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Abstract: The development of efficient nonprecious bifunctional electrocatalysts for water electrolysis is crucial to
enhance the sluggish kinetics of the oxygen evolution reaction (OER) and hydrogen evolution reaction (HER). A
self-supporting, multiscale porous NiFeZn/NiZn-Ni catalyst with a triple interface heterojunction on nickel foam (NF)
(NiFeZn/NiZn-Ni/NF) was in-situ fabricated using an electroplating—annealing—etching strategy. The unique multi-
interface engineering and three-dimensional porous scaffold significantly modify the mass transport and electron
interaction, resulting in superior bifunctional electrocatalytic performance for water splitting. The NiFeZn/NiZn-Ni/NF
catalyst demonstrates low overpotentials of 187 mV for HER and 320 mV for OER at a current density of 600 mA/cm?,
along with high durability over 150h in alkaline solution. Furthermore, an electrolytic cell assembled with
NiFeZn/NiZn-Ni/NF as both the cathode and anode achieves the current densities of 600 and 1000 mA/cm? at cell
voltages of 1.796 and 1.901 V, respectively, maintaining the high stability at 50 mA/cm? for over 100 h. These findings
highlight the potential of NiFeZn/NiZn-Ni/NF as a cost-effective and highly efficient bifunctional electrocatalyst for
overall water splitting.
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hydrogen evolution reaction (HER) and oxygen
evolution reaction (OER) kinetics impede its
commercial application [7—9]. This presents a

1 Introduction

The excessive consumption of fossil fuels and
the resulting environmental pollution have become
primary global challenges, urging the exploration
and development of renewable clean energy
sources [1-3]. Hydrogen is a promising alternative
to fossil fuels due to its environmental benefits
and high energy density [4-6]. Among various
hydrogen production techniques, electrocatalytic
water splitting stands out as a promising approach
because it utilizes recyclable water sources and
produces zero carbon emissions. However, slow

strategic opportunity to develop efficient and
cost-effective electrocatalysts for HER and OER
in water splitting. In particular, bifunctional
electrocatalysts are preferable as they can reduce
the overall cost of the electrolytic system by
simplifying the fabrication of electrode materials.
Significant attention has been paid to
exploring nonprecious metal-based electrocatalysts
for water splitting due to their low cost and
respectable activities. Ni-based electrocatalysts
have presented excellent OER and HER activities
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through the component and microstructure
engineering [10,11]. Combining Ni with elements
like Co, Fe, and Mo to form multinary alloys can
optimize electron structure and enhance synergistic
effects, thus improving the bifunctional activities.
For example, ternary NiCoFe alloy nanosheets
displayed exceptional bifunctional activities with
low overpotentials of 220 and 239 mV for HER
and OER at 10mA/cm? in 1.0 mol/L KOH
electrolyte, respectively, indicating high catalytic
efficiency [12]. GAO et al [13] found that
Ni—Co—Mo-based bifunctional electrocatalysts
outperformed Ni, Co, Ni-Mo, and Co—Mo catalysts
in alkaline electrolyte. Consequently, tailoring
ternary alloy components has been one effective
protocol to enhance the HER and OER bifunctional
catalytic activities [14].

Microstructure is crucial for promoting the
mass transport and active site accessibility [15].
Three-dimensional (3D) porous architecture offers
superior electrocatalysis reaction kinetics due to
more efficient mass transfer and robust structural
stability coming from the interconnected skeleton
and the rich hollow pore channels [16]. Creating
structural defects like corners, edges, vacancies,
and grain boundaries during pore formation can
boost the intrinsic catalytic activity of electro-
catalysts [17,18]. Moreover, interface coupling has
been witnessed to be another widely-adopted
strategy to improve the catalytic activity because
the multiple interface architecture can help to
further regulate the electronic structure, facilitate
the mass transfer, and optimize reaction
intermediate adsorption and desorption [19,20].

