
 
Self-supporting and hierarchically porous NixFe–S/NiFe2O4 heterostructure as
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Abstract: Stable non-noble metal bifunctional electrocatalysts are one of the challenges to the fluctuating overall water splitting driven by re-
newable  energy.  Herein,  a  novel  self-supporting  hierarchically  porous  NixFe–S/NiFe2O4 heterostructure  as  bifunctional  electrocatalyst  was
constructed based on porous Ni–Fe electrodeposition on three-dimensional (3D) carbon fiber cloth, in situ oxidation, and chemical sulfuration.
Results showed that the NixFe–S/NiFe2O4 heterostructure with a large specific surface area exhibits good bifunctional activity and stability for
both hydrogen evolution reaction (HER) and oxygen evolution reaction (OER) because of the abundance of active sites, synergistic effect of
the heterostructure, superhydrophilic surface, and stable, self-supporting structure. The results further confirmed that the NixFe–S phase in the
heterostructure is transformed into metal oxides/hydroxides and Ni3S2 during OER. Compared with the commercial 20wt% Pt/C||IrO2–Ta2O5

electrolyzer, the self-supporting Ni1/5Fe–S/NiFe2O4||Ni1/2Fe–S/NiFe2O4 electrolyzer exhibits better stability and lower cell voltage in the fluctu-
ating current density range of 10–500 mA/cm2. Particularly, the cell voltage of Ni1/5Fe–S/NiFe2O4||Ni1/2Fe–S/NiFe2O4 is only approximately
3.91 V at an industrial current density of 500 mA/cm2, which is lower than that of the 20wt% Pt/C||IrO2–Ta2O5 electrolyzer (i.e., approximately
4.79 V). This work provides a promising strategy to develop excellent bifunctional electrocatalysts for fluctuating overall water splitting.
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1. Introduction

Hydrogen  production  by  water  electrolysis  has  advant-
ages in carbon emission, efficiency, and sustainability and is
a promising method to solve the energy crisis and global cli-
mate change [1–2]. However, the water decomposition reac-
tion is hindered by the slow kinetics of the hydrogen evolu-
tion  reaction  (HER)  and  oxygen  evolution  reaction  (OER).
Effective electrocatalysts must be used to reduce the dynam-
ic overpotentials [3–5]. At present, the most advanced elec-
trocatalysts for HER and OER are platinum-based materials
and ruthenium/iridium oxides, respectively [6–7]. However,
the application of noble metal-based electrocatalysts is  lim-
ited because of the high cost and scarce resources. Consider-
able  progress  has  been  made  in  the  development  of  non-
noble metal electrocatalysts [8–11], such as transition metal
chalcogenides  [12–14],  phosphides  [15–16],  and  oxides
[2,17–21].  However,  most  transition  metal-based  catalysts
usually  have  good  catalytic  activity  for  only  one  reaction
(OER or HER). Thus, the electrocatalysts for OER and HER
must be prepared through a different route, which leads to an
increase in complexity and cost. The design and construction
of  bifunctional  electrocatalysts  for  both  HER and  OER are
important challenges and have become a research hotspot.

Transition  metal  sulfides  with  dual-phase  structure  and
good  conductivity,  such  as  Co-doped  MoS2 [21],  Fe–Ni3S2

[22], Ni3S2/Co3S4 [23], and NiS/FeS [24], are considered po-
tential  bifunctional  catalysts.  However,  metal  sulfides  only
exhibit good activity for HER. The active sites for OER are
mainly in situ formed by the structure evolution of sulfides to
oxides  or  hydroxides.  However,  their  bifunctional  activity
and  stability  are  difficult  to  control.  By  contrast,  transition
metal oxides or hydroxides usually exhibit good activity for
OER because of the strong adsorption capability of oxygen-
containing  intermediates  [25–27].  However,  the  catalytic
activity for HER is poor. Moreover, the weak conductivity of
metal oxides or hydroxides is a limiting issue.

Based on the preceding discussion,  the construction of a
sulfide/oxide heterostructure may be a promising strategy to
achieve good bifunctional activity for HER and OER. Partic-
ularly, the transfer and redistribution of electrons can easily
occur  between  iron  and  nickel,  which  are  similar  three-di-
mensional  (3D)  transition  metals.  Thus,  the  adsorption/de-
sorption of intermediates needs to be optimized [28], which
can also improve the catalytic activity. Therefore, Ni–Fe bi-
metallic sulfide/oxide heterostructures are considered excel-
lent bifunctional catalysts for overall water splitting.

By contrast, water splitting is driven by renewable energy 
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with  a  fluctuating  current.  However,  powdery  catalysts  are
usually  synthesized  to  increase  the  effective  active  sites
[29–31] but easily fluctuate at a large current density. Mean-
while, nonconductive binders will cover active sites, which is
unfavorable to the rapid transfer of electrons/ions. Recently,
self-supporting  catalysts  without  binders,  which are  usually
grown on a smooth substrate, have been proposed [32]. Por-
ous structures are constructed using only catalysts, which res-
ults  in a poorly effective active area and weak adhesion on
the  substrate.  Thus,  growing  self-supporting  catalysts  on  a
3D porous substrate may be an effective strategy. Therefore,
the  adhesion  of  self-supporting  catalysts  is  expected  to  im-
prove  because  of  the  binding  action  of  the  3D porous  sub-
strate.  Meanwhile,  a  hierarchically  porous  structure  can  be
constructed  using  both  self-supporting  porous  catalysts  and
3D porous substrates.

