooling,
the sulfided product (Fe-Ni;S,/NF) was retrieved, washed sev-
eral times, then dried under vacuum at 60 °C. The Ni precur-
sor/NF without Fe salt was sulfided via the same method to
obtain the corresponding product (NizS,/NF).

The obtained Fe-Ni3S,/NF catalyst was placed in the
quartz reaction kettle (DBD-100B, Nanjing Suman Electronics
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Table 1 The Fe/Ni feed ratio for Fe-doped Ni;S;/NF with
various Fe content.

Fe-doped Ni3Sz Fe(N03)3/Ni(NO3)2 feed ratio (mol/mol)

Fel/m- Nl3Sz/NF 1:10
Fel/g- Nl}Sz/NF 1:8
Fe]/4- Nl3Sz/NF 1:4

Co., Itd., China). The aluminum electrodes on both sides of the
reaction kettle were exposed, and a filamentary discharge
occurred. The input power of the system was mutually regu-
lated using a circumscribed voltage regulator and a plasma
generator (CTP-2000 K, Nanjing Suman Electronics Co.,
Itd., China). After switching on the power, the input current
(1A) and voltage (70 V) were adjusted to discharge the plate.
We used this plasma device to modify catalysts for photocat-
alytic degradation of dyes (Shen et al., 2019; Xu et al., 2021).
The samples were treated with air plasma to obtain plasma-
modified Fe-Ni3S,/NF, marked as PA@ Fe-Ni;S,/NF.

2.2. Material characterization

The phase of the composite was determined using an X-ray
diffractometer (Bruker D8 Advanced), which used Cu K radi-
ation at a scanning speed of 5° min~!, with 26 ranging from 10
to 90°. Field emission scanning electron microscopy (FESEM,
ZEISS Gemini SEM 300), transmission electron microscopy
(TEM, Tecnai G2 F20), and energy dispersive spectrometer
(EDS) element mapping were used to examine the morphology
and microstructure of the materials. The Thermo K-Alpha
photoelectron spectrometer was used to obtain the X-ray pho-
toelectron spectroscopy (XPS) spectra to identify the surface
chemical characteristics and composition of the samples.

2.3. Electrochemical measurements

Electrochemical testing of as-prepared materials was per-
formed using a conventional three-electrode setup with an elec-
trochemical workstation (CHI 660E) in 1 M KOH electrolyte.
Ag/AgCl, a carbon rod, and the as-prepared catalyst were
employed as the reference, counter, and working electrodes,
respectively. With 85 % iR correction, all original data were
calibrated. For uniform comparison, all potentials in this study
were converted to reversible hydrogen electrode (RHE) poten-
tials by the standard formula. Before recording, the catalyst
was scanned multiple times at 100 mV S™' until a steady image
was obtained. The polarization curves of the catalysts were
obtained at a scan rate of 0.005 V s~ !. The overpotential versus
log (J) was plotted in the LSV curve to get the Tafel slope.
Electrochemical impedance spectroscopy (EIS) for HER was
conducted under — 1.51 V vs RHE with a frequency range
of 0.01 to 10° Hz. We evaluated the electrochemical capaci-
tance (Cq;) using Cvs with potentials ranging from 0.223 to
0.123 V vs RHE at scan speeds of 20, 40, 60, 80, and 100 mV s!
to determine the effective electrochemical surface area (ECSA)
of the produced catalysts. Moreover, chronoamperometric
response tests and the LSV curve after 1000 CV cycles were
performed to investigate the durability of the samples.