Building on these insights, we deploy a
scalable dealloying strategy for in-situ building of
the porous NiFeZn/NiZn-Ni with triple interface
heterojunction on nickel foam (NF), i.e. NiFeZn/
NiZn-Ni/NF, as the bifunctional electrocatalyst in
water splitting. The proposed dealloying protocol
involves electrodeposition of NiFeZn coating on NF,
followed by annealing and selective Zn corrosion,
without complex or hazardous operations [21-23].
The NiFeZn/NiZn-Ni/NF features efficient mass
transport, abundant catalytic sites, and robust
structural stability due to its multilevel porous
structure and multiple interface coupling. The
NiFeZn/NiZn-Ni/NF shows outstanding electro-
catalytic performance, rapid reaction kinetics, and
long-term durability for both HER and OER in

alkaline electrolyte. It achieves significantly lower
cell potential in electrochemical water splitting
compared to similar electrocatalysts. Our work
presents a promising method for constructing
low-cost, free-standing, multiscale porous alloy
heterostructures with outstanding bifunctional
performances for water splitting.

2 Experimental

2.1 Chemicals

Pt/C (20 wt.%) and RuO, (99.9%) catalysts
were obtained from Sigma Aldrich Chemical
Reagent Co., Ltd. Other reagents, including KOH,
HC], NaOH, NiSO4'6H20, FCSO4'7H20, ZnSO4-6H20,
and C¢HsNa3O;-2H,O, were purchased from
Shanghai Sinopharm Chemical Reagent Ltd., Co.,
China. All chemicals were used as-received without
further purification and were intended for analytical
purposes. The purity of these chemicals is crucial
for reproducibility and has been maintained as per
the supplier’s specifications.

2.2 Preparation of NiFeZn/NiZn-Ni/NF

NF was pretreated by sonicating in 3 mol/L
HCI solution for 30 min, followed by cleaning with
anhydrous ethanol and deionized water. The
electrodeposition of NiFeZn was performed in a
three-electrode cell for 1 h at —=1.7 V (vs saturated
calomel electrode (SCE)) in a mixed solution of
0.2 mol/L ZnSO4, 0.005 mol/L NiSO4, 0.06 mol/L
FeSO4, and 0.4 mol/L CsHsNa3;O7. The cleaned NF
(Iecmx2cmx 1 mm) served as the working
electrode, with a Pt plate as the counter electrode
and SCE as the reference electrode. The resultant
NiFeZn/NF sample was then annealed in a tube
furnace under flowing Ar atmosphere at 450 °C for
10 h with a heating rate of 5 °C/min. Subsequently,
the NiFeZn/NiZn/NF sample was etched in the
1.0 mol/L NaOH solution at room temperature for
12, 24, and 48 h to obtain NiFeZn/NiZn-Ni/NF-
12h, NiFeZn/NiZn-Ni/NF-24h, and NiFeZn/NiZn-
Ni/NF-48h samples, respectively. For comparison,
the NiZn-Ni/NF sample was also prepared under
the same conditions in a mixed solution of
0.2 mol/L. ZnSO4 and 0.4 mol/L C¢HsNazO».

2.3 Characterization
X-ray diffraction (XRD) using a Bruker DS
advanced with Cu K, radiation (step rate: 0.02 (°)/s)
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was utilized to analyze the crystal structure.
Transmission electron microscope (TEM; JEOL
JEM-ARF200F) and scanning electron microscope
(SEM; Hitachi Regulus 8100) with an X-sight
energy dispersive X-ray spectrometer (EDS; Oxford
INCA) were used to examine the microstructures
and compositions. X-ray photoelectron spectroscope
(XPS; ESCALAB 250) was adopted to analyze
the chemical states. The Brunauer—Emmett—Teller
(BET) method (Quadrasorb SI-MP) was used to
measure the pore size distribution of samples.

2.4 Electrochemical tests

All electrocatalytic tests were carried out in a
three-electrode system in 1.0 mol/L KOH solution.
NiFeZn/NiZn-Ni/NF samples with a geometric area
of 0.2 em? (1 cm x 0.2 cm) were directly used as the
working electrode. A graphite rod was utilized as
the counter electrode, with a mercuric oxide
electrode (MOE) as the reference electrode for all
tests. Before measurements, the electrolyte was
purged with pure N, for 30 min to eliminate
dissolved oxygen. All potentials were given
according to a reversible hydrogen electrode (RHE)
using the equation: @rue=@mort0.924. Linear
sweep voltammetry (LSV) tests with 90% iR
compensation were conducted at a scan rate of
5mV/s. Cyclic voltammetry (CV) was used to
determine the double-layer capacitance (Cq) in the
potential range of 1.124—1.224V (vs RHE) at
different scan rates. Electrochemical impedance
spectroscopy (EIS) test was implemented at a fixed
overpotential from 0.01 to 100 kHz with an
amplitude of 10 mV. Commercial Pt/C and RuO,
were dropped onto NF (1 cm %X 0.2 cm) with a
loading mass of ~4.0 mg/cm? for HER and OER
tests, respectively. Durability tests were conducted
via chronoamperometry at a fixed potential. Overall
water splitting tests were operated in 1.0 mol/L

Electroplating
= NiFeZn «.
=S :

Annealing

NF NiFeZn/NiZn/NF

KOH solution using a two-electrode system. The
commercial Pt/C and RuO, as benchmarks for HER
and OER tests serve as control experiments.

