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A B S T R A C T

Metastable catalysts usually exhibit exceptional catalytic activity, but still face the challenges of phase transition 
and complex synthesis, diminishing their stability and practicality. Herein, guided by density functional theory 
calculations, a self-supported electrode of Co, Fe-doped metastable hexagonal close-packed (hcp) Ni/NiO het
erogeneous structure on nickel foam (Co, Fe-Ni/NiO/NF) was constructed by thermal shock. Spherical aberration 
corrected transmission electron microscopy confirms the hcp crystal structure of Ni and the phase interface of 
hcp Ni/NiO heterostructure. Moreover, the dynamic reaction mechanisms of the catalysts is deeply investigated 
by in-situ Raman spectroscopy. Benefitting from the co-regulation of heterogeneous interface and vacancy en
gineering, accompanied by the self-adjustment of active sites, this electrode exhibits superior catalytic activity 
and stability with low overpotentials of 26 and 215 mV for hydrogen evolution reaction and oxygen evolution 
reaction at 10 mA cm− 2. The anion exchange membrane electrolyzer comprised of the Co, Fe-Ni/NiO/NF 
electrodes requires only 1.48 V to drive water splitting, and achieves 1.0 A cm− 2 at 2.55 V, showing great po
tential for practical applications.

1. Introduction

The development of hydrogen energy holds great significance for 
promoting the green energy revolution, achieving carbon neutrality 
goals, and fostering sustainable development [1,2]. As a green, clean, 
and sustainable method for hydrogen production, the electrocatalytic 
water splitting technology has attracted increasing attentions [3–5]. 
However, two pivotal half-reactions, hydrogen evolution reaction (HER) 
and oxygen evolution reaction (OER), in this process face the challenge 
of sluggish kinetics [6,7]. Although noble metal-based catalysts, such as 
Pt/C and IrO2 (RuO2), are regarded as benchmark catalysts to accelerate 
the reaction rates of HER and OER, respectively, the high cost signifi
cantly limits their widespread applications [8–10]. The development of 
high-efficiency and low-cost non-precious metal catalytic materials has 
emerged as a research hotspot in the field of water electrolysis [11–14].

Recently, Ni-based materials have been reported as effective cata
lysts in water electrolysis, which exhibit excellent performance [8,
15–18]. Among various efforts to improve their catalytic performance, 
heterogeneous interface construction and dual-metal doping are two 
prominent strategies. Firstly, the formation of heterogeneous interfaces 

induces electron redistribution between the two materials, thereby 
modulating the electronic structure of the catalyst. The synergistic ef
fects within the heterostructure promote the conversion of reaction in
termediates, improving reaction kinetics, while simultaneously 
stabilizing the catalyst structure to avoid aggregation or deactivation. 
For example, in the Ni/NiO heterostructure, the NiO surface can pro
mote the dissociation of water and accelerate the generation of 
hydrogen-adsorbed species, while the Ni surface favors the adsorption 
and combination of these species to form H2 [19,20]. Secondly, the 
dual-metal doping optimizes the adsorption strength between metals 
and reaction intermediates by regulating the electronic structure of the 
catalyst. Moreover, the synergistic effect between the metals contributes 
to improved structural stability, a high density of active sites, and 
enhanced conductivity of the catalyst [21,22]. For example, Ni and Mn 
dual-doping modifies the d-band center of FeP and increases electronic 
state density near the Fermi level, which optimizes the adsorption en
ergy of the reaction intermediates and improves the conductivity of the 
catalyst [23].

Metastable catalysts with high-energy structures and unique elec
tronic configurations usually exhibit superior catalytic activity [24,25], 
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while there are two major challenges. Firstly, metastable materials are 
susceptible to phase transitions from high-energy to low-energy states, 
which may significantly diminish their original catalytic activity and 
stability [26,27]. Secondly, the preparation methods for metastable 
materials are usually intricate and rigorous, which may increase the 
production cost and hinder their promotion in practical applications 
[15,28–30]. Hence, how to enhance the stability of metastable materials 
and facilitate their rapid, cost-effective synthesis has become 
imperative.

High-temperature thermal shock, renowned for its swiftness, effi
ciency, broad applicability, and easy scalability, has garnered substan
tial attentions in the synthesis of diverse functional nanomaterials, 
especially in the fields of energy storage and conversion [31,32]. Such 
an advanced technology demonstrates its prowess in modulating the 
non-equilibrium thermodynamics and extreme environmental dynamics 
within the reaction system, and its ultra-high energy utilization effi
ciency, which provide strong support for the rational design, structural 
refinement, and large-scale fabrication of metastable micro- and 
nano-materials [29,33–35]. Furthermore, a myriad of defects intro
duced in this process, vacancies [36,37], dislocations [38,39], and grain 
boundaries [40], can serve as critical modulators of the electronic and 
energy band structure of the catalysts, thus enhancing their electro
catalytic activity and selectivity. For example, Liu et al. [38] successfully 
prepared dislocation-strained metastable IrNi alloy nanoparticles driven 
by unsteady thermal shock, which exhibited outstanding HER activity in 
alkaline electrolyte. Liu et al. [40] directly synthesized metastable Pd 
nanoparticles with abundant twin boundaries and atomic steps 
anchored on a carbon substrate by a solid-state thermal shock strategy 
for highly efficient ethanol oxidation reaction.

In this work, a self-supported electrode of Co, Fe-doped metastable 
hexagonal Ni/NiO heterogeneous structure on nickel foam (Co, Fe-Ni/ 
NiO/NF) was constructed by thermal shock. This electrode boasts 
several compelling advantages: (1) Ni nanoparticles have a metastable 
hexagonal close-packed (hcp) crystal structure, which harnesses its 
unique electronic structure and high-energy state to facilitate the rapid 
electron transfer and the formation of a large number of active sites; (2) 
the construction of a heterogeneous interface between metastable hcp Ni 
and stable face-centered cubic (fcc) NiO, coupled with Co and Fe doping, 
not only optimizes the electronic structure of the catalyst, but also 
significantly enhances its stability; and (3) thermal shock can introduce 
defects, such as oxygen vacancies (OV), to regulate the local coordina
tion environment of the catalyst, thus improving its electrocatalytic 
activity and stability. As expected, the obtained Co, Fe-Ni/NiO/NF 
electrode exhibits excellent catalytic activity in alkaline media, with 
low overpotentials of 26 and 215 mV at 10 mA cm− 2 for HER and OER, 
respectively. In addition, the anion exchange membrane (AEM) elec
trolyzer using this electrode as both cathode and anode requires a cell 
voltage of only 1.48 V to drive overall water splitting, and achieves a 
large current density of 1.0 A cm− 2 at 2.55 V, accompanied by excellent 
stability, which underscore the enormous potential and value of this 
electrode system for practical applications.