3. Results and discussion

A two-step route was adapted to prepare the Fe-Ni;S,/NF
composite, as illustrated in Fig. 1. To remove surface impuri-
ties, the 3D structured nickel foam was treated with 3 M
HCI, anhydrous ethanol, and deionized water for 5 min, and
then used directly as a catalyst carrier. FeNi precursor/NF
was prepared using a facile hydrothermal treatment by adding
NF to the aqueous solution of Ni(NO;) ,-6H,0, NH4F, Fe
(NO3)3-9H,0, and CH4N,O; the color of Ni foam changed
from silver to yellowish-green. It was then treated in a solution
of Na,S, during which the OH ™ in the hydroxide was converted
to sulfide by ion exchange with S* to obtain Fe-Ni;S,/NF
(Zhang et al., 2018a, 2018b, 2018c, 2018d, 2018e, 2018f,
2018g). The samples were treated with air plasma to obtain
PA@Fe-Ni;S,/NF. Sample NizS,/NF was prepared as a con-
trol, following treatment similar to that of the Fe-Ni3S,/NF,
but without using Fe salt precursors. The typical X-ray diffrac-
tion pattern of the prepared catalyst is shown in Fig. 2, demon-
strating the detailed structural and phase information of the
products. The diffraction peaks of 20 = 21.7°, 31.1°, 37.7°,
49.7°, and 55.1° accurately correspond to the (101), (110),
(003), (113), and (122) crystallographic planes of the hexago-
nal Ni3S, (JCPDS 44-1418), implying the successful formation
of Ni3S,. Fe-NisS,/NF with different Fe/Ni molar ratios
(FC]/4-Ni3SZ/NF, Fel/'g-Ni3SZ/NF, F€1’/10-Ni3SZ/NF) show
XRD patterns similar to those of Ni3S,/NF, implying the
absence of new phases. This indicates that the crystalline
phases of Ni3S,/NF were not significantly changed by Fe dop-
ing, suggesting that no Fe sulfides were produced. The XRD
pattern of PA@Fe;;s,—Ni3S,/NF was similar to that before
plasma modification, indicating that the plasma treatment
did not change the crystal structure of the material. In addi-
tion, the diffraction peaks of both the Fe-doped NizS,/NF
and plasma-modified Fe,4-Ni3S,/NF were shifted by 0.04° in
diffraction angle compared with that of the pristine Ni3S,. This
indicates that the insertion of Fe®" ions can reduce lattice
spacing, and proves that plasma treatment does not affect
the crystal structure of the catalysts (Kim et al., 2017).
Scanning electron microscopy (SEM) was used to examine
the morphology and microstructure of certain representative
samples. As shown in Fig. 3a, the synthesis of pure Ni;zS,/
NF without the addition of iron to the reaction yielded
Ni3S,/NF with an irregular sheet-like structure; the sheet-
like structure was unclear and the distribution was not uni-
form. When the reaction condition is Fe/Ni = 1:10, Feyjo-
Ni3S,/NF and pristine Ni3S,/NF exhibit similar vertically
arranged nanosheet structures (Fig. 3b). At reaction condi-
tions of Fe/Ni = 1:8, the obtained Fe;/3-Ni3S,/NF samples
showed a regular and dense nanosheet array structure
(Fig. 3c—d). Interestingly, when the molar ratio of Fe/Ni
was 1:4, the nanosheets began to agglomerate and staggered
to form a spherical-like structure (Fig. 3e—f). As shown in
Fig. 3g, the plasma-modified Fe,;s-Ni3S,/NF has a small
amount of irregular spherical structure, and the rest maintain
the nanosheet structure. After plasma modification of Fe, -
Ni;S,/NF catalyst, the agglomerated nanosheets began to
separate into flower spheres sequentially (Fig. 3h—i). Each
flower sphere was composed of numerous nanosheets, which
were firmly anchored on the Ni foam to form a very strong
3D structure, making PA@Fe;;-Ni3S;/NF a robust and
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Fig. 2 (a) XRD patterns of Ni3S,/NF, Fe,;o-Ni3S,/NF, Fe, -

Ni3Sz/NF, Fel/4-Ni3S2/NF and PA@F€1/4-Ni352/NF.

stable catalyst. Fig. 3j shows the EDS spectra of PA@Fe, 4—
Ni3S,/NF, which identified Fe, Ni, and S in the composite,
implying the successful preparation of the composites.