Here,  a  novel  self-supporting  NixFe–S/NiFe2O4 hetero-
structure  with  hierarchically  porous  nanosheets  on  3D  por-
ous  carbon  fiber  cloth  (CFC)  is  designed  and  constructed
based  on  porous  Ni–Fe  electrodeposition  on  a  gas–liquid–
solid interface, in situ oxidation, and partial chemical sulfura-
tion. The results confirmed that the NixFe–S/NiFe2O4 hetero-
structure exhibited remarkable bifunctional activity for both
HER and OER. The cell voltage of overall water splitting us-
ing the NixFe–S/NiFe2O4 heterostructure as both cathode and
anode are lower than those of commercial 20wt% Pt/C||IrO2–
Ta2O5. 

2. Experimental 

2.1. Materials

NiSO4·6H2O  and  FeSO4·7H2O  were  purchased  from
Tianjin  Heowns  (China)  and  Shanghai  Energy  Chemical
(China), respectively. NiCl2·6H2O and FeCl2·4H2O were pur-
chased  from Macklin  (China).  NH4F,  CH4N2O,  (NH4)2SO4,
C6H5Na3O7·2H2O,  and  Na2S·9H2O  were  purchased  from
Aladdin  (China).  All  chemical  reagents  were  of  analytical
grade. 

2.2. Synthesis of porous Ni–Fe

The electrolyte was composed of 0.01–0.2 mol·L−1 NiSO4,
0.01–0.2  mol·L−1 FeSO4,  1  mol·L−1 (NH4)2SO4,  and  0.3
mol·L−1 C6H5Na3O7.  Carbon  fiber  cloth  (CFC)  with  an  ex-
posed area of 1 cm2 was used as substrate. Ni–Fe electrode-
position was conducted using a direct current power supply at
3.5  A·cm−2 for  45  s.  Porous  Ni–Fe/CFC  was  cleaned  and
dried in a vacuum drying oven. 

2.3. Synthesis of NiFe2O4

Porous Ni–Fe alloy was placed in a muffle furnace, heated
to 400°C at 4°C/min in an argon atmosphere for 2 h, and ex-
posed to air at 400°C for 2 h to obtain NiFe2O4. 

2.4. Synthesis of NixFe–S/NiFe2O4

NiFe2O4 was  immersed  in  0.1  mol·L−1 Na2S·9H2O solu-
tion in an 80 mL Teflon-lined stainless steel autoclave. Then,

the  autoclave  was  sealed  and  maintained  at  160°C for  6  h.
After complete cooling, NixFe–S/NiFe2O4 was obtained and
washed repeatedly with distilled water. 

2.5. Synthesis of NixFe–S

Ni–Fe alloy was immersed in a solution containing 0.4–
2  mmol·L−1 NiCl2·6H2O,  0.4–2  mmol·L−1 FeCl2·4H2O,  0.1
mol·L−1 NH4F, and 0.2 mol·L−1 CH4N2O in an 80 mL Teflon-
lined stainless steel autoclave. The autoclave was sealed and
maintained at 120°C for 6 h. Then, the obtained sample was
immersed in a 0.1 mol·L−1 Na2S·9H2O solution in an 80 mL
Teflon-lined  stainless  steel  autoclave.  The  autoclave  was
sealed and maintained at 160°C for 6 h. After complete cool-
ing, NixFe–S was obtained and washed repeatedly with dis-
tilled water. 

2.6. Structure characterizations

The crystalline structures, phases, morphologies, and mi-
crostructures were characterized by X-ray diffraction (XRD;
Rigaku, D/Max-RB; Cu Kα radiation (λ = 0. 15418 nm)), X-
ray  photoelectron  spectroscopy  (XPS;  Kratos,  Axis  Ultra
DLD;  Al  Kα X-ray  source),  scanning  electron  microscopy
(SEM, JEOL, JSM6510A), and high-resolution transmission
electron microscopy (HRTEM; JEOL, JSM-2100F). 

2.7. Electrochemical measurements

Electrochemical  measurements  were  conducted  at  room
temperature using the three-electrode system in a CHI 660E
electrochemical  workstation  (CHI  Instruments,  Shanghai
Chenhua  Instrument  Co.,  Ltd.,  Shanghai,  China).  Saturated
Hg/Hg2Cl2 in a saturated 1 mol·L−1 KOH solution was em-
ployed as the reference electrode. The catalysts were used as
the  working  electrode,  and  a  Pt  rod  was  utilized  as  the
counter  electrode.  The  potentials  were  referenced  to  the
RHE. 

2.8. DFT calculation

Metal compounds are usually simplified to metals as act-
ive sites during density functional theory (DFT) calculation
because  of  the  limitations  on  the  calculation  capability
[10,33–34]. For example, Ni(OH)2 and Ce(OH)2 are simpli-
fied to Ni and Ce [35], respectively. Therefore, Ni1/5Fe–S is
replaced by Ni-doped Fe9S10. The heterostructure of NiFe2O4

and Ni-doped Fe9S10 is  constructed to calculate the free en-
ergy  of  hydrogen  desorption  and  compared  with  those  of
NiFe2O4, Ni-doped Fe9S10, and Fe9S10.