2. Experimental section

2.1. Synthesis

2.1.1. Synthesis of NiCoFe LDH/NF
Before the electrodeposition, the nickel foam (NF) substrates un

derwent a thorough cleaning procedure with acetone and hydrochloric 
acid. The growth of NiCoFe LDH nanosheets on the cleaned NF sub
strates was initiated via a potentiostatic electrodeposition method. This 
electrochemical process employed a standard three-electrode configu
ration, comprising the pretreated NF as the working electrode, a 
graphite rod as the counter electrode, and an Ag/AgCl electrode as the 
reference electrode. During the electrodeposition step, a constant po
tential of − 1.0 V vs. Ag/AgCl was applied in an electrolyte solution 

containing a mixture of 10.8 mM Ni(NO3)2•6H2O, 1.2 mM Co 
(NO3)2•6H2O, and 1.2 mM FeCl2•4H2O. The deposition process was 
maintained for 600 s. Upon completion of the electrodeposition, the as- 
prepared NiCoFe LDH/NF electrode was meticulously washed with 
water and ethanol to remove residual electrolyte, and then left to dry in 
a vacuum oven.

2.1.2. Synthesis of NiCoFe PBA@LDH/NF and Co, Fe-Ni/NiO/NF
The as-prepared NiCoFe LDH/NF electrode was immersed in a 30 

mM K3[Fe(CN)6] solution for 12 h to obtain the NiCoFe PBA@LDH/NF 
electrode. Following immersion, the electrode was thoroughly cleaned 
and dried. Subsequently, the NiCoFe PBA@LDH/NF electrode was 
directly subjected to a thermal shock treatment, wherein it was securely 
mounted on a copper clamp and situated within an argon-filled cham
ber. The thermal shock conditions were meticulously calibrated, with a 
voltage of 32 V, a current of 10 A, and a time-controlled shock duration 
of 30 s. Afterwards, the obtained sample was soaked in deionized water 
to eliminate superficial impurities, followed by cleaning and drying, 
ultimately yielding the Co, Fe-Ni/NiO/NF electrode. For a comparison, 
an identical thermal shock treatment was applied to the NiCoFe LDH/NF 
electrode, albeit without the prior immersion process in the K3[Fe(CN)6] 
solution. This resulting electrode was designated as Co, Fe-NiO/NF. 
Besides, the Co, Fe-Ni/NiO/NF electrode was annealed at 400 ◦C for 4 
h under Ar atmosphere. The heating rate was 2 ◦C min− 1. After cooling 
to room temperature, the Co, Fe-Ni(fcc)/NiO electrode was obtained.

2.2. Material characterization

The examination of morphology and microstructure features was 
conducted utilizing scanning electron microscopy (SEM, JSM-6700F, 
JEOL, 15 kV) and transmission electron microscopy (TEM, JEM- 
2100F, JEOL, 200 kV). To facilitate in-depth observation at the atomic 
scale, spherical aberration-corrected high-angle annular dark-field 
scanning transmission electron microscopy (HAADF-STEM, Titan The
mis Z, 300 kV) was employed. X-ray diffraction (XRD) patterns were 
collected on a D/max2500 pc diffractometer, employing Cu Kα radiation 
(λ=0.15406 nm). The analysis of chemical composition and electronic 
state on the surface was carried out via X-ray photoelectron spectros
copy (XPS) on a Thermo ESCALAB-250Xi spectrometer, utilizing a 
monochromatic Al-Kα (1253.6 eV) source. In-situ Raman spectra were 
captured on a Renishaw micro-Raman spectrometer, excited by a 532 
nm laser. Porosity characteristics, including specific surface area and 
pore size distribution, were evaluated through N2 adsorption-desorption 
experiments on a Micromeritics ASAP 2020 analyzer. Inductively 
coupled plasma optical emission spectrometry (ICP-OES, Thermo Sci
entific) was used to quantify the atomic elemental ratios within the 
samples.

2.3. Electrochemical measurements in the half cell

The electrochemical evaluation of HER and OER performances was 
conducted utilizing a standard three-electrode setup integrated within 
an Ivium-n-Stat electrochemical workstation. The as-fabricated elec
trode, a graphite rod, and an Hg/HgO electrode assumed roles as the 
working, counter, and reference electrodes, respectively. The prepared 
specimens were fashioned into electrodes with a surface area of 0.5 cm2 

for assessing their electrocatalytic performance. For benchmarking, 10 
mg Pt/C (20 wt%) and 10 mg RuO2 were individually dispersed in a 
blend of 950 mL ethanol and 50 µL Nafion solution to formulate uniform 
catalyst inks, which were subsequently deposited onto the NF substrates. 
The polarization curves were documented at a scan rate of 5 mV s− 1 in 
1.0 M KOH electrolyte. The potential referenced to the Hg/HgO elec
trode was adjusted to the reversible hydrogen electrode (RHE) scale 
using the formula: E (vs. RHE) = E (vs. Hg/HgO) + 0.098 + 0.059 × pH. 
Besides, all potentials underwent iR compensation for accuracy. Elec
trochemical impedance spectroscopy (EIS) analyses were executed at 
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initial potentials of − 1.20 and 0.57 V (vs. Hg/HgO) for HER and OER, 
respectively, spanning frequencies from 100 kHz to 0.01 Hz with an AC 
amplitude of 10 mV. Additionally, the Faradic efficiencies for HER and 
OER were quantitatively determined via gas chromatography.

2.4. Electrochemical measurements in the AEM electrolyzer

The AEM electrolyzer with a 20 % Pt/C-carbon paper electrode as the 
cathode and an IrO2-platinized fiber paper electrode as the anode was 
designated as Pt/C||IrO2. For the electrolyzer of Co, Fe-Ni/NiO||Co, Fe- 
Ni/NiO, the prepared Co, Fe-Ni/NiO/NF electrode was directly 
employed to serve as both cathode and anode. The electrochemically 
active areas of these electrolyzers were precisely calibrated to 1.0 cm2, 
with a specialized AEM (A80) strategically positioned to separate the 
cathodic and anodic compartments. The operational environment was 
maintained with a 1.0 M KOH electrolyte, and the temperature of the 
electrolysis system was controlled within a range of 25–70 ◦C. Linear 
sweep voltammetry (LSV) tests were performed on these AEM electro
lyzers, spanning a voltage range from 1.2 to 3.5 V at a constant scan rate 
of 1 mV s− 1. It is pertinent to highlight that no iR compensation was 
applied to the polarization curves recorded in the LSV tests, preserving 
the authenticity of the voltage measurements.

