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ABSTRACT

The development of efficient and stable electrocatalysts with earth-abundant elements for both oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER) in the same electrolyte is incontrovertibly vital in water electrolysis. However, their large-scale
fabrication remains a great challenge. Here, we report a self-supported electrocatalyst in the form of Fe-doped NizS, nanoparticles
in-situ grown on three-dimensional (3D) conductive Fe-Ni alloy foam (Fe-NisS,/AF) by surface-assisted chemical vapor transport
(SACVT) method. Homogeneous growth environment and scalability of SACVT method allow Fe-NizS, nanoparticles uniformly
growing on AF in large-scale. Fe-NizS,/AF exhibits high activity and durability when act as HER catalyst and OER precatalyst in
alkaline media. The HER and OER overpotential at 10 mA/cm? is considerably small, only 75 and 267 mV, respectively. Moreover,
the electrolyzer assembled by Fe-NisS,/AF for overall water splitting exhibits a low cell voltage and high durability in long-term test.
Based on experiments and theoretical calculation, the significantly enhanced activity could be originated from the incorporation of
Fe, which contributed to increase the electrochemical active surface area, enhance electrical conductivity, optimize the hydrogen
and H,O adsorption energy of NizS, (101) surface in HER, and form active bimetallic Ni-Fe(oxy)hydroxide in OER. The excellent
durability of self-supported Fe-NizS2/AF could be benefited from the in-situ growth of Fe-NisS, nanoparticles on 3D AF, which could
ensure closely mechanical adhesion between active materials and substrate, promote charge transport and increase surface area.
This work provides a facile method for large-scale synthesis of electrocatalysts with high activity and long-term durability for efficient

water electrolysis in alkaline media.
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1 Introduction

Hydrogen energy, as a renewable, sustainable and clean energy,
its development and application are of great significance for
solving energy shortage and environmental degradation issues [1].
Electrochemical water splitting is a sustainable and efficient
strategy for hydrogen generation benefiting from abundant
and inexhaustible water resources, high-purity H, production
and zero carbon emission [2]. Currently, Pt-based materials
and Ir/Ru oxides remain the state-of-the-art electrocatalysts
for hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER), respectively, but scarcity and high cost of these
noble metals considerably impede the large-scale application
of water electrolysis technology [3, 4]. Thus, it is imperative
to explore earth-abundant alternatives to precious metals as
efficient electrocatalysts to satisfy the rapid development of
the hydrogen economy [5, 6]. Tremendous efforts have been
devoted to develop highly active alternatives such as metal
oxides [7, 8], sulfides [9-11], selenides [12, 13], and phosphides
[14, 15] in electrochemical OER or HER. To get minimized
overpotentials, water splitting should be performed in either
strong alkaline or acidic electrolyte. However, a challenge for

most of these earth-abundant electrocatalysts is that a highly
active electrocatalyst in acidic electrolyte may be inert or even
unstable in basic electrolyte, like MoS; [16], and metal oxides
for OER are usually not stable in acidic electrolyte [17].
Therefore, efficient and stable electrocatalysts with earth-
abundant elements for both HER and OER conveniently in the
same electrolyte to sustained overall water splitting still need
to be further explored.

Nickel sulfides (e.g., NiS, NiS; and NisS;), especially NisS;, has
received increasing attention in electrochemical overall water
splitting because of its abundant resources, facile preparation and
potential electrocatalytic performance in both electrocatalytic
HER and OER [18, 19]. Unfortunately, the application of
NisS: in water electrolysis has been distinctly restricted by its
mediocre electrocatalytic activity caused by its low intrinsic
conductivity and instability in alkaline electrolytes caused
by corrosion. As we know, the kinetics of HER in alkaline
electrolytes and OER with multi-step proton-coupled electron
transfer processes are both sluggish [20, 21]. To further improve
the electrocatalytic performance of NisS;, metal-doping has
been proved to be an effective strategy by numerous theoretical
efforts and experimental studies [22, 23]. Especially, the element

Address correspondence to hongweizhu@tsinghua.edu.cn

TSINGHUA
2 UNIVERSITY PRESS

@ Springer



Nano Res. 2021, 14(12): 4740-4747

Fe is a good dopant in NisS;, which could greatly enhance
electrocatalytic performance by modulating the coordination
valence states, enhancing electronic conductivity, and optimizing
hydrogen/water adsorption energy [24, 25]. Additionally, in-situ
growth of active electrocatalysts on a conductive substrate as
self-supported electrodes could effectively boost the electro-
catalytic activity and durability by greatly promoted charge
transport and enhanced mechanical adhesion [2, 9].