3 Results and discussion

3.1 Morphology and structure of NiFeZn/NiZn-
Ni/NF sample

Figure 1 illustrated the preparation procedure
of NiFeZn/NiZn-Ni/NF sample. The NF was
selected as the substrate due to its interconnected
hollow channels and 3D skeleton, which represents
one type of robust and high surface area supports. A
layer of NiFeZn alloy was electroplated on NF
followed by annealing in Ar atmosphere at 450 °C
for 10 h. Due to the low melting point of Zn, a part
of Zn atoms in NiFeZn alloy rapidly diffused into
the surface layer of NF. After selectively dissolving
partial Zn atoms from the annealed sample, the
upper electroplated coating evolved into bimodal
porous NiFeZn alloy, while the bottom layer within
NF permeated by Zn atoms assembled into bimodal
porous NiZn-Ni heterostructure. The bimodal
porous double-layered heterojunction structure not
only further enlarged the surface area by the
construction of mesopores but also generated rich
interface coupling.

Figure SI in Supporting Information (SI)
showed the SEM images, which were utilized to
demonstrate the structural evolution from NF to the
final product. Compared with the smooth surface of
the 3D skeleton for the NF (Fig. S1(a) in SI), the
irregularly granular layer formed after electroplating
(Fig. S1(b) in SI), in which the Ni/Fe/Zn molar ratio
in NiFeZn was 2.90:2.87:94.23 as confirmed by
EDS data (Fig. S1(c) in SI). After the annealing
process, the surface of the skeleton became much
rougher (Fig. S1(d) in SI). By selectively etching
Zn atoms in 1.0 mol/L NaOH solution for 24 h,

Drfe @zn @Ni

NiFeZn/NiZn-Ni/NF

Fig. 1 Schematic diagram showing fabrication of double-layered multiscale porous NiFeZn/NiZn-Ni heterojunction

with triple interface grown on NF
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numerous open pores were produced with the
ligament diameter about 200 nm (Figs. 2(a, b)).
Moreover, by peeling off the surface layer through
ultrasonic treatment, the double-layered porous
structure can be clearly observed [23]. The
cross-sectional SEM image shows that the upper
NiFeZn alloy layer has a thickness of ~3 um
(Fig. 2(c)). According to the element mappings in
the SEM image (Figs. 2(ci—c3)), it can be observed
that Fe atoms are distributed merely in the upper
porous layer, while Ni and Zn atoms are uniformly
dispersed throughout the two porous layers. The
above results substantially indicate that the
nanoporous structure of the upper layer is
composed of NiFeZn alloy, and the bottom layer
is made up of NiZn intermetallic and Ni
heterojunction. The phase constituent was further
confirmed by XRD. Besides, the corresponding
EDS data of different regions in Fig. 2(c) also
further confirm the above results (Fig. S2 in SI).
Figure 2(d) presents the TEM image of the
slices peeled off from the NiFeZn/NiZn-Ni/NF-24h
sample. The peeled slices came from the upper
layer of NiFeZn alloy because they were obtained
by sonicating the sample for a long time at ice