3. Results and discussion

3.1. Catalyst design

To design a high-efficiency electrocatalyst towards overall water 
splitting, density functional theory (DFT) calculations were thoroughly 

conducted. The typical heterostructure models, namely Ni(fcc)/NiO, Ni 
(hcp)/NiO, and Co, Fe-Ni/NiO were constructed and the HER and OER 
catalytic mechanisms on their surfaces were further investigated. Note 
that Co, Fe-Ni/NiO represents the sample with Co and Fe dual-doping, 
metastable hcp Ni/NiO heterogeneous structures, and abundant OV. 
First, the total energy of heterojunctions was examined to evaluate the 
potential impact of boundary conditions (Fig. S1). Afterwards, it is 
found that OV are more easily formed at the interface than on the NiO 
(111) side of the heterojunction (Fig. S2), as the interface is inherently 
in a metastable state. Therefore, the sites of OV were selected at the 
interface in all configurations. Next, the doping sites of Co and Fe on the 
heterojunction surface and their corresponding effects on the catalytic 
performance were investigated. To best reflect the realistic conditions, 
three representative positions on the heterojunction surface were 
randomly selected as potential doping sites (Fig. S3): the NiO (111) side, 
the Ni (002) side, and the interface. The calculations were initially 
carried out to determine the formation energy (ΔEf) for Co, Fe-Ni/NiO 
across three representative prospective sites. The results indicate that 
ΔEf is the lowest when Co and Fe doping, coupled with OV formation, 
take place at Ni and NiO interface (Fig. 1a). Furthermore, the compar
ative calculations of the stability and electronic structure of the catalysts 
with and without Co and Fe doping were performed. The results 
(Fig. S4) reveal that the binding energy of Ni(hcp)/NiO undergoes a 
significant change from − 1.36 eV to − 4.19 eV upon Co and Fe doping at 
the interface, indicating a substantial enhancement in stability. Besides, 
the electronegativity difference between the dopants (Co and Fe) and 
the host atoms drives electron transfer at the interface (Fig. S5), which 
promotes the charge redistribution and consequently enhances the 
intrinsic activity of the catalyst. Consecutively, an investigation into the 

Fig. 1. DFT simulations. (a) The formation energies of Co, Fe-Ni/NiO on three prospective sites. (b) Different adsorption sites for H2O molecules on Ni(fcc)/NiO, Ni 
(hcp)/NiO, and Co, Fe-Ni/NiO, respectively. All *H2O are adsorbed through Ni-O bonds. (c) Barrier calculations for the splitting of *H2O on the surfaces of these three 
catalysts. (d) Free energy diagrams for HER on the catalyst surfaces. The inset shows the adsorption configuration of *H on Co, Fe-Ni/NiO. (e) Free energy diagrams 
for OER on the catalyst surfaces. The insets show the adsorption configurations of *OH, *O, and *OOH species on Co, Fe-Ni/NiO.
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optimal H2O adsorption locations on the catalyst surface was conducted. 
As depicted in Fig. 1b and Fig. S6, *H2O prefer to adsorb on the Ni site of 
the NiO surface in each model [41]. Apparently, Ni(hcp)/NiO exhibits a 
much stronger ΔGads value (− 1.19 eV) than that of Ni(fcc)/NiO (ΔGads =

− 0.84 eV), indicating a better reactivity towards H2O. Moreover, the 
adsorption of H2O is significantly enhanced after introducing Co, Fe 
atoms and OV into Ni(hcp)/NiO, as further confirmed by the significant 
interactions nearby the Fermi-energy level (EF) and the rising d-band 
center in the partial density of states (PDOS) analysis (Fig. S7). Addi
tionally, the kinetic energy barrier for H2O dissociation in Fig. 1c also 
supports this finding. The energy barrier for H–OH bond cleavage in 
*H2O on the Co, Fe-Ni/NiO surface is estimated to be only 1.02 eV, 
implying that the enhanced adsorption facilitates the activation and 
cleavage of the H–OH bond. In contrast, the dissociation energy bar
riers for *H2O on Ni(fcc)/NiO and Ni(hcp)/NiO surfaces are 1.39 and 
2.65 eV, respectively, rendering the dissociation of *H2O into *H ener
getically costlier. Hence, Co, Fe-Ni/NiO will be the primary focus of the 
subsequent discussions. The inset of Fig. 1c display the adsorption and 
dissociation processes of *H2O on the Co, Fe-Ni/NiO surface. When H2O 
adsorbs onto the surface of Co, Fe-Ni/NiO, it initially occupies the Ni site 
in NiO. After that, the *H2O molecule is fully activated and decomposed, 
generating *H and *OH. Subsequently, the dissociated *H occupies the 
exposed Fe-Co bridge site, while *OH occupies the 3-fold hollow Fe-Ni 

site, and continues the subsequent protonation reaction, respectively. 
For HER, the strong adsorption of H hinders the desorption of the formed 
H2, while weak adsorption impedes the adsorption of H+ from the so
lution [42]. Consequently, a HER catalyst with ΔG*H ≈ 0 exhibits the 
optimal catalytic activity [43], as it balances the adsorption and 
desorption of hydrogen intermediates. In terms of the catalyst design, 
Co, Fe-Ni/NiO is well-suited for this purpose. As shown in Fig. 1d, it 
substantially increases the adsorption of H while maintaining the facile 
H2 desorption. Furthermore, for the OER mechanism, an ideal perfor
mance requires an onset potential of 1.23 V (the equilibrium potential) 
for the four proton-transfer steps [44]. In other words, the maximum ΔG 
value corresponding to the potential-determining step (PDS), should 
ideally approach 1.23 eV. Thus, all proton-transfer steps of these three 
catalysts were calculated (Fig. 1e). The results indicate that Co, 
Fe-Ni/NiO exhibits a lower PDS of 1.68 eV, compared to 1.90 eV for Ni 
(hcp)/NiO and 2.50 eV for Ni(fcc)/NiO. While both Co, Fe-Ni/NiO and 
Ni(fcc)/NiO share the *OOH to O2 conversion as their PDS, they exhibit 
vastly different PDS values. This disparity can be attributed to the 
enhanced interfacial catalytic activity of the metastable hcp Ni [45]. 
Moreover, intriguingly, owing to the synergistic interactions among 
multiple elements, self-adjusting active sites on the Co, Fe-Ni/NiO sur
face are found to significantly bolster the catalytic activity. As illustrated 
in Fig. 1c and Fig. 1e, the calculations reveal that H2O is initially 

Fig. 2. Morphological and structural characterization. (a) Schematic illustration for the synthesis of Co, Fe-Ni/NiO/NF. (b) XRD pattern of Co, Fe-Ni/NiO/NF. (c) 
HRTEM image of Co, Fe-Ni/NiO. (d) Magnification of the green solid box in (c). (e) HAADF-STEM image of Co, Fe-Ni/NiO and the atomic arrangement of the 
interface between Ni and NiO is clearly shown. (f,g) HAADF-STEM images of hcp Ni and fcc NiO. (h,i) Corresponding selected-area FFT patterns of (f,g), respectively. 
(j) STEM image and the corresponding elements mapping (Ni, Fe, Co, O, and overlap) of Co, Fe-Ni/NiO.

L. Du et al.                                                                                                                                                                                                                                       Acta Materialia 289 (2025) 120934 

4 



adsorbed on the Ni site of the NiO (111) surface. Subsequently, the 
dissociated *H occupies the exposed Fe-Co bridge site, while *OH oc
cupies the 3-fold hollow Fe-Ni site. Furthermore, the presence of OV 
lowers the ΔG*OH value on the Co, Fe-Ni/NiO surface compared with Ni 
(hcp)/NiO, facilitating the migration of oxygen-containing in
termediates (*OH, *O, and *OOH) to the interface upon H2 formation 
[46]. This process reduces the ΔG value of the PDS, thereby promoting 
the OER catalytic activity. Therefore, such a unique Co, Fe-Ni/NiO 
heterostructure circumvents linear scaling relationships by providing 
multiple active sites and optimizing the adsorption/desorption energies, 
which ultimately enhances the overall water splitting performance.