However, large-scale preparation of Fe-doped NisS; structures
with good quality in-situ grown on a highly conductive substrate
as self-supported electrodes still remains attractive and
challenging. On one hand, the relatively complex synthetic way
is a bottleneck for developing metal-doped NisS integrated
electrodes because of the majority of these electrocatalysts are
prepared by two-step hydrothermal or solvothermal methods,
usually tedious and time-consuming [26]. On another hand, the
obtained metal-doped NisS. structures generally exhibit poor
purity and crystallinity due to the use of aqueous or organic
solvents [27, 28]. Therefore, a facile method allowing uniform
in-situ growth of Fe-doped NisS; materials and large-scale
preparation on conductive substrates is urgently needed.

Herein, we report in-situ growth of Fe-doped NisS; nano-
particles on a three-dimensional (3D) conductive Fe-Ni alloy
foam (denoted as Fe-NisS:/AF) by one-step surface-assisted
chemical vapor transport (SACVT) method. Typically, Fe-Ni
AF and a certain amount of sulfur powders are sealed together
in a quartz ampoule with high-vacuum and followed by a facile
heating step. The large-scale and uniform growth of Fe-NisS;
nanoparticles on the surface of 10 cm x 10 cm alloy foam is
benefited from the homogeneous growth environment and
scalability of SACVT method. Fe-Ni AF could provide the
reaction source of Fe and Ni element and act as the conductive
substrate to form self-supported Fe-NisS:/AF electrode
simultaneously, whose 3D porous structure could also provide
a larger electrochemical surface area and promote sufficiently
exposure of the active sites available for electrochemical redox
reactions on Fe-NisS; nanoparticles. In-situ growth of active
Fe-NisS, nanoparticles on Fe-Ni AF could observably enhance
the mechanical adhesion and promote charge transport of
electrocatalyst, leading to improved electrocatalytic durability
and activity. Simultaneously, the incorporation of Fe in NisS,
could greatly increase the electrochemical active surface
area, electrical conductivity, optimize the hydrogen and H.O
adsorption energy of NisS, (101) surface in HER, and form
active bimetallic Ni-Fe(oxy)hydroxide in OER, leading to a
dramatically enhanced activity for overall water splitting.
Notably, the as-prepared Fe-NisS:/AF electrodes exhibit both
highly efficient activity for HER and OER in 1.0 M KOH. The
HER and OER overpotential at 10 mA/cm* is considerably
small, only 75 and 267 mV, respectively. Furthermore, the
overall water splitting electrolyzer assembled by Fe-NisS:/AF
as HER catalyst and OER precatalyst owns low cell voltage and
high durability in long-term test (100 h). This work provides a
facile and useful preparation method to expand the application
of nickel-based electrocatalysts with excellent activity and long-
term durability in overall water splitting with large-scale.

2 Results and discussion

2.1 Preparation and characterizations

The schematics for preparation of Fe-NisS, nanoparticles by
SACVT method is shown in Fig. 1(a). The detail was
described in the experimental section. Simply, Fe-Ni AF and a
spot of sulfur powders were sealed in a quartz ampoule in
vacuum and then heated at 400 °C for 10 min. Fe-Ni AF was
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Figure 1 (a) Schematics for preparation of Fe-NisS, nanopartlcles on AF
by SACVT method. (b) Two-electrode configuration of Fe-NisS:/AF for
overall water splitting. (c) SEM image of Fe-NisS; nanoparticles. Inset
shows the photograph of Fe-Ni;S;/AF. (d) TEM image and SAED pattern,
(e) HRTEM image, and (f) chemical mappings of Ni, S and Fe species of
a Fe-Ni3S; nanoparticle.

applied as the reactive source of Fe and Ni and the 3D
conductive substrate for nucleation and growth of Fe-NisS;
nanoparticles simultaneously. Increasing the size of the quartz
ampoule and Fe-Ni AF can obtain self-supported electrodes
with large-scale. In SACVT method, one-step sulfidation of
Fe-Ni AF could ensure that in-situ growth of Fe-doped NisS:
nanoparticles, and a small amount of sulfur powder added
could allow a thin self-supported film of Fe-Ni;S; nanoparticles
grown on the surface of alloy foam uniformly. Incorporation of
Fe and in-situ growth on substrate could dramatically improve
the activity and durability of self-supported Fe-NisS,/AF
electrode. 3D porous structure of Fe-Ni AF could provide
larger electrochemical surface area and more exposed active
sites on active Fe-NisS; nanoparticles [29].