The morphology and structure of Fe,;-NisS,/NF after
plasma modification were also investigated using TEM. As
shown in the TEM images (Fig. 4a), the PA@Fe,4-Ni3S,/
NF nanosheet was observed, consistent with the SEM results.
The structure and properties of the materials were further
studied using HRTEM images. The lattice fringes in Fig. 4b
are very clear and easy to identify, which fully illustrates the
remarkable crystallinity of PA@Fe,;4-Ni3S,/NF. Meanwhile,
the HRTEM image of PA@Fe, 4-Ni3S,/NF exhibits four dis-
tinct lattice fringes of 0.29, 0.24, 0.23, and 0.18 nm, which cor-
respond with the (110), (003), (021), and (11 3) lattice planes
of the Ni3S,/NF sample, respectively. The exposure of these
lattice planes contributes to the increase in the catalytic activ-
ity, which is essential for catalysts (Feng et al., 2015). The poly-
crystalline character of the nanosheets was verified by the
corresponding-area electron diffraction (SAED) pattern, with
the diffraction rings corresponding to the (113), (021),
(003), and (110) planes of Ni3S,/NF (Fig. 4c), which was con-
sistent with the XRD results. In addition, the high angle annu-
lar dark field (HAADF) scanning images and EDX clearly
reveal that Fe, Ni, and S elements are uniformly distributed
in PA@Fe, ;4-Ni3S,/NF nanosheets (Fig. 4d-h).

Ay

Plasma
modfication

Fe-Ni;S,/NF PA@Fe, ,Ni;S,/NF

Schematic illustration of the preparation of the plasma-modified Fe,4-Ni3S,/NF nanosheet arrays.

The changes in surface composition before and after
plasma treatment were also studied by XPS. As shown in
Fig. 5a, the XPS full spectrum of PA@Fe;4-Ni3S;/NF indi-
cates the presence of Ni, Fe, O, and S elements, which is con-
sistent with the EDX results. As shown in Fig. 5a, the XPS full
spectrum of PA@Fe, 4—Ni3S,/NF indicates the presence of Ni,
Fe, O, and S, which is consistent with the EDS results. Fig. 5b
shows the high-resolution XP spectrum of the Fe 2p region,
deconvoluted into two main peaks located at 711.9 eV and
724.9 eV, corresponding to the binding energies of Fe 2ps),
and Fe 2p,», respectively. These peaks are mainly attributed
to Fe*' and are consistent with those observed in previous
studies (Yuan et al., 2017; Cheng et al., 2015). This result
strongly proves that iron was successfully doped into Ni;S,.
The Ni*" and Ni** regions were used to fit the two primary
peaks. Ni** and Ni*" have characteristic peaks in the Ni
2ps3;> band at approximately 856.5 eV and 855.1 eV, respec-
tively, whereas Ni>* and Ni*" have characteristic peaks in
the Ni 2p,, band at approximately 872.6 eV and 874.3 eV,
respectively (Fig. 5¢). Ni exists in the form of Ni** and
Ni*" in PA@Fe,/4;~Ni3So/NF nanosheets (Biesinger et al.,
2009). The deconvolution of the S 2p spectra of PA@Fe, 4
Ni3S,/NF (Fig. 5d) shows two peaks. The two main peaks at
161.8 eV and 168.3 eV correspond to the Ni—S and S—O spe-
cies, respectively, where the latter originates from sulfate spe-
cies formed upon exposure to air (Dueso et al., 2012). The
existence of S*~ and the abundance of S vacancies in
PA@Fe,4—Ni;S,/NF was demonstrated (Zhang et al., 2018a,
2018b, 2018c, 2018d, 2018e, 2018f, 2018g; Lu et al., 2016).
The deconvolution of the S 2p spectra of PA@Fe,4-NisS,/
NF (Fig. 5d) showed the presence of two peaks. The two main
peaks at 161.8 eV and 168.3 eV correspond to the Ni-S and
S—O species, respectively, the latter originating from sulfate
species formed upon exposure to air (Dueso et al., 2012).
The existence of S~ and the abundance of S vacancies in
PA@Fe,4-Ni3S,/NF were proved (Zhang et al., 2018a,
2018b, 2018c, 2018d, 2018e, 2018f, 2018g; Lu et al., 2016).
These results indicate the successful doping of Fe in the
PA@Fe,4-Ni3S,/NF nanosheet arrays, and that the catalyst
exposes abundant catalytic active sites, which can significantly
improve the water-splitting performance.