2975

temperature. It can be observed that there are a
number of large pores (as denoted by the yellow
square), which correspond to the large pores on the
surface of the upper NiFeZn alloy. Figure 2(e)
shows the enlarged TEM image, in which a large
number of bright regions can be distinguished as
marked by the green square. From an enlarged TEM
image of the marked region in Fig. 2(f), it is evident
that there are numerous pores with a typical size of
around 6 nm [23]. Additionally, the Barret—Joyner—
Halenda (BJH) pore size analysis result for NiFeZn/
NiZn-Ni/NF-24h (Fig. S3 in SI) shows that the
majority of the pores are approximately 6 nm
along with some pores of 100—200 nm, which is
well coincident with the electron microscopic
observation. In the high-resolution TEM (HRTEM)
image in Fig. 2(g), the continuous ordered fringes
can be determined to be the (110) plane of NiFeZn
alloy. The corresponding selected area electron
diffraction (SAED) is shown in Fig. 2(h), in which
a sequence of different diffraction rings can be
identified to be (222), (110), and (200) planes of
NiFeZn alloy, respectively. The above observations
indicate that the diffusion of low-melting Zn
upon annealing followed by selective dissolution of
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Fig. 2 Sufacial (a, b), cross-sectional (c) SEM images, corresponding element mappings of Fe (ci), Ni (c2) and Zn (c3)
elements, TEM (d—f) and HRTEM (g) images, and SAED image (h) of NiFeZn/NiZn-Ni/NF-24h sample
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partial Zn atoms can straightforwardly in-situ create
the bimodal porous double-layered NiFeZn and
NiZn-Ni heterojunction with triple interface.

In addition, the formation and evolution of the
NiFeZn/NiZn-Ni/NF were further examined by
monitoring the effects of corrosion time on the
resultant structure. After etching for only 12 h,
numerous uniform holes gradually emerged on the
sample surface (Figs. S4(a, d) in SI). When further
extending the dealloying time to 48 h, the nanoporous
structure underwent accumulation along with
ligament coarsening (Figs. S4(b,e) in SI). By
comparison, dealloying for 24 h is beneficial for
achieving a more uniform porous structure. Besides,
the SEM image and the EDS data (Figs. S4(c, f) in
SI) show that the NiZn-Ni/NF sample also has the
similar porous structure, which provides the
material basis for the performance comparison for
overall water splitting.

The phase structure and component of the
NiFeZn/NiZn-Ni/NF-24h sample further
investigated through XRD. After electroplating
NiFeZn on NF, a set of new diffraction peaks
appeared compared with those of NF (JCPDS
No. 04-0850) in Fig. S5(a) in SI. The diffraction
peaks at 26 values of around 35.0°, 38.9°, 43.2°,
54.3°, and 70.1° could be indexed to metallic Zn
(JCPDS No. 65-5973). The characteristic peaks
located at 26 values of 43.3°, 57.2°, 67.9°, 76.4°,
and 84.5° should be assigned to NiZn intermetallic
(JCPDS No. 06-0672), while the peaks at 26 values
of 44.6°, 65.0°, and 82.3° should be ascribed to the
formation of NiFeZn alloy with a similar phase
structure to that of (Fe,Ni) alloy (JCPDS
No. 37-0474) in view of the high content of Zn.
Many remaining diffraction peaks matched well
with those of the NiZn; intermetallic (JCPDS
No. 47-1019) [23]. Upon annealing at 450 °C for
10 h, newly emerged diffraction peaks at 26 values
of 43.5°, 63.2°, and 79.8° corresponded to the
standard FesgZnsz, pattern (JCPDS No. 65-4399),
while the additional seven diffraction peaks should
be attributed to ZnO (JCPDS No. 36-1451) owing
to the easy oxidation of surface Zn atoms during the
annealing or drying process (Fig. S5(b) in SI). After
etching Zn atoms, the resulting sample solely
displays the diffraction peaks of Ni, NiZn
intermetallic, and NiFeZn alloy as shown in Fig. 3,
indicating the in-situ construction of NiFeZn/NiZn-
Ni alloy anchored on NF.
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Fig. 3 Full (a) and local magnified (b) XRD patterns
of NiZn-Ni/NF and NiFeZn/NiZn-Ni/NF samples with
different etching time

XPS was utilized to analyze the chemical
states for the NiFeZn/NiZn-Ni/NF-24h sample. As
displayed in the Ni2p spectrum (Fig. 4(a)), the
metallic Ni displays the peaks at 852.60 and
869.48 eV accompanied with the evident negative
shift of ~0.42 eV in comparison with the standard
Ni [23]. Meanwhile, two strong peaks at 855.80 and
873.42 eV with two satellite peaks correspond to
the Ni*" species [24], while the peaks at 857.72
and 875.80 ¢V are indexed to Ni*" species [25],
illustrating the existence of nickel oxide and
hydroxides on the sample surface. From the Fe 2p
spectrum in Fig. 4(b), the peaks at 707.10 and
720.20 eV belong to metallic Fe in the NiFeZn
alloy [26], in which the peaks underwent a positive
shift by ~0.30 eV in comparison with that of pure
Fe. Besides, the peaks at 710.22 and 724.54, 713.17
and 727.35, 716.89 and 733.38 eV can be attributed
to Fe?', Fe**, and satellite peaks, respectively [27].
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Fig. 4 XPS spectra of NiFeZn/NiZn-Ni/NF-24h sample: (a) Ni 2p; (b) Fe 2p; (¢) Zn 2p; (d) O 1s