The morphology and structure of Fe-NisS; nanoparticles are
shown in Figs. 1(c)-1(f) zoomed in step by step. The surface
of Fe-Ni AF after reaction is grayish brown and very uniform
on the whole as shown in the inset of Fig. 1(c), and the surface
of Fe-Ni AF is fully covered with Fe-NisS; nanoparticles with
size of about 200 nm. The photograph of the initial Fe-Ni AF
and Fe-Ni AF after reaction in the quartz ampoule are shown
in Fig. S1 in the Electronic Supplementary Material (ESM).
Transmisson electron microscopy (TEM) image further
demonstrates the formation of Fe-NisS; nanoparticles with the
morphology of nanoparticle and the inset selected area electron
diffraction (SAED) pattern indicates the good crystallinity of
Fe-NisS; nanoparticles as shown in Fig. 1(d). The high-resolution
TEM (HRTEM) image taken from the Fe-NisS; nanoparticle
is shown in Fig. 1(e), exhibiting clear lattice fringes with an
interplanar distance of 0.4 nm which can be indexed to the (101)
plane of NisS; phase. Furthermore, as shown in Fig. 1(f) and
Fig. S2(a) in the ESM, elemental mapping technique and X-ray
energy dispersive spectrum (EDS) were applied to verify the
element distribution of Fe-NisS; nanoparticles. It’s clearly seen
that Ni, S and Fe elements distributed on the surface of Fe-Ni
AF and the atomic ratio of Ni to S is estimated to be about 3:2.
Moreover, as shown in Fig. S2(b) in the ESM, the atomic percent
of Fe element in Fe-NisS; nanoparticles from EDS data is
about 3%, which is slightly lower than the atomic percent of
Fe element in Fe-Ni AF.
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The crystallinity and phase of as-prepared Fe-NisS; nano-
particles on Fe-Ni AF were further investigated by the X-ray
diffraction (XRD) as shown in Fig. S3 in the ESM. The diffraction
peaks can be well indexed as Ni;S; (PDF No. 44-1418). Figure S4(a)
in the ESM presents that other two large peaks at 44.4° and
51.7° are originated from Fe-Ni AF, and no peaks attributed to
Fe sulfides can be detected, indicating Fe could be existed in
the lattice of NisS; with a doping state. The scanning electron
microscopy (SEM) images and XRD patterns of NisS:/NF
and FeS,/IF are shown in the Fig. S4 in the ESM, which also
strongly support the view that Fe acts as a dopant in NisS..
Additionally, the surface elemental compositions and valence
states of Fe-NisS; nanoparticles were characterized by X-ray
photoelectron spectroscopy (XPS) as presented in Fig. S5 in
the ESM and Fig. 5(c). The high-resolution Ni 2p region
spectrum exhibits the peak at 873.6 eV with a satellite at 879.3 eV
attributed to Ni** 2p1» and the peak at 855.8 eV with a satellite
at 861.0 eV attributed to Ni** 2ps.. Moreover, the signals at
870.0 and 852.8 eV can be assigned to metallic Ni peaks [30].
In Fe 2p region spectrum, the obvious peaks at 724.5 and
712.2 eV can be ascribed to Fe2pi» and Fe 2ps» with no satellite
peaks were detected, suggesting iron element exists in the
form of Fe’* [27]. The S§* 2pi» and S* 2ps. are observed at
163.5 and 162.3 eV in S 2p spectrum attributing to metal-sulfur
bonding [23]. Interestingly, a slightly negative shift happened
in the peaks of S 2p of Fe-Ni;S;/AF when compared with pure
NisS2/NF (163.7 and 162.5 eV) as shown in Fig. S6 in the ESM,
implying an extra electron transfer to S in Fe-NisS [24]. The
electronegativity of Fe is 1.83, which is lower than that of Ni
(1.91), thus the electron transfer from Fe to neighboring S is
much easier than that from Ni and S [24], which could also
support the existence of doped Fe in Fe-NisS2/AE.

All of the above results definitely proved that we successfully
prepared Fe-NisS: nanoparticles on the Fe-Ni AF by one-step
SACVT method.