In a conventional three-electrode system, we measure the
hydrogen evolution activity of Ni3S;/NF, Fey10-Ni3S,/NF,
Fe;/3-Ni3S,/NF, Fe,4-Ni3S,/NF, and plasma-modified Fe; ;-
Ni3S,/NF. The linear sweep voltammetry (LSV) curves of
the catalyst and the corresponding overpotential are shown
in Fig. 6a and 6b, with the current density normalized by geo-
metric surface area (1 cm?). Compared to the other samples,
PA@Fe,4—Ni3S,/NF clearly has a lower onset potential and
substantially higher current density at the same potential.
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Fig. 3 SEM images of (a) Nl3Sz/NF, (b) Fel/lo-Ni3SZ/NF, (C-d) Fel/g-Nig,Sz/NF, (C-f) FC]/4-Ni3S2/NF, (g)PA@FCl/4-Ni3S2/NF, (h-l)
PA@Fe;s-Ni3S,/NF. (j) EDX spectrum of PA@Fe,4-Ni3S,>/NF nanosheet arrays.

Similarly, PA@Fe, ;4-Ni3S,/NF has a substantially greater cur-
rent density than other materials at the same potential. Fur-
thermore, compared to Fe;4-NisS,/NF (111 mV), Fejs;-
N1352/NF (131 mV), Fel/lo-Ni3S2/NF (139 mV), and Ni3Sz /
NF (217 mV), PA@Fe;s-NizS;/NF exhibits high electrocat-
alytic activity, with only 91 mV of overpotential at 10 mA cm .
Compared with previously reported Pt/C electrocatalysts (Yu
et al., 2017; Zheng et al., 2019), PA@Fe,4,—Ni3S;/NF has a
slightly higher overpotential, but higher HER performance
than that of most reported Ni-based sulfides (Li et al., 2013;
Zhou et al., 2020; Hao et al., 2020). Compared with Pt/C elec-
trocatalysts in other literatures, the PA@Fe; 4s-Ni3S,/NF cata-
lyst has a slightly higher overpotential. The results show that
the electrocatalytic performance of the catalyst increases as
the Fe/Ni molar ratio increases, and the plasma modification
further improves catalytic performance.

In addition, we compared the PA@Fe;;,~Ni3S,/NF cata-
lyst with related nickel-based sulfides. Lee et al. prepared

H-CoS,@NiFe LDH/NF catalysts with a unique structure
by electrodeposition; the optimized heterogeneous structure
provided sufficient active sites and facilitated electrolyte pene-
tration (Lee and Park, 2022). In alkaline solutions, this catalyst
had excellent performance for the HER and OER with ultra-
low overpotentials of 99 and 250 mV, respectively. Jia et al.
(2021) fabricated novel NizS,/Cu-NiCo LDH heterostruc-
tured nanosheet catalysts on 3D NF carriers by a two-step
hydrothermal method, in which doping with Cu ions and
Ni3S, modified the microstructure and electronic structure,
resulting in excellent catalytic performance. The optimized
Ni;S,/Cu—-NiCo LDH/NF had excellent durability, with over-
potentials of 156 and 304 mV at current densities of 10 and
100 mA cm ™2, respectively. Zhou et al. (2020) synthesized a
heterojunction material of CooSg vertically aligned on Ni;S,
spheres by a one-step hydrothermal method, resulting in Cog-
Ss@Ni;S, with excellent HER activity (a current density of
10 mA cm™> with an overpotential of only 160 mV). In
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(a) TEM image of PA@Fe, 4-Ni3S,/NF nanosheet. (b) The high-resolution TEM image of PA@Fe, 4 -Ni3S,/NF nanosheet. (c)

SAED pattern of PA@Fe, 4-Ni;S,/NF nanosheet. (d-h) The HADDF image and EDX mapping of Fe, Ni and S from PA@Fe, 4-Ni3S,/

NF nanosheet.