The presence of Fe** and Fe’" indicates the
existence of iron oxide and/or hydroxides in the
sample [28,29]. As for the Zn 2p core level region
(Fig. 4(c)), the characteristic peak of Zn 2ps, at
1021.63 eV can be assigned to the metallic Zn
along with a positive shift of ~0.46 eV in contrast to
that of pure Zn [30]. The obvious core level shifts
of Ni, Fe, and Zn in NiFeZn/NiZn-Ni/NF-24h
indicate that the multiple interfaces can generate
efficient electron modulation, which favors the
adsorption/desorption processes of the reaction
intermediates during water splitting [31]. In the
case of the O 1s spectrum in Fig. 4(d), the peaks
located at 529.96, 531.66, and 532.94 eV stem
from the metal—oxygen (M—O), metal—hydroxyl
(M—OH), and absorbed water on the sample
surface, respectively [32,33]. It is obvious that
the M—OH groups absorbed on the metal surface
are the primary oxygen state [34,35]. All of these
observations further confirm the successful
fabrication of the NiFeZn/NiZn-Ni/NF sample.

3.2 Catalytic performances of NiFeZn/NiZn-Ni/
NF sample for HER

The catalytic performances of the NiFeZn/
NiZn-Ni/NF-24h sample for HER were investigated
with those of Pt/C/NF, NiZn-Ni/NF, and samples
dealloyed for 12 and 48 h for comparison. As
shown in Fig. 5(a), Pt/C/NF exhibits the best HER
activity at current densities lower than 320 mA/cm?
among all catalysts. However, the HER activity of
NiFeZn/NiZn-Ni/NF-24h surpasses that of Pt/C/NF
at higher current densities. This is because the
non-self-supported Pt/C/NF catalyst tends to
exfoliate at high current densities, leading to a
decay in its HER performance [22]. As presented in
Fig. 5(b), NF exhibits the overpotentials of 385 and
422 mV to achieve 600 and 1000 mA/cm? for
hydrogen evolution, and the NiZn-Ni/NF displays
the corresponding 229 and 276 mV, indicating
the construction of NiZn-Ni on the NF surface
dramatically enhances the HER activity along
with decreased overpotentials. In comparison, the
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Fig. 5 LSV curves (a), histogram of overpotentials (#) at 200, 600, and 1000 mA/cm? (b), Tafel plots (c), and Nyquist
plots at overpotential of 200 mV (d) of as-prepared samples for HER

NiFeZn/NiZn-Ni/NF-24h sample displays the
overpotentials as 187 and 239 mV,
respectively, which are much lower than those of
NiFeZn/NiZn-Ni/NF-12h sample (250 and 303 mV)
and NiFeZn/NiZn-Ni/NF-48h sample (215 and
266 mV). It should be mentioned that they are all
much lower than those of NF and NiZn-Ni/NF. On
the one hand, the observation above indicates that
the construction of NiFeZn alloy layer further
boosted the HER activity with the decrease of
overpotentials. On the other hand, the double
porous NiFeZn and NiZn-Ni layers act as the active
sites to generate high HER activity. The Pt/C/NF
catalyst demonstrates excellent activities with the
lowest overpotentials of 31 and 61 mV at 50 and
100 mA/cm?, respectively, but requires a large
overpotential of 244 mV to achieve a current
density of 600 mA/cm? The NiFeZn/NiZn-Ni/NF-
24h sample with the much lower overpotentials for
HER is competitive with or even outperforms many
other reported nonprecious metal electrocatalysts
(Table S1 in SI [36—40]).

low as

To gain more insights into the HER kinetics,
the Tafel curves of different catalysts in Fig. 5(c)
were derived from their corresponding polarization
curves in Fig. 5(a). The reaction mechanism for the
HER process in an alkaline solution can be
represented by the following steps [36]:

H,O+e+M=H-M+OH"

(Volmer step, 120 mV/dec) (1)
H-M-+H,0+e=H,+OH+M
(Heyrovsky step, 40 mV/dec) (2)