The DFT framework embedded in the cambridge sequen-
tial  total  energy package (CASTEP) code was employed to
investigate the HER of the prepared catalysts. The exchange
and  correlation  energy  were  processed  using  the  Perdew–
Burke–Ernzerhof  functional  with  the  generalized  gradient
approximation  form.  Spin  polarization  was  included  in  all
calculations.  The  electronic  wave  functions  at  each k-point
were expanded in terms of a plane-wave basis set, and an en-
ergy cutoff of 500 eV was employed. The catalysts were sim-
ulated by periodically repeating the NiFe2O4 layers along the
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(400) direction of  the unit  cell.  The same slab of  Fe9S10,  in
which a surface Fe atom was replaced by a Ni atom to simu-
late  nickel  sulfide  species,  was  employed.  Structures  were
optimized by the Broyden–Fletcher–Goldfarb–Shanno meth-
od, and the geometric mean procedure was repeated until the
average force on the atoms was <0.3 eV/nm and the energy
change was <5.0 × 10−6 eV/atom. 

3. Results and discussion 

3.1. Preparation  and  characterization  of  the  NixFe–S/
NiFe2O4 heterostructure

A  self-supporting  and  hierarchically  porous  NixFe–S/
NiFe2O4 heterostructure with nanosheets was constructed and
illustrated in Fig. 1(a). First, porous Ni–Fe alloys with micro-
particles  were  electrodeposited  on  3D  porous  carbon  fiber
cloth by the bubble template method to obtain a large specif-
ic surface area (Fig. S1(a) and (b)). Then, porous Ni–Fe alloy

is in  situ oxidized  in  air  to  NiFe2O4 with  needle-like
nanosheets, which are partially perpendicular to the substrate
(Fig.  S1(c) and (d)).  Finally,  the surface oxide layer is  par-
tially converted into sulfide by the in situ chemical sulfura-
tion reaction in Na2S solution. According to the ∆G (Gibbs
free energy) values of Reactions S1 to S4 in the Supporting
Information, the sulfuration reactions proceed spontaneously.

Therefore,  the  NixFe–S/NiFe2O4 heterostructure  consist-
ing of nanosheets is  obtained (Fig.  1(b) and (c)). Figs.  1(b)
and  S1(e)  show  that  thin  NixFe–S  nanosheets  evenly  and
firmly wrap the surface of carbon fibers. Therefore, the hier-
archically porous structure is constructed by 3D porous car-
bon  fiber  cloth  and  porous  nanosheets.  This  structure  will
provide  a  large  electrochemically  active  surface  area  in  3D
space, which increases the active sites and promotes the ef-
fective transfer of electrons/ions. A micro/nanostructure can
accelerate the separation of bubbles to ensure the continuous
exposure of active sites and the stability of the structure un-
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Fig.  1.      (a)  Illustration  of  the  preparation  of  a  self-supporting  and  hierarchically  porous  NixFe–S/NiFe2O4  heterostructure.  (b,  c)
SEM  images  of  Ni1/2Fe–S/NiFe2O4.  (d)  Energy-dispersive  spectroscopy  elemental  mapping  images  of  Ni1/2Fe–S/NiFe2O4.  (e,  f)
HRTEM images of Ni1/2Fe–S/NiFe2O4.
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der a high current density.
According to a previous study [35], the nickel/iron (Ni/Fe)

ratio  has  a  considerable  influence  on  the  morphology  and
electrocatalytic  performance.  Therefore,  the  Ni/Fe  ratio  in
NixFe–S/NiFe2O4 is adjusted by changing the Ni2+/Fe2+ ratio
in the electrodeposition solution. x in NixFe–S/NiFe2O4 rep-
resents  the  molar  ratio  of  nickel  sulfate  to  [nickel  sulfate  +
ferrous sulfate] in the electrodeposition solution. For single-
metal  Fe–S/Fe2O3 heterostructures  (Fig.  S2(a)),  the
nanosheets are thin and cannot be completely grown on the
surface of catalysts. For bimetallic NixFe–S/NiFe2O4 hetero-
structures, the nanosheets become uniform on the surface of
catalysts  (Fig.  S2(b)–(d)).  However,  for  Ni–S/Ni–O  (Fig.
S2(e)),  the  nanosheets  with  large  thickness  are  disorderly.
Fig.  1(d)  shows  the  energy-dispersive  spectroscopy  (EDS)
elemental  mapping  image  of  Ni1/2Fe–S/NiFe2O4.  Ni,  Fe,  S,
and O are uniformly distributed. The HRTEM images (Fig.
1(e) and (f)) confirmed that oxides and sulfides coexist. Par-
ticularly, both NiS and Fe9S10 [36–38] are detected on the ob-
tained  nanosheets  (Fig.  1(f)),  which  helps  improve  the  in-

trinsic activity of sulfides because of the synergistic effect.
The XRD patterns shown in Fig. 2(a) further confirm the

successful synthesis of the NixFe–S/NiFe2O4 heterostructure.
Notably, FeNi3 alloys corresponding to the diffraction peaks
at 44.2°, 51.5°, and 75.8° are electrodeposited. After oxida-
tion,  the  peaks  at  35.7°,  53.8°,  57.4°,  and  63.0°  appear  be-
cause  of  the  formation  of  the  NiFe2O4 oxide  layer.  Mean-
while, the peaks at 33.1°, 40.8°, 49.4°, and 63.9° indicate that
Fe2O3 is  also  formed.  After  chemical  sulfuration,  all  peaks
corresponding to Fe2O3 disappear, and the peak intensity of
NiFe2O4 decreases. This finding indicates that all Fe2O3 and
partial  NiFe2O4 are  converted  into  sulfides.  The  peaks  at
33.8°, 43.7°, and 57.8° corresponding to Fe9S10 and the peaks
at 35.6°, 37.3°, 59.7°, 56.3° and 57.4° corresponding to NiS
are observed.  These results  are  consistent  with those of  the
HRTEM  images  shown  in Fig.  1(f).  That  is,  the  NixFe–S/
NiFe2O4 heterostructure with nanosheets is successively con-
structed.