addition, electrocatalytic urea splitting is an effective
hydrogen-production process. Liu et al. (2021) prepared (Ni-
Fe; )3S2/NF nanosheets by a simple hydrothermal method,
and the material showed the highest activity for the HER
and urea oxidation reaction at a 0.25/0.75 M ratio of Ni/Fe.
(Nig.25Feq 75)3S2/NF required an overpotential of only 93 mV
at a current density of 10 mA cm 2 to drive the HER. Com-
pared with these electrocatalysts, the plasma-modified
PA@Fe,4—NisS,/NF catalyst developed in this study exhibits
higher performance, with an overpotential of only 91 mV.
To understand the HER kinetics, Tafel plots of all modified
electrodes were obtained by a conventional three-electrode

system and are compared in Fig. 6¢. The Tafel curve is calcu-
lated using the formula 1 = a + b log j. The Tafel slope of
PA@Fe,4-Ni3S,/NF is 171 mV/decade, which is lower than
those of Fe;;4-Ni3S,/NF (252 mV/decade), Fe;/3-NizS;/NF
(262 mV/decade), Fey10-NizSy/NF (268 mV/decade), and
Ni3S,/NF (275 mV/decade). The Tafel slope confirms that
the reaction kinetics of plasma-modified Fe;s-NizS;/NF
toward the HER process are superior to those of pure Fe-
Ni;S,/NF. Then, the Cy values of the samples was measured
to determine the ECSA. The linear relationship between the
corresponding current density and different scan rates was
plotted, and the Cg value was obtained by calculating the
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slope of the straight line. As shown in Fig. 6d, PA@Fe -
Ni3S,/NF (14.6 mF cm™2) also presents the largest Cy; value
for HER among three samples, which is 2.0 and 2.9 times those
of Fe;/4-Ni3S,/NF (7.2 mF cm~?) and Ni;S,/NF (5.1 mF
cm™?), respectively, indicating that the PA@Fe;4-Ni3S,/NF
electrode possesses a relatively large ECSA. Cq is an impor-
tant indicator used to determine the overall activity of a cata-
lyst (Mishra et al., 2018; Li et al., 2021). PA@Fe; 4~Ni3S,/NF
has the largest ECSA of all samples prepared herein, indicating
that its enhanced intrinsic activity is attributed to the presence
of numerous available active sites and a higher electron trans-
fer rate. Therefore, compared with other catalysts, PA@Fe, 4—
Ni3S,/NF has faster reaction kinetics. The results show that
plasma modification improves the electrochemical surface area
and exposes more active sites, thereby enhancing the HER
activity of the catalyst.

EIS (Fig. 7a) was used to better understand the faster cat-
alytic kinetics of PA@Fe;4-Ni3S;/NF material. According to
the Nyquist plot analysis, the charge transfer resistance (Rct)
of PA@Fe;4-Ni3S,/NF (2.9 Q) is substantially smaller than
those of FC]/4-Ni3SZ/NF (34 Q), Fel/g-Nig,Sz/NF (37 Q),
Fey/10-Ni3S,/NF(4.3 Q), and Ni3S,/NF (11.3 Q). As was demon-
strated, Fe doping increased the electrical conductivity of the
material compared to pristine Ni3S,/NF, and the plasma-
modified Fe;;-Ni3S;/NF nanosheets have the lowest charge
transfer resistance, resulting in a higher charge transfer rate.

Fe 2p
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(a) XPS survey spectra of PA@Fe,;4-Ni3S,/NF, (b) Fe 2p XPS spectra of PA@Fe,;4-NizS,/NF, (c) Ni 2p XPS spectra of
PA@Fe;;4-Ni3S,/NF, (d) S 2p XPS spectra of PA@Fe;4-Ni3S,/NF.

The increased charge transfer rate is correlated to an increase
in the density of the active sites, which is consistent with the
ECSA results. To further evaluate the electrochemical stabilities
of the PA@Fe,4-Ni3S,/NF electrode, long-term cyclic voltam-
mogram (CV) cycling tests and i—t curve tests were performed.
After the 1000 cycling tests, the LSV curve of the PA@Fe 4
Ni3S,/NF electrode shows negligible change (Fig. 7b). As shown
in Fig. 7b (inset), we explore the long-term stability of the elec-
trocatalyst tested at an overpotential of 200 mV, and find that
the current density is nearly constant over 9 h of continuous
voltage electrolysis for the HER process. The high electrochem-
ical stability of PA@Fe, 4—Ni3S,/NF is attributed to its durable
spherical flower-like 3D nanosheet structure.