2.2 Electrocatalytic performance of HER

The electrocatalytic HER performance of Fe-NisS; nanoparticles
on Fe-Ni AF (Fe-Ni;S,/AF) was measured using a typical three-
electrode cell in N;-saturated 1.0 M KOH aqueous solution
with a scan rate of 5 mV/s. For comparison, NisS; on Ni foam
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(Ni3S2/NF) and FeS; on Fe foam (FeS,/IF) samples were also
investigated under the same conditions. The linear sweep
voltammetry (LSV) curves of these samples and Pt/C-NF
electrodes are shown in Fig. 2(a). It's obviously seen that
Fe-Ni;S,/AF electrode owns the best HER property with a low
overpotential of 75 mV to reach 10 mA/cm’ current density,
which is much smaller than that of 177 and 277 mV of FeS./IF
and Ni;S/NF electrodes, respectively. The comparison with non-
doped NisS; and FeS; strongly confirms the beneficial effect of
Fe doping in NisS, for overall water splitting. Meantime, as
shown in Fig. S7(a) in the ESM, the electrocatalytic activity
of Fe-NisSo/AF for HER is significantly better than Fe-Ni AF that
applied as the conductive substrate. Furthermore, the lowest
Tafel slope in Fig. 2(b) suggests that Fe-NisS»/AF electrode owns
faster HER kinetics progress than FeS./IF and NisS»/NF electrodes.
The electrochemically active surface areas (ECSA) of these
electrodes were measured from the electrochemical double-
layer capacitance of the electrocatalytic surface by cyclic
voltammograms in a non-Faradaic region [31]. The specific
capacitances of Fe-Ni:S:/AF, FeS,/IF and NisS2/NF electrodes
calculated from the slope of the linear fitting were 15.2, 5.2, and
3.8 mF/cm?, respectively, as shown in Fig. 2(c) and Fig. S8 in
the ESM. Based on the reported typical specific capacitances,
the specific capacitance for a flat surface was assumed as
40 pF/cm? for 1 cm” of the real surface area in 1 M KOH, then
the ECSA could be calculated by the equation ECSA = specific
capacitance (mF/cm?)/(40 pF/cm? per cm?) [31, 32]. The
estimated ECSAs for Fe-NisS:2/AF, FeS./IF and NisS./NF were
380, 130, and 95 cm?, respectively. As can be seen, the ECSA
of Fe-NisS:/AF is much higher than that of Ni;S;/NF and
FeS./IF electrodes, implying more active sites available for
electrochemical redox reactions on the surface of Fe-NisS;
nanoparticles. All these results manifest that the significantly
boosted electrocatalytic activity toward HER of Fe-NisS./AF
is mainly ascribed to the doping of Fe element. Compared to
other comparable works, no matter element-doped nickel sulfides
(e.g., V-Ni$; [33], N-NisS; [18], Fe-NiS; [34]), iron-nickel sulfide
[25, 35], or even Co/Ni-based mixed metal-organic nanosheet
array [36], our Fe-NisS:/NF electrode possesses better electro-
catalytic activity for HER as shown in Fig. 2(d). The detail
information of these electrodes was listed in Table S1 in the ESM.

(a) 0 (b) 0.4 (c) -
& i - 108° “\g\c‘“ =
S -20 _-03 N'? Q0™ 20r : 2
< " w W “\91‘ .-
£ L T Mec —~ 15} e
= _40 < 4 ' 122 @ < .
2 @) ] & =02 ges,F g
@ s > 2 10} ¢
< -60 } > eroreren® \J|de! x melem
B <01 cotnEIAF 10T E FeS P82
€ -80 i = 05} T - .
E 00 e 8 o 38 mFlem’
= U . .8 ml
3 —100 ool NiS,/NF
-0.6 -0.5-04 -0.3 -0.2-0.1 0.0 1.0 1.2 14 16 1.8 20 40 60 80 100
Potential (V vs.RHE) log (-j (mA/cm?)) Scan rate (mV/s)
(d) - . (e) _15F (f) OF
280} % . - o~ '
il § £ € Fe-Ni,S,/AF

—~ 3 ~ o [} [+} o
E 2401 & 4 CEE <4 9 < 10— < 40— Before stability test
= Z 2 ago = Fe-Ni;S,/AF E — After stability test
B 2000 gy Sk Z05| = -st 2 -80
5 A PESEE | BB Y A @
S 160 w2z 3% S By B S S
NI EETH | B EH i $ 120
g 1201 B K 3 g ol @

z 5 5 -160

AU LLLTLUL ] A S - SR 20
HER el | 0 2 4 6 8 10 -06 -05 -04 -03 -0.2 -0.1 0.0
electrocatalysts Time () Potential (V vs. RHE)

Figure 2 (a) LSV curves measured with a scan rate of 5 mV/s in Na-bubbled 1 M KOH, (b) related Tafel plots of Fe-NisS:/AFE, Ni3S2/NFE, FeS,/IF and
Pt/C-NE (c) Linear fittings of the capacitive current densities at different scan rates of Fe-NisS:/AF, NisS2/NF and FeS./IE (d) HER overpotentials
(10 mA/cm?) of Fe-NizS»/AF electrode and reported HER electrocatalysts for comparison. (e) Long-term electrochemical HER test, and (f) LSV curves

before and after long-term HER test of Fe-NisS»/AF electrode.
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Furthermore, durability is another important criterion to
judge an advanced electrocatalyst for HER. The current
density of Fe-NisS,/AF electrode was monitored at a constant
voltage for 10 h under continuous HER operation as shown in
Fig. 2(e). The curve of current density versus time keeps stable
by and large. As for the initial drop, it may mainly attribute to
the shielding effect of H, bubbles generated on the Fe- NisS,/AF
electrode continuously and the limited mass-transfer between
electrolyte and electrode. The high durability of Fe-NisS:/AF
electrode can also be confirmed by the comparison of LSV
curves before and after electrochemical durability test, there is
no significant degradation happened in Fig. 2(f). The enhanced
mechanical adhesion between active Fe-NisS; and 3D Fe-Ni AF
substrate results in the excellent electrocatalytic durability,
which is originated from the in-situ growth of Fe-NisS;
nanoparticles on the 3D conductive substrate.