To  further  investigate  the  surface  chemical  composition
and valence states of NixFe–S/NiFe2O4, XPS depth profiling
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analysis was conducted (Fig. 2(b)). The signals of Ni, Fe, S,
and O appear in the XPS overall spectra of NixFe–S/NiFe2O4

and match well  with those of the XRD and EDS elemental
mapping  images.  Specifically,  in  the  Ni  2p  spectrum  (Fig.
2(c)),  the  peaks  at  856.4  eV  are  ascribed  to  Ni  2p3/2 of  bi-
valent Ni in NiFe2O4 and NiS [39–40]. The peaks at 852.8 eV
are ascribed to the continuous network of Ni–Ni bonds in the
NiS  crystal  structure,  which  is  related  to  the  metallicity  of
NiS [41].

The  XPS  spectrum of  Fe  2p  is  shown  in Fig.  2(d).  The
peaks of Fe 2p3/2 located at 709.7 eV correspond to Fe2+ [42].
The  peaks  located  at  711.9  eV  correspond  to  Fe3+ [8].
Moreover,  a  peak at  707.0 eV corresponding to  Fe in  FeS2

can be detected [43–44]. This finding indicates that complex
iron–sulfur  compounds  are  obtained.  As  a  result,  Fe9S10,
which is composed of FeS and FeS2, is formed. In the XPS
spectrum of S 2p shown in Fig. 2(e), the fitted peaks at 161.8,
163.0, 164.2, and 168.0 eV originated from S 2p3/2, S 2p1/2 of
sulfide, polysulfide (M is Fe and Ni), and thiosulfate species,
respectively. These types of bonds are typical characteristics
of metal sulfides [45]. The O 1s spectrum (Fig. 2(f)) has three
main  peaks:  metal–O  at  529.9  eV,  unsaturated  oxygen  or
oxygen  in  the  hydroxyl  group  (–OH)  at  531.6  eV,  and  ad-
sorbed H2O at 533.1 eV [46]. The formation of oxygen va-
cancy and possible –OH is related to the surface hydrolysis
and  sulfur  intercalation  of  NiFe2O4 during  hydrothermal
chemical  sulfuration.  The  existence  of  oxygen  vacancy  is
also beneficial to interfacial electron transfer [47]. The XPS
results  confirm that  Ni–Fe oxides  and sulfides  exist,  which
proves the formation of the NixFe–S/NiFe2O4 heterostructure.
These results are consistent with those of XRD and HRTEM
analyses. 

3.2. OER performance of NixFe–S/NiFe2O4

The electrocatalytic  activity of  the NixFe–S/NiFe2O4 het-
erostructure  for  OER  was  evaluated  using  linear  scanning
voltammogram (LSV) and electrochemical impedance spec-
troscopy (EIS) in 1 mol·L−1 KOH. To decrease the influence
of  surface  oxidation  [48]  or  the  capacitance  caused  by  the
transition  metal  sulfide  and  hydroxyl  groups  [49],  a  low
scanning rate of 2 mV·s−1 is used. The LSV curves were ob-
tained  under  the  same  conditions  by  both  forward  and  re-
verse scans to ensure the accuracy of the results [50].

Figs. 3(a), S3, and S4 and Table S1 show that the Ni1/2Fe–S/
NiFe2O4 heterostructure  exhibits  the  best  electrocatalytic
activity. The overpotential (E) is 248 mV at a current density
(i) of 10 mA·cm−2, and this value is lower than those of the
precursor NiFe2O4 (η10 = 321 mV) and porous Ni–Fe (η10 =
358  mV).  These  results  indicate  that  the  synthesis  strategy
can feasibly improve the catalytic activity. Moreover, Ni1/2Fe–
S/NiFe2O4 shows better catalytic activity than Ni1/2Fe–S. This
finding  indicates  that  the  heterostructure  of  oxide/sulfide
helps  enhance  the  catalytic  activity  for  OER.  Meanwhile,
compared  with  single-metal  heterostructures  of  Ni–S/NiO
and  Fe–S/Fe2O3,  bimetallic  heterostructures  of  Ni1/2Fe–S/
NiFe2O4 exhibit  better  activity  for  OER,  which  can  be

ascribed to the synergistic effects of nickel and iron.
The Tafel curves were also obtained to evaluate the reac-

tion kinetics.  As shown in Fig.  3(b),  Ni1/2Fe–S/NiFe2O4 has
the  lowest  Tafel  slope  of  53  mV·dec−1,  which  is  less  than
those  of  Ni1/2Fe–S  (79  mV·dec−1),  NiFe2O4 (75  mV·dec−1),
Ni–S/NiO  (94  mV·dec−1),  and  Fe–S/Fe2O3 (102  mV·dec−1)
and even lower than that  of  commercial  IrO2–Ta2O5.  These
results further confirm that the bimetallic Ni1/2Fe–S/NiFe2O4

heterostructure  can  improve  the  reaction  kinetic  of  OER,
which can be related to good conductivity, hierarchically por-
ous  structure,  and  oxide/sulfide  heterostructure.  Moreover,
bimetal Ni–Fe plays a key role in the adsorption–desorption
balance  of  oxygen-containing  intermediates  [51].  The  elec-
tron transfer  resistances  of  OER were analyzed by EIS.  As
shown  in Fig.  3(c),  the  Ni1/2Fe–S/NiFe2O4 heterostructure
shows the smallest electron transfer resistance, which leads to
better catalytic activity.