H-M+H-M=H,+2M (Tafel step, 30 mV/dec) (3)

As seen in Fig. 5(c), the Tafel slope of the
as-prepared NiFeZn/NiZn-Ni/NF-24h is as small as
42.6 mV/dec, which is close to that of Pt/C/NF
(39.9 mV/dec) and significantly lower than that of
NF (136.7 mV/dec) and NiZn-Ni/NF (132.5 mV/dec).
This result indicates that the NiFeZn/NiZn-
Ni/NF-24h electrode has favorable HER kinetics
via a Volmer-Tafel mechanism, where the electro-
chemical desorption of adsorbed hydrogen is the
rate-limiting step [41]. Additionally, EIS test was
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performed to further investigate the mass transport
efficiency of the NiFeZn/NiZn-Ni/NF samples. As
shown in Fig. 5(d), the NiFeZn/NiZn-Ni/NF-24h
electrode shows a much smaller charge transfer
resistance (R.) value of 1.4 Q as compared to
1.9Q for NiFeZn/NiZn-Ni/NF-12h, 1.6 Q for
NiFeZn/NiZn-Ni/NF-48h, 2.8 Q for NiZn-Ni/NF,
and 26.4 Q for NF. This indicates faster mass
transfer and much higher electron conductivity upon
the construction of NiFeZn and NiZn-Ni double-
layer heterojunction during the HER process [27].
Catalytic stability is also a crucial factor for
the practical application of HER electrocatalysts. As
presented in Fig. 6(a), the durability of NiFeZn/
NiZn-Ni/NF-24h and Pt/C/NF was evaluated at an
overpotential of 105 mV using chronoamperometric
testing. The NiFeZn/NiZn-Ni/NF-24h sample shows
only a slight decay over a continuous 150 h test,
maintaining a current density around 50 mA/cm?. In
contrast, Pt/C/NF exhibits severe activity fluctuation,
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Fig. 6 Chronoamperometric test results of NiFeZn/NiZn-
Ni/NF-24h and Pt/C/NF at overpotential of 105 mV for
150 h (a), and LSV curves of NiFeZn/NiZn-Ni/NF-24h
before and after J—¢ test for HER (b)

retaining only 53.2% of the initial current density.
The activity degradation of Pt/C/NF is attributed to
the peeling of particle-type catalysts during
long-term testing, unlike the seamless integrated
electrocatalysts [22]. Furthermore, as shown in
Fig. 6(b), the slight deviation of the LSV curves
before and after the J—¢ test further confirms the
outstanding catalytic stability of NiFeZn/NiZn-
Ni/NF-24h during HER in alkaline media. Based on
the above observations, the NiFeZn/NiZn-Ni/NF-
24h sample demonstrates excellent electrocatalytic
performance and stability for HER, with low
overpotentials, favorable kinetics, and high
durability, making it a promising candidate for
practical applications in hydrogen production.

3.3 Catalytic performances of NiFeZn/NiZn-Ni/

NF sample for OER

The electrocatalytic performances of all
catalysts toward OER were further assessed in
1.0 mol/LL KOH solution. As shown in Figs. 7(a, b),
NiFeZn/NiZn-Ni/NF-24h exhibits the best OER
activity with low overpotentials of 320 and 361 mV
to afford the large current density of 600 and
1000 mA/cm?, which are much lower than those of
the other five electrocatalysts. Overpotential is a
critical metric as it indicates the efficiency of the
catalyst in driving the OER at a given current
density. A lower overpotential signifies the more
effective catalytic efficiency for NiFeZn/NiZn-
Ni/NF-24h catalyst. In particular, the overpotential
of NiFeZn/NiZn-Ni/NF-24h for OER in alkaline
electrolyte is lower than that of most non-noble
metal electrocatalysts reported in recent literatures
(Table S2 [36,42—45] in SI). The superior OER
activity of NiFeZn/NiZn-Ni/NF-24h compared with
that of NiZn-Ni/NF reveals that the
construction of the NiFeZn alloy creates rich
highly active sites for OER. Moreover, the triple
interface heterostructure can also generate a strong
synergistic effect toward electron structure
optimization and mass transport [15,20]. Figure 7(c)
shows the Tafel plots of the polarization curves
from Fig.7(a) to further clarify the reaction
mechanism. The reaction mechanism for the OER
process contains four one-electron transfer steps in
alkaline media [46]:

M+OH =MOH+¢ (4)
MOH+OH =MO-+H,0+¢ (5)

in-situ
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overpotential of 250 mV (d), enlarged section of Nyquist plots (e), and capacitive current density (AJ) at overpotential
of 1180 mV and different scan rates (f) of as-prepared samples for OER

MO+OH =MOOH-"¢ (6)

(7

Among all the samples, NiFeZn/NiZn-Ni/
NF-24h displays the smallest Tafel slope of
48.1 mV/dec in comparison to NiFeZn/NiZn-
Ni/NF-12h (74.1 mV/dec), NiFeZn/NiZn-Ni/NF-
48h (97.1 mV/dec), NiZn-Ni/NF (119.7 mV/dec),

MOOH+OH =M+0,+H>0+e

and NF (176.6 mV/dec) (Fig.7(c)). According
to the commonly accepted oxygen evolution
mechanism [46], when the Tafel slope is around
40 mV/dec, the OER kinetics will be significantly
impacted by the production of MOOH on the
electrode as a result of the reaction between MO
and hydroxide. Therefore, the small Tafel slope of
NiFeZn/NiZn-Ni/NF-24h means that the creation of
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MOOH and its conversion to oxygen are the key
rate-determining steps [46].

The mass transfer efficiency of all electrodes
for OER was further examined using EIS
measurements. According to Figs. 7(d, e), the R
value of NiFeZn/NiZn-Ni/NF-24h is as low as
0.9 Q, which is much lower than that of the
NiFeZn/NiZn-Ni/NF-12h (1.1 Q), NiFeZn/NiZn-
Ni/NF-48h (1.4 Q), NiZn-Ni/NF (4.4 Q), and NF
(33.9 Q), indicating its faster electron transfer
kinetics during OER [43]. To further illustrate
the activity differences between among electrodes,
the Ca values were calculated through the CV
measurement to obtain their electrochemical surface
area (Figs. 7(f) and S6 in SI) [42]. From Fig. 7(f),
the NiFeZn/NiZn-Ni/NF-24h electrode holds the
maximum Cqg value of 265.7 mF/cm? among all
samples, which is approximately 1.3, 1.4, 1.5,
9.7, and 13.1 times those of NiFeZn/NiZn-Ni/
NF-12h (203.2 mF/cm?), NiFeZn/NiZn-Ni/NF-48h
(192.9 mF/cm?), NiZn-Ni/NF  (174.5 mF/cm?),
RuO»/NF (27.3 mF/cm?), and NF (20.3 mF/cm?),
respectively. It is clear that in-situ building of
double-layered multiscale porous NiFeZn/NiZn-Ni
heterojunction with a triple interface can generate a
high density of active sites and significantly improve
the OER performances [19,22].

Chronoamperometry measurement was adopted
to further assess the long-term stability of the
NiFeZn/NiZn-Ni/NF-24h for OER. As displayed in
Fig. 8(a), the NiFeZn/NiZn-Ni/NF-24h sample can
achieve stable and long-term oxygen evolution with
90.7% activity retention at the overpotential of
220 mV for 150 h. In contrast, RuO./NF presents
obvious activity degradation with 61.2% of the
original current density remaining upon testing for
80 h. According to Fig. S7 in SI, the Cqg of the
NiFeZn/NiZn-Ni/NF-24h sample still maintained a
high value of about 253.3 mF/cm? after 150 h OER
test, which indicates excellent catalytic durability
with nearly no reduction of active sites [22]. The
nearly overlapped LSV curves before and after the
J—t test in Fig. 8(b) also confirm the superior
catalytic durability of NiFeZn/NiZn-Ni/NF-24h for
OER.