3.2. Material synthesis and characterization

Guided by the DFT calculations, a series of experiments were con
ducted. Fig. 2a meticulously illustrates the preparation process of Co, 
Fe-Ni/NiO/NF. First, NiCoFe layered double hydroxide (LDH) nano
sheets were directly grown on a cleaned nickel foam substrate (NiCoFe 
LDH/NF, Fig. S8 and Fig. S9) using electrochemical deposition. The 
obtained NiCoFe LDH/NF was rinsed with water and then immersed in 
30 mM K3[Fe(CN)6] solution for ion exchange, prompting the in-situ 
growth of NiCoFe Prussian blue analogue (PBA) nanoparticles on the 
nanosheets surface (NiCoFe PBA@LDH/NF, Fig. S10 and Fig. S11). 
After cleaning NiCoFe PBA@LDH/NF, it was dried and subjected to a 
thermal shock treatment, ultimately resulting in the Co, Fe-Ni/NiO/NF 
sample. For a comparison, the cleaned and dried NiCoFe LDH/NF 
directly underwent the same thermal shock treatment, bypassing the ion 
exchange step. The obtained sample was denoted as Co, Fe-NiO/NF 
(Fig. S12 and Fig. S13). The SEM images of NiCoFe LDH/NF, NiCoFe 
PBA@LDH/NF, and Co, Fe-NiO/NF are shown in Fig. S14. It can be 
observed that NiCoFe LDH nanosheets are uniformly grown on the Ni 
foam (Fig. S14a). After immersion, there are numerous nanoparticles in- 
situ grown on the nanosheets (Fig. S14b). Following the thermal shock, 
the nanosheet structure is maintained for Co, Fe-NiO/NF, with no sig
nificant deviation from its initial morphology (Fig. S14c).

A suite of structural and morphological characterizations were per
formed on Co, Fe-Ni/NiO/NF. The XRD pattern shows that the diffrac
tion peaks at 37.2, 43.2, 62.8, and 75.3◦ correspond to the (111), (200), 
(220), and (311) planes of NiO (PDF#97–000–9866), respectively, 
whereas the peaks at 39.6, 41.7, 58.9, 71.9, and 78.5◦ correspond to the 
(100), (002), (102), (110), and (103) planes of hcp Ni 
(PDF#97–007–6668). Notably, three strong diffraction peaks at 44.6, 
52.0, and 76.6◦ are attributed to the nickel foam substrate (Fig. 2b). SEM 
and TEM images of Co, Fe-Ni/NiO reveal a uniform distribution of 
nanoparticles with a diameter of approximately 18.4 nm, which are 
anchored on the nanosheets (Fig. S15 and Fig. S16). To delve deeper 
into the composition and structure of the catalyst, HAADF-STEM was 
employed. Fig. 2c shows the high-resolution TEM (HRTEM) image of the 
sample, where the lattice spacings of 2.03, 2.17, and 2.29 Å correspond 
to the (101), (002), and (100) planes of hcp Ni, respectively, while the 
lattice spacings of 1.48 and 2.41 Å correspond to the (220) and (111) 
planes of NiO. By enlarging the green boxed area in Fig. 2c, the interface 
between hcp Ni and fcc NiO is discernible (Fig. 2d). Furthermore, the 
arrangement of atoms at the interface of both phases within the sample 
can be observed more clearly in Fig. 2e. The establishment of the het
erojunction interface between metastable hcp Ni and stable fcc NiO, 
which is concurrent with a rearrangement of atomic configurations at 
the interface, leads to significant synergistic effects. This structural 
reconfiguration leads to a heightened defect concentration at the 
interface, and thus introduces more catalytic active sites [47,48]. 
Furthermore, it stimulates electron transfer and redistribution, thereby 
optimizing the electronic structure [16,49], and improves the electronic 
and ionic transport properties within the catalyst [50]. This interfacial 
architecture effectively mitigates the detrimental processes, such as 
aggregation and phase transformation of the catalyst, thereby safe
guarding its activity and structural stability [27]. Sufficient evidences 

will be presented to illustrate the pivotal role of the heterojunction 
interface as below. Fig. 2f and Fig. 2g show the atomic configurations of 
the hcp Ni and NiO phases, and the corresponding fast Fourier transform 
(FFT) patterns (Fig. 2h and Fig. 2i) clearly reveal the distinct crystal 
planes in these two phases, respectively. Additionally, the selected area 
electron diffraction (SAED) pattern also shows the coexistence of hcp Ni 
and NiO (Fig. S17). Collectively, these results confirm that Ni forms a 
metastable hcp crystal structure and establishes a stable interface with 
NiO during the synthesis process. Fig. 2j displays the elemental consti
tution and distribution in Co, Fe-Ni/NiO. Note that the Ni elements 
exhibit a pronounced concentration in the nanoparticles, while Fe, Co, 
and O elements are uniformly distributed throughout the entire mate
rial. The elemental ratios in Co, Fe-Ni/NiO and its precursors were 
determined by ICP-OES spectroscopy, as summarized in Table S1. 
Specifically, the atomic percentages of Ni, Fe, and Co in the Co, 
Fe-Ni/NiO composite are 77.38 %, 15.38 %, and 7.24 %, respectively. 
Combining these results with prior characterizations, it can be reason
ably inferred that the sample is primarily composed of Ni, with a minor 
fraction of Fe and Co substituting Ni lattice sites, thus incorporating into 
the hcp Ni phase and doping into the NiO phase. The synergistic effects 
of Co and Fe have been reported in the following aspects [51–54]. (1) 
The dual-doping of Co and Fe can optimize the electronic structure of the 
catalyst by jointly regulating the energy band structure and density of 
states, thereby optimizing the adsorption energy of the reaction in
termediates and reducing the reaction energy barriers of HER and OER. 
(2) The dual-doping of Co and Fe can increase the number of active sites 
on the catalyst, which may exhibit higher catalytic activity, thereby 
facilitating the process of HER and OER. (3) The dual-doping of Co and 
Fe can also improve the stability of the catalyst. By optimizing the sur
face structure and electronic properties of the catalyst, deactivation and 
degradation during the reaction process can be reduced, thereby 
extending the service life of the catalyst. Specifically, Co doping 
generally enhances the HER performance of the catalysts by facilitating 
the adsorption and reduction of H+ [51]. While the direct impact of Fe 
doping on HER performance may not be as pronounced as that of Co 
doping, it improves the catalytic activity by adjusting the electronic 
structure and increasing the number of active sites [52]. Moreover, Fe 
doping can significantly improve the OER activity by promoting the 
formation of higher-valence oxide species on the catalyst surface, which 
is favorable for the adsorption and conversion of oxygen-containing 
intermediates [53]. Co doping can further synergistically enhance this 
oxidation capability, resulting in higher OER activity [54].