Furthermore, the electrochemically active surface areas of
various catalysts were evaluated via the double-layer capacit-
ance (Cdl) (Fig. S5), and the results are shown in Fig. 3(d) and
Table  S1.  Notably,  NixFe–S/NiFe2O4 heterostructures  have
larger Cdl values than homogenous structures and single-met-
al  heterostructures.  Particularly,  the Cdl value  of  Ni1/2Fe–S/
NiFe2O4 is the largest (i.e., up to 40.8 mF·cm−2), which can be
ascribed  to  the  hierarchically  porous  structure  and  uniform
nanosheets (Fig. 1(a) and (c), and Figs. S1 and S2). A large
Cdl value means a highly effective active area. Therefore, the Ni1/2Fe–S/
NiFe2O4 heterostructure exhibits good electrocatalytic activ-
ity for OER.

Stability is another important parameter used to evaluate
catalytic  performance.  Fig.  S6  shows  that  the  Ni1/2Fe–S/
NiFe2O4 heterostructure  exhibits  good  stability  over  33  h.
Water electrolysis is driven by renewable energy with a fluc-
tuating  current.  Therefore,  the  chronopotentiometry  curve
with  multi-current  step  is  obtained  to  investigate  the  long-
term stability of Ni1/2Fe–S/NiFe2O4 for OER (Fig. 3(e)). The
current density is initially increased from 10 to 500 mA·cm−2

and subsequently decreased to 10 mA·cm−2. As shown in Fig.
3(e), for each current increment, the potential becomes stable
immediately  and  no  obvious  fluctuating  is  observed.
Moreover, a similar potential is observed at the same current
density during the reverse process. The LSV curve (inset in
Fig.  3(e))  shows  that  the  catalytic  activity  of  Ni1/2Fe–S/
NiFe2O4 for OER is retained after approximately 33 h. These
results  indicate  that  Ni1/2Fe–S/NiFe2O4 exhibits  excellent
activity and stability because of the self-supporting and hier-
archically porous heterostructure.

Aside from the intrinsic properties and microstructure, the
activity  and  stability  of  catalysts  are  related  to  wettability.
The  contact  angles  of  Ni1/2Fe–S/NiFe2O4 and  CFC  were
measured and compared (Fig.  3(f)).  Notably,  a  superhydro-
philic  surface  is  observed on the  Ni1/2Fe–S/NiFe2O4 hetero-
structure  because  of  the  hierarchically  micro/nanoporous
structure.  Moreover,  good wettability  can accelerate  bubble
separation from the catalyst surface and decrease the ohmic
resistance [52–53]. Therefore, the overpotential of OER is re-
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duced and the stability is improved.
Furthermore,  during  OER,  Ni1/2Fe–S  in  the  Ni1/2Fe–S/

NiFe2O4 heterostructure  will  be  inevitably  reconstructed in
situ because of a high oxidation environment. Fig. 4(a) shows
that the profile of nanosheets remains the same after the 18-h
OER test. However, many nanoclusters are generated at the
edge of the original nanosheets. To understand the improve-
ment  mechanism of  OER performance,  the real  active sites
need  to  be  explored.  The  surface  morphology  and  electron
structure of Ni1/2Fe–S/NiFe2O4 are further examined by cyc-
lic voltammetry (CV), XRD, and XPS. Fig. S7 shows that six
oxidation peaks are detected in the first cycle and the oxida-
tion peaks at approximately 0, 0.65, and 1.3 V disappear after
three cycles. These results confirm that rapid in situ conver-
sion on the surface of Ni1/2Fe–S/NiFe2O4 occurs in the early
CV  activation  process.  The  surface  composition  of  stable
catalysts is different from the original Ni1/2Fe–S/NiFe2O4.

XRD tests were conducted to further understand the struc-
ture evolution. Fig. 4(b) shows that the characteristic peaks of

NiS become weak and the characteristic peaks of Ni3S2 ap-
pear  after  10  min.  Meanwhile,  the  characteristic  peaks  of
Fe9S10 disappear  completely.  With  the  increase  of  the  test
time to 18 h, the characteristic peak of Ni3S2 becomes sharp-
er, which indicates that the crystallinity or content of Ni3S2 is
enhanced. The new characteristic peak at 21.2° correspond-
ing  to  FeOOH  appears.  That  is,  Fe9S10 is  converted  into
FeOOH. Specifically,  in  the  Ni1/2Fe–S/NiFe2O4 heterostruc-
ture, Fe9S10 is more easily oxidized to oxides/hydroxides than
NiS. After a short test time, FeS is completely oxidized and
transformed into amorphous and fine FeOOH nanosheets. A
similar  phenomenon  is  reported  in  a  previous  study  [54].
However, NiS is not completely oxidized and converted into
Ni3S2 because  of  S  migration  and  surface  oxidation.
Moreover,  the  peaks  of  NiFe2O4 are  reduced.  According  to
several reports in the literature [55–56], NiFe2O4 exposed on
the surface will be hydrolyzed and converted into hydroxide
or  further  converted  into  hydroxyl  oxide  during  OER.  The
hydroxides or hydroxyl oxides converted from sulfides or ox-
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ides may serve as active species for OER. Meanwhile, the re-
sidual sulfides can increase the conductivity to improve the
catalytic activity.