In order to understand the intrinsic reasons for the enhanced
HER activity of PA@Fe, 4-Ni3S,/NF catalysts, we established a
(110) plane-based model to calculate the HER activity of
PA@Fe/4-Ni3S, and NisS, by density functional theory
(DFT) method. Electronic structure and adsorption properties.
Fig. 8. (a) The side and top views of the (110) surface of
PA@Fe,4-Ni3S,, with yellow, blue, and red spheres represent-
ing S, Ni, and Fe atoms, respectively. In general, the free energy
of adsorption of H* on electrocatalysts (AGy=) is considered to
be a good description of HER activity (Fengetal., 2015). In gen-
eral, the free energy of adsorption of H* on electrocatalysts
(AGy~) is considered to be a good description of HER activity.
As shown in Fig. 8b, we calculated the active free energies of
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scan rate of 100 mV s~'. Inset: Time dependent i-t curves at an overpotential of 200 mV for 10 h.

different sites of PA@Fe, 4-Ni3S, and Ni3S, catalysts. The cal-
culation results show that the adsorption energy of Ni site of
pure Ni,S; is 0.86 ¢V, and the adsorption energy of S site is
0.53 eV, while the adsorption energy of Ni site of PA@Fe, 4-
Ni;S, is reduced to 0.20 eV, and the adsorption energy of S site
is 0.20 eV. Down to 0.10 eV. Obviously, the AGy= of Ni sites
and S sites are significantly reduced after plasma doping and

plasma modification. XPS showed that Fe was successfully
doped in the PA@Fe,;s-NizS,/NF nanosheet arrays and
exposed abundant catalytically active sites. Experiments and
density functional theory calculations showed that Fe atomic
doping and plasma modification reduce the activation energy
of the reaction and, thus, enhance the HER activity of the mate-
rial. Fe-Ni3S, is the catalytically active site of PA@Fe 5~ Ni3S,/
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NF, which is consistent with data in the literature (Ouyanget al.,
2020; Yu et al., 2020).

In summary, the superior HER activity of PA@Fe -
Ni;S,/NF may benefit from the following four points: (1)
Flower-sphere-like 3D nanosheet structures were grown
in situ on nickel foam, exposing abundant active sites and
accelerating mass/electron transfer (Huang et al., 2017; Lin
et al., 2020); (2) Nanosheet arrays provide high electrochemical
surface area for catalysts; (3) Fe atom doping optimizes the
electronic structure, enhances the electron transport rate and
improves the intrinsic activity of PA@Fe;;s-Ni3S;/NF
nanosheets; and (4) Plasma modification disperses the agglom-
erated nanosheets, which further increases the electrochemical
surface area and active sites to accelerate the reaction kinetics
and improve the catalytic performance.

4. Conclusions

In conclusion, we successfully synthesized Fe-doped Ni3S, nanosheets
(Fe-Ni3S,/NF) on nickel foam via a two-step hydrothermal method.
Electrochemical test results show that optimal catalytic activity is
obtained when the Fe/Ni molar ratio is 1:4. After plasma modification,
PA@Fe,;4s—Ni3S;/NF has a unique spherical flower-like nanosheet
structure and high catalytic performance and long-term stability in
alkaline solutions. As expected, an overpotential of only 91 mV was
required to drive the HER reaction at a current density of 10 mA cm 2.
In addition, the catalyst exhibits long-term stability in alkaline solu-
tion. This is mainly because Fe doping enhances the intrinsic activity
of Ni3S, and optimizes the electronic structure as well as plasma mod-
ification to further increase the electrochemical surface area and active
sites. This study confirms the feasibility of developing high-efficiency
water-splitting electrocatalysts through a combination of elemental
doping and plasma modification strategies. Based on the obtained
results, a future research direction is to develop HER catalysts superior
to noble-metal-based catalysts by optimizing the plasma-modification
conditions and devices, and doping with different non-precious metals.
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