Furthermore, it has been reported that the metastable hcp Ni exhibits 
pronounced superiority over its stable fcc Ni counterpart in catalytic 
performance, underpinned by two principal factors: (1) the high-energy 
crystal structure potentially results in abundant surface active sites, 
enabling more efficient adsorption and activation of reactant molecules, 
which is pivotal for improving the catalytic efficiency [55]; and (2) the 
unique electronic structure facilitates a more efficient conduit for charge 
mobility and transfer dynamics, thereby accelerating the overall elec
trocatalytic reaction and promoting superior performance [56]. Note 
that the term “unique electronic structure” mentioned here specifically 
refers to the distinct electronic configuration characteristic of meta
stable hcp Ni, such as the unusual distribution of electron cloud density 
and energy band structure compared to fcc Ni. The uniqueness mainly 
arises from its specific crystal structure and tight atomic arrangement 
[57–59]. To further substantiate this point, a comparative sample was 
synthesized by the annealing process of Co, Fe-Ni/NiO at 400 ◦C for 4 h 
under Ar atmosphere, which is denoted as Co, Fe-Ni(fcc)/NiO. The TEM 
image and corresponding SAED pattern of Co, Fe-Ni(fcc)/NiO are shown 
in Fig. S18 and Fig. S19. Later in the discussion, a comparative analysis 
of the electrochemical performance between Co, Fe-Ni/NiO and Co, 
Fe-Ni(fcc)/NiO will be outlined.

The N2 adsorption-desorption isotherm and the corresponding pore 
size distribution of Co, Fe-Ni/NiO are shown in Fig. 3a. This composite 
exhibits a high specific surface area of 101.17 m2 g− 1, significantly 
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surpassing that of NiCoFe LDH (5.83 m2 g− 1, Fig. S20) and NiCoFe 
PBA@LDH (13.76 m2 g− 1, Fig. S21), but smaller than Co, Fe-NiO 
(195.08 m2 g− 1, Fig. S22). Such a phenomenon may stem from the 
blockage of some micropores and mesopores in the composite by 
nanoparticles. Intriguingly, the pore size distribution elucidates that the 
precursors (NiCoFe LDH and NiCoFe PBA@LDH) primarily contain a 
limited quantity of mesopores. The subsequent thermal shock treatment 
not only augments the overall pore population but also introduces mi
cropores, culminating in a hierarchical porous structure. The micropores 
greatly amplify the specific surface area, thereby exposing more active 

sites, while the mesopores facilitate electrolyte infiltration and gas 
diffusion [60–62]. Fig. 3b shows the electron paramagnetic resonance 
(EPR) spectra of the samples. Compared to the precursors, the signal 
intensity of OV in the thermal-shocked samples is significantly enhanced, 
indicating a substantial increase in the quantity of OV. Furthermore, the 
higher signal intensity is observed in Co, Fe-Ni/NiO than that in Co, 
Fe-NiO, which may be attributed to the influence of the heterogeneous 
interface with elevated OV concentration. As reported in the literature, 
the abundant OV enhances the conductivity of the catalyst, regulates the 
adsorption of water molecule, and reduces the reaction activation 

Fig. 3. Defect and electronic structure characterization. (a) N2 adsorption/desorption isotherms and pore size distribution (the inset) of Co, Fe-Ni/NiO. (b) EPR 
spectra of Co, Fe-Ni/NiO, Co, Fe-NiO, and the precursors. (c-f) High-resolution XPS spectra of Ni 2p, Fe 2p, Co 2p, and O 1 s, respectively, for Co, Fe-Ni/NiO and Co, 
Fe-NiO.
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energy barrier [17,63,64]. Overall, the above-mentioned hierarchical 
porous structure and abundant OV in Co, Fe-Ni/NiO are attributed to the 
rapid cooling process inherent to the thermal shock. The elemental 
composition and electronic valence states on the surface of the elec
trodes were further investigated using XPS. The survey spectrum of Co, 
Fe-Ni/NiO (Fig. S23) reveals that the surface is composed of Ni, Fe, Co, 
O, and C elements. The emergence of the C signal is due to the inevitable 
carbon contamination stemming from air exposure. Figs. 3c-f display the 
high-resolution XPS spectra of Ni 2p, Fe 2p, Co 2p, and O 1s. Upon 
meticulous fitting of the results, the Ni 2p3/2 spectrum of Co, Fe-Ni/NiO 
reveals distinct Ni0, Ni2+, and Ni3+ characteristic peaks situated at 
852.6, 855.1, and 856.6 eV, respectively. Similarly, the Fe 2p3/2 spec
trum exhibits characteristic peaks of Fe0, Fe2+, and Fe3+ centered at 
705.6, 708.4, and 710.2 eV, while the Co 2p3/2 spectrum comprises Co0, 
Co3+, and Co2+ characteristic peaks centered at 778.3, 780.0, and 781.7 
eV. The coexistence of metallic and oxidized state characteristic peaks 
for Ni, Fe, and Co underscores the successful incorporation of Fe and Co 
into both metallic Ni and NiO matrix, reinforcing prior assumptions. In 

contrast, the characteristic peaks of the metallic state are absent in the 
spectra of Co, Fe-NiO. Notably, the Ni2+ peak shifts to a lower binding 
energy by 0.3 eV, whereas the Fe2+ and Co2+ peaks shift to higher 
binding energies by 0.5 and 0.2 eV, respectively. These results imply the 
occurrence of electron transfer and redistribution at the hcp Ni/NiO 
heterogeneous interface. DFT calculations have further corroborated 
these observations via quantitative analysis (Fig. S5). In the O 1s 
spectrum of Co, Fe-Ni/NiO, four characteristic peaks can be fitted at 
529.3, 530.6, 531.6, and 532.8 eV, which are assigned to M-O bonds, 
M-OH bonds, defective oxygen, and adsorbed oxygen, respectively. 
Among them, the substantial proportion of the defective oxygen peak 
(Table S2) indicates the presence of more OV on the surface of Co, 
Fe-Ni/NiO compared to Co, Fe-NiO, which is consistent with the EPR 
results. Unfortunately, although EPR and XPS can be utilized to detect 
OV, it is difficult to determine the exact concentration and location of OV 
by these two methods. Further studies should be focused on the quan
titative analysis of OV concentration and their spatial distribution.

Fig. 4. HER and OER performance. (a) HER polarization curves of the Co, Fe-Ni/NiO/NF, NiCoFe LDH/NF, Co, Fe-NiO/NF, Pt/C/NF, and pure NF electrodes. (b) The 
corresponding HER Tafel slopes obtained from (a). (c) Chronopotentiometric curve of the Co, Fe-Ni/NiO/NF electrode at the current density of − 100 mA cm− 2. The 
inset shows TEM image of Co, Fe-Ni/NiO after the HER stability test. (d) OER polarization curves of the Co, Fe-Ni/NiO/NF, NiCoFe LDH/NF, Co, Fe-NiO/NF, RuO2/ 
NF, and pure NF electrodes. (e) The corresponding OER Tafel slopes obtained from (d). (f) Chronopotentiometric curve of the Co, Fe-Ni/NiO/NF electrode at the 
current density of 100 mA cm− 2. The inset shows TEM image of Co, Fe-Ni/NiO after the OER stability test. (g,h) Comparisons of overpotentials at 10 mA cm− 2 and 
Tafel slopes among this work and other previously reported electrocatalysts in 1.0 M KOH for HER and OER, respectively.
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3.3. HER and OER performance