S2−
2

XPS was conducted to further understand the transforma-
tion  of  the  surface  composition  and  chemical  valence  of
Ni1/2Fe–S/NiFe2O4 during OER. As shown in Fig. 4(c), after
the 18-h OER test, only weak S 2p peaks can be identified.
This finding indicates that most of the S on the surface is ox-
idized and removed. As shown in Fig. 4(d), the Fe 2p3/2 peak
at 707.0 eV corresponding to Fe–  disappears after the 18-
h OER test [40,43]. Meanwhile, the Fe3+ 2p3/2 peak shifts to
higher binding energies. The peak change is consistent with
the  transformation  from  Fe–S  bond  to  Fe–O  bond,  which
may correspond to the conversion of Fe2+ into Fe3+ in FeOOH
because of the high oxidation conditions. Fig. 4(d) shows that
the peak intensity of the Ni 2p spectrum decreases after the
18-h OER test, which indicates that the distribution of nickel
on the surface is changed. Specifically, the Ni–Ni bond dis-
appears, and the intensity of the Ni2+ peak shifts to the right.

This result is inconsistent with that obtained by XRD. If all
NiS components are converted into Ni3S2, then the strength of
the Ni–Ni bond should be stronger than that before the 18-h
OER test. This finding indicates that Ni may not exist in the
form of Ni3S2. Moreover, the nickel-based oxide or hydrox-
ide species cannot be easily detected by XRD. Nickel oxides
mainly exist on the catalyst surface because of phase trans-
formation during OER. Ni  species  is  doped into iron oxide
species. Because of the larger detection depth of XRD than
XPS,  we  inferred  that  Ni3S2 mainly  exists  on  the  inside,
whereas nickel oxide and FeOOH are located on the surface
during oxidation conversion.  The XPS spectrum of  O 1s is
shown in Fig. 4(f). The peak intensity corresponding to M–O
increases significantly after  the 18-h OER test,  which illus-
trates the formation of metal oxide species. Furthermore, the
peak intensity corresponding to –OH increases and shifts to
the left, which indicates that Ni–Fe sulfides and NiFe2O4 are
partially converted into hydroxyl oxides.

According to the previously presented results, we can con-
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clude that  the Ni1/2Fe–S phase in Ni1/2Fe–S/NiFe2O4 hetero-
structure  is  significantly  reconstructed  during  OER.  Fe9S10

and NiS undergo irreversible oxidation reactions and are fi-
nally  transformed  into  metal  oxides/hydroxides  (such  as
FeOOH) and Ni3S2.  Ni3S2 is mainly located inside the cata-
lysts,  whereas  the  fine  metal  oxide/hydroxide  nanoclusters
grow on the surface. Fe hydroxide species are dominant on
the  surface.  Fine  nanoparticles  generated  on  the  surface  of
nanosheets can increase the surface area and provide a large
reaction  interface.  By  contrast,  high  valence  oxides  have
higher activity and stability. Ni3S2 at the bottom of FeOOH
has high conductivity, which is beneficial to electron transfer.
After  a  long-term OER test,  the  crystallinity  of  catalysts  is
enhanced (Fig. 4(b)), which also indicates the improvement
of stability. Therefore, the special self-supporting hierarchic-
ally  porous  heterostructure  obtained  by in  situ transforma-
tion during the OER process exhibits good catalytic activity. 

3.3. HER performance of NixFe–S/NiFe2O4

The  electrocatalytic  activity  of  the  self-supporting
NixFe–S/NiFe2O4 heterostructure  for  HER is  evaluated  in  1
mol·L−1 KOH solution. Among all NixFe–S/NiFe2O4 hetero-
structures, Ni1/5Fe–S/NiFe2O4 exhibits the best HER activity
(Fig.  S8).  Meanwhile, Fig.  5(a)  shows  that  compared  with
single-metal  heterostructures  (i.e.,  Ni–S/NiO  and  Fe–S/
Fe2O3) and bimetallic single-phase structures (i.e., Ni1/5Fe–S
and NiFe2O4), bimetallic Ni1/5Fe–S/NiFe2O4 heterostructures
exhibit  better  activity  because  of  the  synergistic  effect.
Moreover, Fe–S/Fe2O3 is unstable and easily oxidized in air.

Therefore,  a  reduction  peak from Fe3+ appears  in Fig.  5(a).
The Tafel results further confirm the conclusion (Fig. 5(b)).
The Tafel slope of Ni1/5Fe–S/NiFe2O4 is low, which indicates
that  the  interface  of  the  bimetallic  heterostructure  can  im-
prove  the  reaction  kinetics.  Furthermore,  according  to  the
Nyquist plots (Fig. S9), Ni1/5Fe–S/NiFe2O4 exhibits the smal-
lest charge transfer resistance.