To understand the intrinsic reasons for the improved HER
activity arising from the Fe-doping, the electronic structures and
adsorption characters of Fe-NisS;and NisS. were calculated by
density functional theory (DFT) method as shown in Fig. 3.
The model was built based on (101) surface and three possible
Fe-doping sites were considered with substituted energy of
+0.48, +0.44, and +0.47 eV for site 1, 2, and 3, respectively (as
shown in Fig. S9 in the ESM). Thus, further calculations
were all based on the most stable configuration of 2 due to
its lowest substituted energy, as shown in Fig. 3(a). Firstly, the
density of states (DOS) of Fe-NisS;and NisS, were calculated,
as shown in Fig. 3(b). The continuous states crossing Fermi level
reveal that the metallic behavior of Ni;S; can be maintained
after Fe-doping, indicating a high conductivity of Fe-Ni;S;. On
the whole, the DOS of Fe-NisS; has a slight tendency to migrate
to higher energy levels, which could strengthen the adsorption
of small molecules on the surface. Generally, the adsorption
free energy of H* (AGw+) on the electrocatalyst can be employed
as a good descriptor for its HER activity [37]. The calculated
AGy- on Ni and S sites of Fe-NisS; and NisS; (101) surfaces were
demonstrated in Fig. 3(c). Obviously, the AGu- on Ni sites
are much lower than that on S sites, indicating that Ni atoms
on the (101) surface are the main active sites for HER in
both Fe-NisS;and NisS.. Moreover, the AGu- on Ni site can be
decreased from 0.63 to 0.61 eV after Fe-doping, representing
the optimized adsorption of hydrogen on Fe-NisS. (101) surface.
More importantly, the adsorption of H.O on the active surface
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Figure 3 (a) Side-view and Top-view of the Fe-NisS; (101) surface, the blue,
yellow and red spheres represent Ni, S and Fe atoms, respectively. (b) Calculated
density of states of the (101) surfaces of NisS, and Fe-NisS.. (c) Calculated
free-energy diagram of HER over the (101) surfaces of NisS; and Fe-NisS..
(d) Calculated water adsorption energy of NisS; and Fe-NisS..
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plays a vital role in alkaline media, because a sluggish water
activation process may be the rate-determining step in HER. The
water adsorption energy could be applied as an evaluation for
the energy barrier of water activation on the electrocatalysts [38].
As shown in Fig. 3(d), the water adsorption energy on Ni and
S sites of Fe-NisS; are —0.53 and -0.14 eV, which are lower than
that of NisS; (-0.51 and -0.08 eV), respectively, demonstrating
that water activation process could happen on the surface of
Fe-NisS; more easily to start the HER. The metallic behavior
and optimized adsorption energy for hydrogen and H,O of
Fe-NiS; are both beneficial for improving the HER activity of
self-supported Fe-Ni;S,/AF electrode.

The excellent electrocatalytic HER performance of Fe-Ni;S»/ AF
electrode is attributed to the successful preparation of Fe-NisS;
nanoparticles on 3D alloy foam with in-situ doping of Fe
element by SACVT method, as shown in Fig. 1(b). Firstly,
Fe-NisS:/AF electrode owns higher electrical conductivity and
faster charge transfer benefited from the self-supported structure
obtained from in-situ growth. Secondly, Fe element doping
and 3D porous structure of Fe-Ni AF substrate could increase the
ECSA, which is indicative of more active sites and improved
electrocatalytic activity. More importantly, Fe element doping
would greatly optimize the ability for adsorption of H* and
H>O molecule in the electrocatalytic reaction [24], which would
further increase the intrinsic activity of active sites [25, 34].
Finally, the enhanced mechanical adhesion between active
Fe-NisS; nanoparticles and conductive Fe-Ni AF substrate would
ensure the stability of Fe-NisS»/AF electrode during long-term
test, which is mainly originated from the in-situ growth of active
materials on the substrate.