The electrochemical performances of the electrodes for HER and 
OER were evaluated in 1.0 M KOH. Firstly, the Co, Fe-Ni/NiO/NF and 
Co, Fe-Ni(fcc)/NiO/NF electrodes were subjected to comprehensive 
testing. It is evident that the Co, Fe-Ni/NiO/NF electrode demonstrates 
superior catalytic activity than Co, Fe-Ni(fcc)/NiO/NF for both HER and 
OER (Fig. S24), in agreement with the previously mentioned discus
sions. From the polarization curves in Fig. 4a, the Co, Fe-Ni/NiO/NF, 
NiCoFe LDH/NF, and Co, Fe-NiO/NF electrodes exhibit overpotentials 
of 26, 184, and 227 mV, respectively, to drive a current density of 10 mA 
cm− 2. Pure Ni foam also exhibits some catalytic activity for HER, but it is 
less active than other samples. Among them, the overpotential of the Co, 
Fe-Ni/NiO/NF electrode is marginally higher than that of the Pt/C/NF 
benchmark (17 mV). Moreover, the catalytic performance at high cur
rents is critical for practical application, so the overpotentials at the 
current density of 100 mA cm− 2 were compared. As shown in Fig. S25, 
the overpotentials of Pt/C/NF, Co, Fe-Ni/NiO/NF, NiCoFe LDH/NF, and 
Co, Fe-NiO/NF at 100 mA cm− 2 are determined to be 107, 132, 281, and 
360 mV, respectively, which indictes that the catalytic activity of Co, Fe- 
Ni/NiO/NF is almost comparable to that of Pt/C/NF. Remarkably, upon 
exceeding the current density of 170 mA cm− 2, the potential of the Co, 
Fe-Ni/NiO/NF electrode surpasses that of Pt/C/NF. Moreover, it ach
ieves an impressive current density of 2.5 A cm− 2 at a potential of − 0.3 V 
(vs. RHE), indicating significant promise for practical applications. 
Turning to the kinetic insights, the corresponding Tafel slopes of Pt/C/ 
NF, Co, Fe-Ni/NiO/NF, NiCoFe LDH/NF, Co, Fe-NiO/NF, and NF elec
trodes are determined to be 42, 52, 110, 125, and 134 mV dec− 1, 
respectively, as shown in Fig. 4b. A lower Tafel slope is indicative of a 
more accelerated reaction kinetics. Hence, the Co, Fe-Ni/NiO/NF elec
trode exhibits a low overpotential and Tafel slope, indicating its 
exceptional HER catalytic activity. EIS was employed to study the charge 
transfer properties of the electrodes (Fig. S26), and the corresponding 
equivalent circuit parameters obtained by fitting are provided in 
Table S3. By fitting to the equivalent circuit, the charge transfer resis
tance (Rct) of Co, Fe-Ni/NiO/NF is 1.67 Ω, markedly smaller than that of 
Pt/C/NF (3.06 Ω), NiCoFe LDH/NF (3.76 Ω), and Co, Fe-NiO/NF (4.92 
Ω). underscoring a more efficient charge transfer rate. Beyond mere 
catalytic activity, the assessment of the electrochemical stability is 
equally crucial in evaluating the overall performance of catalysts. As 
shown in Fig. 4c, upon continuous operation of the Co, Fe-Ni/NiO/NF 
electrode at a current density of − 100 mA cm− 2 for an extended dura
tion of 900 h, the potential gradually decreases from an initial value of 
− 0.134 V to − 0.158 V, with a loss of only 24 mV. The inset of Fig. 4c 
presents a TEM image of the catalyst after a post-stability testing, which 
reveals a near-identical morphology to its pristine state. Besides, the 
absence of significant agglomeration or growth of nanoparticles vali
dates the excellent long-term structural integrity and stability of the Co, 
Fe-Ni/NiO/NF electrode.

Subsequently, the OER performance of the electrodes was assessed 
by the same testing method, as depicted in Figs. 4d-f. The Co, Fe-Ni/ 
NiO/NF electrode demonstrates an overpotentials of 215 mV, out
performing the NiCoFe LDH/NF (218 mV), Co, Fe-NiO/NF (244 mV), 
and the benchmark RuO2/NF (304 mV) electrodes at a current density of 
10 mA cm− 2. Besides, the overpotentials of the above electrodes at 100 
mA cm− 2 are 246, 261, 309, and 412 mV, respectively (Fig. S25). 
Among these samples, Co, Fe-Ni/NiO/NF exhibits the best OER catalytic 
activity, which is much better than that of RuO2/NF. The OER catalytic 
activity of pure Ni foam is much lower than other samples. Additionally, 
the Co, Fe-Ni/NiO/NF electrode reaches a high current density of 2.5 A 
cm− 2 at a modest voltage of 1.553 V (vs. RHE). The Tafel slope of Co, Fe- 
Ni/NiO/NF exhibits a notably low value of 28 mV dec− 1, compared to 
33, 48, 86, and 101 mV dec− 1 for the aforementioned other electrodes, 
respectively. EIS Nyquist plots (Fig. S27) and the specific equivalent 
circuit parameters obtained by fitting (Table S4) reveal the Rct values of 
Co, Fe-Ni/NiO/NF (0.73 Ω), NiCoFe LDH/NF (1.04 Ω), Co, Fe-NiO/NF 

(2.41 Ω), and RuO2/NF (10.17 Ω). These results convincingly indicate 
that the Co, Fe-Ni/NiO/NF electrode also displays excellent OER cata
lytic activity. To assess the long-term OER stability of the electrode, a 
chronopotentiometric test was conducted at a current density of 100 mA 
cm− 2 with an initial potential of 1.475 V. After a continuous operation 
for 900 h, the potential gradually increases to 1.486 V, with an increase 
of merely 11 mV, affirming its outstanding OER stability. The TEM 
image (inset of Fig. 4f) shows no significant change in the morphology of 
the sample after the stability test, except for the presence of much finer 
nanosheets observed at the edge positions, which are likely the gener
ated NiOOH species.

To gain insights into the catalytic activity of these electrodes, cyclic 
voltammetry (CV) tests were performed at different scan rates 
(Figs. S28a, c, e and S29a, c). After analysis, the double-layer capaci
tance (Cdl) value of the Co, Fe-Ni/NiO/NF electrode is determined to be 
99.8 mF cm− 2, approximately 34 and 22 times higher than that of 
NiCoFe LDH/NF (2.9 mF cm− 2) and Co, Fe-NiO/NF (4.6 mF cm− 2) 
(Figs. S28b, d, f), even significantly higher than that of Pt/C/NF (48.6 
mF cm− 2) and RuO2/NF (24.3 mF cm− 2) (Figs. S29b, d). Because of the 
direct correlation between Cdl and the electrochemical active surface 
area (ECSA), these results confirm that the Co, Fe-Ni/NiO/NF electrode 
possesses the largest ECSA among the investigated electrodes. Conse
quently, the larger ECSA results in a greater number of exposed active 
sites, ensuring more intimate contact with the electrolyte, and thus 
amplifying its catalytic activity. Furthermore, from the LSV curves 
normalized by ECSA (Fig. S30), the intrinsic catalytic activity of the 
samples can be clearly compared. For HER, both NiCoFe LDH/NF and 
Co, Fe-Ni/NiO/NF exhibit high intrinsic catalytic activity, and NiCoFe 
LDH/NF is even better at higher current density. In terms of OER, 
NiCoFe LDH/NF still presents the best intrinsic catalytic activity among 
these samples, while Co, Fe-Ni/NiO/NF is the worst. However, both high 
ECSA and intrinsic catalytic activity significantly influence the perfor
mance of samples, and neither factor should be overlooked. Therefore, 
the excellent catalytic activity of Co, Fe-Ni/NiO/NF originates from its 
much higher ECSA than other two samples.