Notably,  the  activity  difference  between  Ni1/5Fe–S/
NiFe2O4 heterostructure  and  20wt%  Pt/C  decreased  gradu-
ally with the increase of current density (Fig. 5(a)). Particu-
larly, at a higher current density than 100 mA·cm−2, the activ-
ity of Ni1/5Fe–S/NiFe2O4 is higher than that of 20wt% Pt/C.
The  reaction  overpotentials  of  HER  are  related  to  catalytic
activity and ohmic resistance. The adsorption of nonconduct-
ive bubbles on the electrode surface will lead to a large ohm-
ic  resistance.  As  shown  in Fig.  3(f),  the  micro/nanoporous
structure of Ni1/5Fe–S/NiFe2O4 provides more active sites and
brings  about  better  wettability.  The  separation  radius  of
bubbles is decreased [50,57]. Specifically, at a large current
density, the coverage rate and ohmic resistance of bubbles on
the surface decrease, and the active sites are more easily ex-
posed.  Therefore,  the  catalytic  activity  of  the  Ni1/5Fe–S/
NiFe2O4 heterostructure is markedly improved.

Moreover, to clarify the activity improvement mechanism
of  the  bimetallic  heterostructure,  the  DFT  calculation  was
conducted. HER is usually divided into two main steps: wa-
ter  dissociation  (Volmer  step)  and  hydrogen  desorption
(Heyrovsky  or  Tafel  step)  [53,58].  According  to  the  Tafel
slopes shown in Fig. 5(b), H* desorption is the limiting step

 

−0.8 −0.6 −0.4 −0.2 0

−100

−80

−60

−40

−20

0

i 
/ 

(m
A
⋅c

m
−2

)

Fe–S/Fe2O3

20wt% Pt/C

NiFe2O4

NiFe–S

Ni1/5Fe–S/NiFe2O4

Ni–S/NiO

−0.4 −0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
−0.18

−0.16

−0.14

−0.12

−0.10

−0.08

−0.06

−0.04

−0.02

0

0.02
Ni1/5Fe–S/NiFe2O4

Ni–S/NiO

Fe–S/Fe2O3

70 mV⋅dec−1

110 mV⋅dec−1

64 mV⋅dec−1

104 mV⋅dec−1
115 mV⋅dec−1

132 mV⋅dec−1

20wt% Pt/C

NiFe2O4

Ni1/5Fe–S

F
re

e 
en

er
g
y
 /

 e
V

Reaction pathway

Fe9S10

Ni1/5Fe–S

NiFe2O4

Ni1/5Fe–S/NiFe2O4

0.23

0.07

−0.82

−1.52

(a) (b)

(c)
0

0

−0.5

20000

−1.0

40000

−1.5

60000

−2.0

80000 100000

Time / s

0

−0.6

30

−0.4

−60

−0.2 0

i 
/ 

(m
A
⋅c

m
−2

)

20 mA⋅cm−2

10 mA⋅cm−2 50 mA⋅cm−2

100 mA⋅cm−2

200 mA⋅cm−2

500 mA⋅cm−2

(d)

Before test
After test

E / V vs. RHE lg[|i| / (mA·cm−2)]

E
 /

 V
 v

s.
 R

H
E

E
 /

 V
 v

s.
 R

H
E

E / V vs. RHE

Fig. 5.    HER performance in 1 mol·L−1 KOH solution: (a) LSV curves, (b) Tafel plots, (c) free energy (∆GH*) of H* desorption on the
surfaces  of  Fe9S10,  Ni1/5Fe–S,  NiFe2O4,  and Ni1/5Fe–S/NiFe2O4,  and (d)  chronopotentiometry curve of  the Ni1/5Fe–S/NiFe2O4 hetero-
structure at various current densities.

W.J. Yan et al., Self-supporting and hierarchically porous NixFe–S/NiFe2O4 heterostructure as a bifunctional ... 1127



[59]. Therefore, the free energy (∆GH*) of H* desorption on
various  catalysts  is  calculated.  As  shown  in Fig.  5(c),  the
∆GH* value of H* species on Ni1/5Fe–S/NiFe2O4 is only 0.07
eV, which is  favorable to the formation of H2.  By contrast,
the ∆GH* values of Fe9S10, NiFe2O4, and Ni1/5Fe–S are either
too smaller or too large (∆GH* = −1.52, −0.82, and 0.23 eV),
which leads to a sluggish hydrogen reaction. Therefore, the
bimetallic heterostructure of Ni1/5Fe–S/NiFe2O4 exhibits good
catalytic activity for HER.

The stability of the self-supporting Ni1/5Fe–S/NiFe2O4 het-
erostructure was evaluated. As shown in Fig. S10, the poten-
tials at 20 mA·cm−2 gradually decrease and tend to be stable
at the initial stage, which may be related to surface activation.
Stability is also evaluated at fluctuating current density, and
the results are shown in Fig. 5(d). Good stability of the self-
supporting  Ni1/5Fe–S/NiFe2O4 heterostructure  is  obtained  at
successive  current  steps.  After  the  current  step  to  500
mA·cm−2, the current densities are recovered. The potentials
are still stable and similar at the same current densities. The
polarization  curves  before  and  after  stability  measurement
(inset  in Fig.  5(d))  show  that  the  activity  of  Ni1/5Fe–S/
NiFe2O4 decreased  slightly.  These  results  indicate  that  the
Ni1/5Fe–S/NiFe2O4 heterostructure exhibits good activity and
stability for HER. 