2.3 Electrocatalytic performance of OER

The electrocatalytic OER performance of Fe-NisS:/AF electrode
was examined by a typical three-electrode cell in 1.0 M KOH
purged with N.. As shown in Fig. 4(a), the electrocatalytic
OER activities of Fe-NisS2/AF, NisS:/NF, FeS,/IF and IrO,-NF
electrodes were measured through LSV curves with a scan rate
of 5 mV/s. The overpotential of Fe-NisS:/AF electrode at a
current density of 10 mA/cm® is 267 mV, which considerably
lower than Nis;S;/NF electrode (350 mV), FeS,/IF electrode
(380 mV), and even IrO,-NF electrode. Metal sulfides would
transform into metal (oxy)hydroxide during OER, so Fe-NisS,/
AF electrode would give rise to more active bimetallic Ni-Fe
(oxy)hydroxide during OER test under oxidizing potentials,
while NisSo/NF electrode and FeS./IF electrode could only generate
single component Ni (oxy)hydroxide and Fe (oxy)hydroxide
[39, 40]. It’s also the reason for we named Fe-NisS,/AF as OER
precatalyst due to Ni-Fe (oxy)hydroxide actually responsible for
the electrocatalytic OER [41]. Meanwhile, the electrocatalytic
activity of Fe-NisS:/AF for OER is also obviously higher than
the conductive substrate Fe-Ni AF, as shown in Fig. S7(b) in
the ESM. Significantly, the tafel slope of Fe-NisS; nanoparticles
is approximately 36 mV/dec, which is greatly lower than that
of Ni3S»/NF (55 mV/dec) and FeS./IF (100 mV/dec) electrodes
in Fig. 4(b). In other words, the incorporation of Fe element
in Ni;S; could improve the electrocatalytic OER activity and
activate water-oxidation reaction kinetics. Meantime, a much
smaller charge transfer resistance of Fe-NisS:/AF electrode in
Fig. 4(c) illustrates a faster electron transfer, benefitting from
the change of electronic properties after Fe doping in NisS..

By contrast, the Fe-NisS»/AF electrode owns lower overpotential
(at 10 mA/cm?®) and smaller Tafel slope comparing with related
electrode materials reported previously in Fig. 4(d), like
metal-doped NisS; [27, 33, 26], iron-nickel sulfide [42], NisS,
composites [43], and CoFe layered double hydroxide [44].
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Figure 4 (a) LSV curves measured with a scan rate of 5 mV/s in N>-bubbled 1 M KOH, (b) corresponding Tafel slopes of Fe-NisS:/AF, NisS:/NF, FeS./IF
and IrO,-NFE. (c) Electrochemical impedance spectra of Fe-NisS:/AF, NisSo/NF and FeS./IE (d) OER overpotentials (at 10 mA/cm?) and Tafel slopes of
Fe-NisS2/AF electrode and reported OER electrocatalysts for comparison. (e) Long-term electrochemical OER test, and (f) CV curves before and after

long-term OER test of Fe-NisSz2/AF electrode.

More detailed information of these electrodes was listed in
Table S2 in the ESM. To assess the electrochemical OER durability
of Fe-Ni;S,/AF electrode, a long-term water oxidation test was
conducted in 1 M KOH media under constant potential test.
Figures 4(e) and 4(f) show that it still remained steady OER
electrocatalytic activity even after 10 h test. We attribute the
superior electrocatalytic durability of Fe-NisS./AF electrode
to the in-situ growth of Fe-NisS: nanoparticles on Fe-Ni AF
as self-supported electrode without any binder or conductive
additive.

Fe-NisS:/AF as OER precatalyst exhibits superior electro-
catalytic activity and durability as shown in Fig. 1(b). On one
hand, Fe doping could generate bimetallic Ni-Fe (oxy)hydroxide
during OER test under high potential, which is more active

than single component Ni(oxy)hydroxide. On another hand,
introduction of Fe element could increase electrical conductivity
of Fe-Ni;S,/AF electrode and 3D porous structure of electrode
could promote the exposure of active sites and accelerate
the electrolyte penetration. Finally, in-situ growth of Fe-NisS,
nanoparticles on Fe-Ni AF could greatly improve the electro-
catalytic stability of whole self-supported electrode due to the
large mechanical adhesion force.

2.4 Overall water splitting

To evaluate the electrocatalytic activity toward overall water
splitting, a two-electrode configuration was assembled by Fe-
NisS:/AF electrodes as both cathode and anode electrodes, the
inset in Fig. 5(a). Impressively, Fe-NisS:/AF electrodes exhibit
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Figure 5 (a) Chronopotentiometric curve of Fe-NisS2/AF electrodes recorded at 10 mA/cm? without iR drop compensation. (b) LSV curves of
Fe-Ni;S2/AF electrodes before and after chronopotentiometry test. (c) High-resolution XPS spectra of Ni 2p, Fe 2p and S 2p for initial state, after 100-h