To further investigate the synergistic effects between Co and Fe, the 
sample without Co doping was prepared and denoted as Fe-Ni/NiO/NF. 
After testing, the HER and OER polarization curves of Fe-Ni/NiO/NF 
were obtained and compared with those of Co, Fe-Ni/NiO/NF. As 
shown in Fig. S31a, after the introduction of Co, the HER catalytic ac
tivity of Co, Fe-Ni/NiO/NF exhibits a significant improvement 
compared to that of Fe-Ni/NiO/NF. Besides, the Fe-Ni/NiO/NF elec
trode already shows relatively excellent OER activity, which is further 
enhanced by Co doping (see Fig. S31b). These experimental results 
corroborate the above-mentioned discussions.

Additionally, to delve into the mass transfer properties of the Co, Fe- 
Ni/NiO/NF electrode, multi-step chronopotentiometric tests were per
formed on HER (Fig. S32) and OER (Fig. S33). Faraday efficiency refers 
to the percentage of experimentally obtained product to its theoretical 
counterpart, and it is essential for augmenting the energy conversion 
efficiency of electrochemical reactions in practical applications. As 
shown in Fig. S34 and Fig. S35, the Co, Fe-Ni/NiO/NF electrode ach
ieves remarkable Faraday efficiencies of 97.8 % for both HER and OER, 
signifying a near-perfect congruence between the actual and theoretical 
gas yields. This finding suggests that the electrode operates with mini
mal energy loss, thus demonstrating its profound practical implication 
and value. A comparative analysis of the overpotentials and Tafel slopes 
of the Co, Fe-Ni/NiO/NF electrode with those of the catalysts reported in 
previous literatures (Fig. 4g, Fig. 4h and Table S5) reveals its superior 
catalytic activity for both HER and OER, outperforming the majority of 
non-precious metal-based catalysts.

XPS characterizations were performed on the samples after the HER 
and OER stability tests, denoted as post-HER and post-OER, respectively. 
In the post-HER sample, the characteristic peaks corresponding to the 
metallic and oxidized states of Ni, Fe, and Co still coexist, but the in
tensity of the metallic peaks decreases (Figs. S36a-c), indicating the 
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occurrence of slight surface oxidation. The high-resolution spectra of Ni 
2p, Fe 2p, and Co 2p for the post-OER sample (Figs. S37a-c) display 
evident changes, where the characteristic peaks in the metallic state 
disappear entirely, while those corresponding to Ni3+, Fe3+, and Co3+

exhibit marked enhancement. Moreover, slight shifts towards higher 
binding energies are observed for the characteristic peaks of Ni2+, Fe2+, 
and Co2+. Additionally, the O 1 s spectrum (Fig. S37d) presents a sig
nificant intensification of the OH− peak. All these results indicate the 
formation of oxyhydroxides on the sample surface, consistent with the 
in-situ Raman spectroscopy results. Notably, a decrease in the proportion 
of defective oxygen is observed in both samples (Fig. S36d, Fig. S37d, 
and Table S2), indicating the loss of some OV during the long-term 
stability tests, which may partially account for the marginal decline in 
the electrode performance. Furthermore, XRD measurements were 
conducted to prove the stability of the metastable hcp Ni phase. In order 
to eliminate the potential influence of the Ni foam substrate on the 
diffraction peaks, the active material was scraped off the electrodes and 
tested in powdered form. The XRD patterns of the samples after the HER 
and OER stability tests are shown in Fig. S38. The diffraction peaks of 
both hcp Ni and NiO phases remain detectable, although some are less 
pronounced. This does not affect the determination of the sample’s 
phase structure. Therefore, the metastable hcp Ni phase is still present in 
the samples after the HER and OER stability tests, demonstrating its 
remarkable stability throughout the reaction process. The SAED patterns 
of the post-HER and post-OER samples (Fig. S39 and Fig. S40) reveal 
the persistence of diffraction rings of both hcp Ni and NiO phases, which 
is consistent with the XRD analysis. In particular, the metastable hcp Ni 
phase consistently remains stable, potentially due to the stabilizing ef
fects induced by Fe and Co doping, along with the in-situ formation of a 

heterogeneous interface between hcp Ni and stable fcc NiO [64,65], thus 
enhancing the stability of the metastable phase during electrochemical 
reactions.

3.4. In-situ Raman spectroscopy

To clarify the dynamic reaction mechanisms of Co, Fe-Ni/NiO during 
HER and OER, in-situ electrochemical Raman spectroscopy tests were 
conducted (Fig. 5a). Fig. 5b shows the evolution of Raman spectra 
during OER, offering valuable insights into the structural trans
formations occurring at the surface of Co, Fe-Ni/NiO. Specifically, at 
open-circuit potential and under applied potentials below 1.4 V, the 
spectra exclusively exhibit a distinct peak at 535 cm− 1, corresponding to 
the Ni-O bond, alongside a broad peak at ~3400 cm− 1, corresponding to 
the interfacial water. As clearly shown in Fig. 5c, upon elevating the 
potential to 1.5 V, a pivotal transformation is observed, with the 
emergence of dual peaks at 475 and 555 cm− 1, which are assigned to 
γ-NiOOH and β-NiOOH phases, respectively. As the applied potential 
further increases, the intensity of the γ-NiOOH peak surpasses that of 
β-NiOOH, indicating a gradual transition from β-phase to γ-phase 
[66–68]. These results demonstrate the dynamic nature of the electro
catalyst surface during OER, wherein the application of higher poten
tials triggers a reconstruction process, leading to the oxidation of the Co, 
Fe-Ni/NiO surface into NiOOH species. As reported in the literature, the 
Ni sites in a highly oxidized state within the in-situ formed metal oxy
hydroxide are identified as the true active centers for facilitating OER, 
consistently exhibiting superior catalytic activity [18,69]. Fig. 5d shows 
the Raman spectra acquired at different potentials during HER, where 
two prominent peaks are observed at approximately 535 and 3400 