3.4. Overall  water  splitting  performance  of  bifunctional
NixFe–S/NiFe2O4

The  previously  presented  results  confirm  that  self-sup-
porting  hierarchically  porous  NixFe–S/NiFe2O4 heterostruc-
tures  exhibit  excellent  bifunctional  activities  for  both  HER
and  OER.  Therefore,  an  overall  water  splitting  cell  is  con-
structed  using  Ni1/5Fe–S/NiFe2O4 as  cathode  for  HER  and
Ni1/2Fe–S/NiFe2O4 as  anode  for  OER  (Fig.  S11).  For  com-
parison,  commercial  20wt% Pt/C||IrO2–Ta2O5 is  also  meas-
ured.  The  LSV  curves  are  shown  in Fig.  6(a).  Notably,
20wt% Pt/C||IrO2–Ta2O5 still shows better catalytic activity at
a lower current density. However, when the current density
exceeds  approximately  33  mA·cm−2,  Ni1/5Fe–S/NiFe2O4||

Ni1/2Fe–S/NiFe2O4 shows better catalytic activity than 20wt%
Pt/C||IrO2–Ta2O5.  These  properties  can  be  attributed  to  the
heterostructure and good wettability of the hierarchically por-
ous structure, which promotes bubble separation. Therefore,
the  ohmic  resistance  of  Ni1/5Fe–S/NiFe2O4||Ni1/2Fe–S/
NiFe2O4 is decreased, and the effective active sites are well
exposed, even at a high current density.

To  simulate  the  practical  application  environment,  the
chronopotentiometry  curve  is  also  tested  at  successive  cur-
rent steps. As shown in Fig. 6(b), at all current densities, the
cell  voltages  of  Ni1/5Fe–S/NiFe2O4||Ni1/2Fe–S/NiFe2O4 are
more stable and lower than those of 20wt% Pt/C||IrO2–Ta2O5.
Particularly,  the  cell  voltage difference increases  as  a  func-
tion of current density. At 500 mA·cm−2, the cell voltage of
Ni1/5Fe–S/NiFe2O4||Ni1/2Fe–S/NiFe2O4 is only approximately
3.91 V, whereas that of the 20wt% Pt/C||IrO2–Ta2O5 electro-
lyzer is approximately 4.79 V. Moreover, at a current density
larger  than  50  mA·cm−2,  the  voltage  curve  of  20wt%
Pt/C||IrO2–Ta2O5 fluctuates periodically because of the rapid
growth and separation of large bubbles on the electrode sur-
face. However, the cell voltages of Ni1/5Fe–S/NiFe2O4||Ni1/2Fe–
S/NiFe2O4 are relatively stable, even at a large current dens-
ity  of  500  mA·cm−2.  Furthermore,  Ni1/5Fe–S/NiFe2O4||
Ni1/2Fe–S/NiFe2O4 maintains  nearly  similar  cell  voltages  at
the same current density during the increase and decrease of
current  density.  However,  20wt%  Pt/C||IrO2–Ta2O5 cannot
maintain  the  original  activity.  The  powdery  catalysts  in
20wt% Pt/C||IrO2–Ta2O5 must be loaded on the current col-
lector by binders. The adhesion between the catalyst and the
current  collector  is  weaker  than  that  of  the  self-supporting
NixFe–S/NiFe2O4 heterostructure. During the current step at a
large  current  density,  the  powdery  catalysts  will  drop  from
the current collector because of the intense attack of bubbles.
However, NixFe–S/NiFe2O4 is still stable because of the self-
supporting structure and good wettability. These results con-
firm  that  the  self-supporting  NixFe–S/NiFe2O4 heterostruc-
ture exhibits excellent catalytic activity and stability, even su-
perior to those of commercial noble metal catalysts.
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Fig.  6.      Overall  water  splitting  in  1  mol·L−1 KOH  solution:  (a)  LSV  curves  of  Ni1/5Fe–S/NiFe2O4||Ni1/2Fe–S/NiFe2O4  and  20wt%
Pt/C||IrO2–Ta2O5; (b) chronopotentiometry curves of Ni1/5Fe–S/NiFe2O4||Ni1/2Fe–S/NiFe2O4 and 20wt% Pt/C||IrO2–Ta2O5.
 
 

4. Conclusions

A  novel  self-supporting  hierarchically  porous  NixFe–S/

NiFe2O4 heterostructure as  a  bifunctional  electrocatalyst  for
fluctuating  overall  water  splitting  is  designed  and  synthes-
ized on 3D carbon fiber cloth by the Ni–Fe electrodeposition,
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oxidation,  and chemical  sulfuration.  Compared with single-
metal heterostructures and homogeneous structures, bimetal-
lic  NixFe–S/NiFe2O4 heterostructures exhibit  better  catalytic
activity for both OER and HER because of the abundance of
active sites and the synergistic effect  of the heterostructure.
Notably,  the  NixFe–S  phase  in  the  optimum  Ni1/2Fe–S/
NiFe2O4 heterostructure is transformed into metal oxides/hy-
droxides  and  Ni3S2 as  active  sites  for  OER.  The  Ni1/5Fe–S/
NiFe2O4 heterostructure exhibits the best catalytic activity for
HER.  The  Ni1/5Fe–S/NiFe2O4||Ni1/2Fe–S/NiFe2O4 electrolyz-
er exhibits better stability and lower cell voltages at fluctuat-
ing  current  density  than  the  commercial  20wt% Pt/C||IrO2–
Ta2O5 electrolyzer  because  of  its  self-supporting  structure,
good  activity,  and  superhydrophilic  surface.  This  work
provides  a  promising  strategy  to  design  and  construct  effi-
cient non-noble metal electrocatalysts for fluctuating overall
water splitting. 
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