HER test, and after 100-h OER test of Fe-NisS2/AF electrodes.
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a superior durability with negligible degradation in a period
of 100 h by the chronoamperometry at the current density of
10 mA/cm? in Fig. 5(a). The nearly overlapped LSV curves
before and after long-term durability test in Fig. 5(b) also
confirms its stable activity for overall water splitting in alkaline
media. The superior durability of Fe-NisS»/AF electrode results
mainly from the strong adhesion between in-situ grown Fe-NisS;
nanoparticles and Fe-Ni AF. Compared with conventional
powdery electrocatalysts, the self-supported Fe-NisS./AF
electrode doesn’t need additional binder, exhibiting seamless
contact and tight integration that could prevent the shedding
of active electrocatalysts caused by the ceaseless generation of
gas bubbles during the reaction. As shown in Figs. S10(a) and
S10(b) in the ESM, the surface morphology of Fe-NisS:/AF
was well maintained after hydrogen evolution for 100 h, while
some new subtle structures appeared on the surface of Fe-NisS,
nanoparticles after 100 h OER test. Notably, the content of
oxygen element of Fe-NisS»/AF after OER durability test increases
considerably, as shown in Fig. S10(d) in the ESM. According to
the reaction mechanism of oxygen evolution in water splitting,
we inferred that Ni-Fe (oxy)hydroxide in-situ formed on the
surface of Fe-Ni;S2/AF during oxygen evolution, which would
be responsible for the electrocatalysis of OER actually.

To further confirm this point, the samples of Fe-Ni:S»/AF after
HER and OER durability test were probed by surface-sensitive
XPS technique, as shown in Fig. 5(c). For Ni 2p, after HER
and OER durability test for 100 h, the XPS peaks related to
Ni** exhibit no obvious change, while the peaks related to metallic
Ni° are significantly attenuated. For XPS spectrum of Fe 2p,
the peaks of Fe-NisS:/AF after OER durability test exhibit a
positive shift compared with the as-prepared Fe-NisS,/AF, while
the peaks of Fe-NisS:/AF after HER durability test show no
obvious positive shift. The positive shift strongly suggests near-
surface of Fe-NisS: would convert to Ni-Fe (oxy)hydroxide
during the oxygen evolution process. Meanwhile, the change
of S 2p XPS spectrum could also support this transformation
confirmedly. The peaks assigned to S 2pi2 and $** 2ps; can
still be probed after HER durability test, together with the
peak centered at about 167 eV corresponding to sulfate formed
during HER test [24]. However, no peaks of S 2p could be
detected after OER durability test due to the change of
elements composition in near surface region of Fe-NisS; nano-
particles. In addition, the XRD peaks of Fe-NisS»/AF are both
well maintained after long-term HER and OER durability test,
as shown in Fig. S11 in the ESM. The reason for no diffraction
peaks detected in XRD pattern could be explained by the low
content and crystallinity of Ni-Fe (oxy)hydroxide formed on
the near surface of Fe-NisS»/AF.

In brief, the near-surface of Fe-NisS; nanoparticles would be
converted to Ni-Fe (oxy)hydroxide during oxygen evolution
process actually, but well-maintained during hydrogen evolution
process. Namely, Fe-Ni;S; acted as HER catalyst and OER
precatalyst in hydrogen and oxygen evolution, respectively,
and they both behaved excellent electrocatalytic durability.

3 Conclusions

In summary, we prepared Fe-NisS nanoparticles in-situ grown
on 3D conductive Fe-Ni AF with large-scale by one-step
SACVT method, which could be directly utilized as self-supported
electrocatalysts for overall water splitting. Homogeneous
growth environment and scalability of SACVT method allowed
Fe-NisS; nanoparticles growing uniformly on the surface of
Fe-Ni AF on a large scale. When applied as HER catalyst,
Fe-Ni;S,/AF exhibited low overpotential of 75 mV at a current
density of 10 mA/cm? small Tafel slope of 103 mV/dec in
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alkaline media. When catalyzed OER process, Fe-NisS,/AF acted
as precatalyst because of the near-surfaces of Fe-NisS, nanoparticles
were converted to Ni-Fe (oxy)hydroxide that actually responsible
for the OER catalysis. Low overpotential of 267 mV at 10 mA/cm?
and extremely small Tafel slope of 36 mV/dec confirmed its
high electrocatalytic activity for OER. Moreover, Fe-Ni;S,/AF
presented excellent electrocatalytic activity and long-term
durability when assembled into the overall water splitting
electrolyzer. The incorporation of Fe element in NisS; significantly
increased the electrochemical active surface area, enhanced
electrical conductivity, optimized the hydrogen and H.O
adsorption energy in HER, and in-situ formed active bimetallic
Ni-Fe(oxy)hydroxide in OER, leading to improved electrocatalytic
activity for overall water splitting. In-situ growth of active
Fe-NisS: nanoparticles on conductive Fe-Ni AF ensured closely
mechanical adhesion and promoted charge transport between
active materials and substrate, which greatly enhanced durability
of self-supported Fe-NisS:/AF electrode. The successful pre-
paration of self-supported Fe-NisS,/AF by SACVT method gave
us huge support to realize large-scale synthesis of electrocatalysts
for efficient water electrolysis.