3.4 Overall water splitting performances of
NiFeZn/NiZn-Ni/NF sample

The NiFeZn/NiZn-Ni/NF-24h sample has

demonstrated excellent catalytic activities for both
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Fig. 8 Chronoamperometric test results of NiFeZn/NiZn-
Ni/NF-24h and RuO,/NF at overpotential of 220 mV for
150 h (a), and LSV curves of NiFeZn/NiZn-Ni/NF-24h
before and after J—¢ test for OER (b)

the HER and OER. Its performance as a
bifunctional electrocatalyst for overall water
splitting was further assessed including its cell
voltage at a current density of 100 mA/cm? and the
duration of continuous water electrolysis. As shown
in Fig. 9(a), the as-constructed electrolytic cell
for NiFeZn/NiZn-Ni/NF-24h (+) || NiFeZn/NiZn-
Ni/NF-24h (—) system only requires a low cell voltage
of 1.588V at 100 mA/cm? This performance
surpasses that of the Pt/C/NF (+) || RuO2/NF (-)
system, which requires 1.805 V. The superior
performance of NiFeZn/NiZn-Ni/NF-24h is further
highlighted in Table S3 [36,42,47—49] in SI, where
it outperforms the majority of comparable catalysts
in the overall water splitting, underscoring its
exceptional advantages as a bifunctional catalyst.
To explore the sustainable stability of NiFeZn/
NiZn-Ni/NF-24h for hydrogen production, a chrono-
potentiometry test was conducted at a potential of
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Fig. 9 LSV curves of as-prepared samples for overall
water splitting (a) and chronoamperometric test results
of NiFeZn/NiZn-Ni/NF-24h (+||-) and Pt/C/NF (+) ||
RuO»/NF () at potential of 1.595 V in two-electrode
system (b)

1.595 V over a continuous operation. As shown in
Fig. 9(b), the catalyst maintained continuous water
electrolysis for 120 h without significant current
degradation, confirming its superior catalytic
durability for overall water splitting. The low cell
voltage and high stability of NiFeZn/NiZn-Ni/
NF-24h make it an outstanding bifunctional
electrocatalyst for overall water splitting, offering
significant potential for practical applications in
efficient and durable water electrolysis systems.

3.5 Morphology and structure of NiFeZn/NiZn-
Ni/NF sample after long-term testing

SEM images of NiFeZn/NiZn-Ni/NF-24h
sample after long-term HER and OER tests (Fig. 10)
revealed that the original porous architecture well
remained along with the formation of many
nanosheet networks, which is often observed in
NiFe-based catalysts due to the formation of oxides
or hydroxides [50,51]. The XRD patterns of the

NiFeZn/NiZn-Ni/NF-24h sample after the HER and
OER tests also matched well with the initial ones
(Fig. 11), manifesting its stable phase structure.
Figures S§ and S9 in SI displayed the
corresponding XPS data of Ni 2p, Fe 2p, Zn 2p, and
O 1s after HER and OER tests, respectively. By
careful comparison, the changes of Zn 2p and Ni 2p
spectra can be ignored, while the content of Fe**
species raised evidently, and the peak intensity of
Fe*" species decreased. For the O 1s spectrum, the
proportion of M—OH bonds obviously increased
and that of M—O bonds decreased significantly
after HER and OER tests. The variations for Fe and

Fig. 10 SEM images of NiFeZn/NiZn-Ni/NF-24h sample
after J—¢ test for HER (a) and OER (b)
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Fig. 11 XRD patterns of NiFeZn/NiZn-Ni/NF-24h

sample before and after J—¢ test for HER and OER
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O spectra suggested that many Fe atoms on the
surface were further oxidized to form Fe—OOH
during the long-term testing process [48,52]. The
exceptional performance and stability of NiFeZn/
NiZn-Ni/NF-24h can be attributed to its unique
material structure and composition. These structural
features likely enhance the catalytic activity and
durability, making NiFeZn/NiZn-Ni/NF-24h a
promising candidate for practical water splitting
applications.

4 Conclusions

(1) A scalable and versatile dealloying strategy
was developed to achieve in situ and seamless
construction of double-layered multiscale porous
NiFeZn/NiZn-Ni heterojunction via electroplating
NiFeZn on NF followed by annealing and etching.
This strategy could be extended to other materials
and contexts.

(2) The modulation of the electronic structure
through multi-interface engineering and the
synergistic effects among Ni, Fe, and Zn
significantly contribute to the advancement of
catalytic materials, enhancing the intrinsic HER and
OER activities.

(3) The integrated double-layered porous
heterostructure with a 3D multiscale scaffold and
hollow pore channels significantly enhances the
efficiency and stability of catalytic processes
by facilitating efficient transfer of electron
and reactants/intermediates, maximally exposing
catalytic sites, and improving structural stability
during long-term HER and OER processes.

(4) The facile preparation and exceptional
bifunctional performances of NiFeZn/NiZn-Ni hold
prospect application potential for overall water
splitting to hydrogen production.
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