Fig. 5. In-situ Raman spectroscopy during HER and OER. (a) Schematic illustration of in-situ electrochemical Raman system. (b) In-situ Raman spectra of Co, Fe-Ni/ 
NiO at open-circuit potential and under different applied potentials from 1.2 to 1.8 V during the OER process in 1.0 M KOH. (c) Enlarged view of the dashed area in 
(b). (d) In-situ Raman spectra of Co, Fe-Ni/NiO at open-circuit potential and under different applied potentials from 0 to − 0.6 V during the HER process in 1.0 M KOH. 
(e) The three peaks of interfacial water of Co, Fe-Ni/NiO at − 0.1 V. (f) Normalized intensities of the three peaks of interfacial water on Co, Fe-Ni/NiO from 0 to 
− 0.6 V.
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cm− 1, corresponding to the Ni-O bond and interfacial water, respec
tively. As the applied potential decreases from 0 to − 0.6 V, the Ni-O 
bond peak remains relatively unchanged. Furthermore, the interfacial 
water peak could be meticulously deconvoluted into three peaks: V1 at 
3225 cm− 1, V2 at 3450 cm− 1, and V3 at 3615 cm− 1, as illustrated in 
Fig. 5e. Specifically, V1 and V2 represent tetrahedrally and trigonally 
coordinated water molecules, respectively, at the catalyst-electrolyte 
interface. These species are considered as active water molecules, 
highly susceptible to participate in HER catalysis. Conversely, V3 cor
responds to the dangling O–H bond of inactive water molecules at the 
interface. By fitting the interfacial water peaks at each potential and 
analyzing the intensity variations of these three peaks (Fig. 5f), a 
continuous decrease in the peak intensity of V3 is observed as the 
applied potential is lowered, which indicates the efficient dissociation of 
water molecules on the surface of Co, Fe-Ni/NiO [14,70]. To further 
bolster this argument, comparative in-situ Raman spectroscopy studies 
were performed on Co, Fe-NiO (Fig. S41). Specific discussions are 
detailed in the supporting information. These results underscore the 
crucial role played by the synergistic integration of abundant OV with 
the excellent electronic configuration of the hcp Ni phase, which 
significantly accelerates the water dissociation kinetics, thereby expe
diting the overall HER process.

3.5. AEM water electrolyzer performance

To comprehensively evaluate the performance and practical appli
cability of the Co, Fe-Ni/NiO/NF electrode in industrial water electrol
ysis, an AEM electrolyzer (denoted as Co, Fe-Ni/NiO||Co, Fe-Ni/NiO) 
was assembled, directly utilizing this electrode as both cathode and 
anode. Fig. 6a illustrates the schematic representation of the AEM 
electrolyzer system, which fundamentally comprises an anion exchange 
membrane, cathode and anode electrodes, gaskets, collectors with flow 

channels, and end plates. Performance tests were conducted in 1.0 M 
KOH electrolyte at different temperatures. As a comparison, an elec
trolyzer assembled with Pt/C and IrO2 as cathode and anode catalysts 
(Pt/C||IrO2) was subjected to identical testing conditions. The polari
zation curves in Fig. 6b reveal that the Co, Fe-Ni/NiO||Co, Fe-Ni/NiO 
electrolyzer attains a current density of 10 mA cm− 2 at a low cell voltage 
of 1.48 V at room temperature, significantly outperforming Pt/C||IrO2, 
which requires 1.58 V. This excellent overall water splitting proficiency 
positions the as-prepared bi-functional catalyst among the top- 
performing reported in the literature (Fig. S42). At current densities 
of 0.1, 0.5, and 1.0 A cm− 2, the Co, Fe-Ni/NiO||Co, Fe-Ni/NiO electro
lyzer exhibits cell voltages of 1.79, 2.20, and 2.55 V, respectively, 
whereas Pt/C||IrO2 requires higher cell voltages to achieve the same 
current densities (1.86 V at 0.1 A cm− 2, 2.61 V at 0.5 A cm− 2, and 3.20 V 
at 1.0 A cm− 2). With increasing temperature, both electrolyzers exhibit 
enhanced performance (Fig. S43 and Fig. S44). A summary of these 
detailed numerical values is presented in the histogram format in 
Fig. 6c, offering a clear visualization of the superior performance 
exhibited by the Co, Fe-Ni/NiO||Co, Fe-Ni/NiO electrolyzer. Moreover, 
the AEM water electrolyzer performance of this work is compared with 
previously reported results (Table S6). It is found that the performance 
of the Co, Fe-Ni/NiO||Co, Fe-Ni/NiO electrolyzer is comparable to some 
of other electrolyzers, and much better than that of the Pt/C||IrO2 
electrolyzer. Hence, it can be concluded that the Co, Fe-Ni/NiO||Co, Fe- 
Ni/NiO electrolyzer exhibits excellent AEM performance, but still has 
room for improvement. It has been reported that several factors can 
affect the performance of AEM electrolyzers, such as cathode/anode 
catalytic materials, electrolyte concentration, temperature, membrane 
materials, etc. The performance of our AEM electrolyzer can be opti
mized by adjusting these critical parameters. Further efforts will be 
focused on this point. Furthermore, the stability of the Co, Fe-Ni/NiO|| 
Co, Fe-Ni/NiO electrolyzer was evaluated by chronopotentiometric 

Fig. 6. AEM water electrolyzer performance. (a) Schematic illustration of the assembled AEM water electrolyzer. (b) Polarization curves of the Co, Fe-Ni/NiO||Co, 
Fe-Ni/NiO and Pt/C||IrO2 electrolyzers recorded at 25 and 60 ◦C in 1.0 M KOH solution. (c) Comparison of the cell voltages at different current density and 
temperature for the Co, Fe-Ni/NiO||Co, Fe-Ni/NiO and Pt/C||IrO2 electrolyzer. (d) Chronopotentiometric curves of the Co, Fe-Ni/NiO||Co, Fe-Ni/NiO electrolyzer at 
the current density of 0.1 and 1.0 A cm− 2, respectively.
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tests. As evident in the blue u-t curve presented in Fig. 6d, the electro
lyzer exhibits remarkable durability over a period of 1000 h at a current 
density of 0.1 A cm− 2, during which the cell voltage increases from 1.79 
V to 1.83 V, signifying a marginal rise of 40 mV. Considering the prac
tical relevance of higher operating currents (> 0.5 A) of the electrolyzer 
in real-world applications, its stability was further scrutinized at an 
elevated current density of 1.0 A cm− 2 (the inset of Fig. 6d, depicted by 
the pink u-t curve). During the continuous water electrolysis for 240 h, 
the cell voltage displays a gradual but steady ascension, rising from an 
initial 2.55 V to 2.67 V due to the demanding operational conditions. 
Despite encountering a modest performance decrement of approxi
mately 4.7 % during this process, the electrolyzer steadfastly maintains a 
high working efficiency, thereby highlighting its promising outlook and 
immense potential for practical deployment.

4. Conclusions

In summary, the adoption of thermal shock offers a viable approach 
for the rapid and economical fabrication of the Co, Fe-Ni/NiO/NF self- 
supported electrode. It displays exceptional HER and OER activity in 
alkaline media, with low overpotentials of 26 and 215 mV at 10 mA 
cm− 2, respectively. Moreover, the AEM electrolyzer employing these 
electrodes as both cathode and anode requires a cell voltage of only 1.48 
V to reach 10 mA cm− 2 at room temperature, and enables to achieve a 
large current density of 1.0 A cm− 2 at 2.55 V with excellent stability. 
Such outstanding performance can be attributed to the heterogeneous 
interface between metastable hcp Ni and NiO, the abundant defects 
induced by thermal shock, and the dual-doping of Co and Fe. This work 
provides a rational design for developing high-performance catalysts 
and highlights their immense potential for practical applications in 
hydrogen production.
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