4 Experimental

4.1 Large-scale synthesis of Fe-NisS: nanoparticles

Fe-NisS; nanoparticles were synthesized with large-scale by
one-step SACVT method mentioned in our previous work [45].
Firstly, Fe-Ni AF (14.66 g, ~10 cm x 10 cm x1 mm) and sulfur
powders (0.81 g, 99.9995%) were vacuum-sealed together in a
quartz ampoule (¢ 4 cm x18 cm). This method exhibits good
scalability as the sizes of reactor and reactive substrate could
be easily regulated. Before using, Fe-Ni AF was pretreated
successively with 3 M HCI, absolute ethanol and deionized
water to ensure a clean surface. Secondly, the quartz ampoule
was pushed quickly into the center temperature zone of a tube
furnace heated to 400 °C in advance and held for 10 min.
Finally, the ampoule was pushed out from the tube furnace
and cooled naturally to ambient temperature. For comparison,
NisS; and FeS, samples were prepared under same reaction
condition by reacting Ni foam and Fe foam with sulfur
powders, respectively.

4.2 Materials characterizations

As-prepared Fe-NisS; nanoparticles were characterized by
scanning electron microscope (SEM, MERLIN VP Compact,
Carl Zeiss), transmission electron microscope (TEM, JEM-
2010F), X-ray diffraction (XRD, D8 Advance, Bruker) with
Cu Ka radiation, and X-ray photoelectron spectroscope
(XPS, PHI Quantera II, Ulvac-Phi Inc) using Al K« radiation
(hv=1486.6 €V).

4.3 Electrochemical measurements

All electrochemical measurements were performed on a CHI
660E electrochemical station (CH Instruments, Inc. Shanghai).
In a three-electrode system, Fe-NisS nanoparticles together with
Fe-Ni AF were applied as the working electrode directly, taking
a saturated calomel electrode (SCE) as reference electrode and a
platinum sheet as counter electrode. As for carbon-supported
Pt (Pt/C, 20%) and IrO; electrodes, the catalysts (8 mg) were
dispersed in 1 mL of a 4:1 (v/v) ethanol/deionized water
mixture and 20 pL Nafion solution by sonicating for more than
1 h to get a catalyst ink, and then dropped onto a piece of Ni
foam and dried naturally to form Pt/C-NF and IrO.-NF. All
electrochemical tests were carried out in 1 M KOH electrolyte
(pH=14) and stirred magnetically. The presented potentials
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were calibrated to reversible hydrogen electrode (RHE) by the
Nernst equation

E (RHE) = E (SCE) + 0.0591pH + 0.241 V (1)

LSV and CV curves with a scan rate of 5 mV/s were
measured to obtain the electrocatalytic activity of electrocatalysts
(results were iR-corrected manually, unless otherwise noted).
Electrochemical impedance spectra (EIS) were recorded in
the frequencies between 100 kHz and 0.01 Hz. The ECSA
measurements were calculated based on the CV curves with
scan rates from 20 to 100 mV/s in a non-Faradaic potential
region [46]. The stability of the working electrode was
evaluated by long-term HER or OER operation at a static
overpotential. To explore the overall water splitting performance,
chronopotentiometric stability and LSV curves were recorded
in a two-electrode cell in which Fe-NisS:/AF electrodes served
as both anode and cathode.

4.4 Theoretical calculation

To investigate the effect of Fe-doping on the electronic structure
and adsorption energy for water and hydrogen of NisS,, the
present first principle DFT calculations were performed by
Vienna Ab initio Simulation Package (VASP) with the projector
augmented wave (PAW) method [47, 48]. The exchange-
functional was treated by the generalized gradient approximation
(GGA) of Perdew-Burke-Ernzerhof (PBE) functional [49]. The
energy cutoff for the plane wave basis expansion was set as
450 eV and the convergence threshold was set as 0.03 eV/A
in force and 10 eV in energy. The surface of Ni;S; has been
cut along the (101) direction, while a 15 A vacuum layer was
considered along the z axis for all systems to avoid the
interaction between periodic structures. The Brillouin zone
integration was sampled with a 3x3x1 k-point for geometric
optimization. The DFT-D3 method was applied to consider
the van der Waals interaction [50]. The substituted energy E.u
of the systems was defined as Eq. (2):

Esub = Elot + ENi - Epristine - EFe (2)

where the Ewt and Episine are the energy of Fe-doped and
pristine NisS: system, Exi and Ere denote the energy of single
metal atom in bulk materials, respectively. Free energy change
(AG) of the reaction was calculated as follows:

AG = AEper + AEzpe — TAS 3)

where AEprr means the DFT electronic energy difference of
each step, AEz and AS are the zero-point energy change and the
entropy variation obtained by vibration analysis, respectively,
T is the temperature (T = 300 K). The value of (AEzee-TAS)
equals 0.28 eV by following the scheme proposed [51].
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