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ABSTRACT 
Designing earth-abundant electrocatalysts with high performance towards water oxidation is highly decisive for the sustainable 
energy technologies. This study develops a facile natural corrosion approach to fabricate nickel-iron hydroxides for water oxidation. 
The resulted electrode demonstrates an outstanding activity and stability with an overpotential of 275 mV to deliver 10 mA·cm−2. 
Experimental and theoretical results suggest the corrosion-induced formation of hydroxides and their transformation to oxyhydroxides 
would account for this excellent performance. This work not only provides an interesting corrosion approach for the fabrication of 
excellent water oxidation electrode, but also bridges traditional corrosion engineering and novel materials fabrication, which would 
offer some insights in the innovative principles for nanomaterials and energy technologies. 
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1 Introduction 
The growing population and energy demand call for the 
renewable energy technologies to meet the development of 
sustainable society [1]. Water splitting, carbon dioxide reduction, 
and rechargeable metal-air batteries have attracted extensive 
attentions of academic and industrial communities [2–4]. 
However, due to the sluggish water oxidation, which involves 
the complicated multistep electron-coupled proton transfers, 
these technologies could not meet the desired efficiency [5, 6]. 
Hence, highly efficient electrocatalysts are required to overcome 
the energy barrier and accelerate their electrochemical reaction 
kinetics [7–9]. Currently, precious metal iridium/ruthenium- 
based composites are considered as highly active catalysts for 
improving the overall energy efficiencies of water oxidation 
[10, 11]. However, these disadvantages of less abundance and 
higher cost restrict their large-scale applications in energy con-
version technologies. Therefore, earth-abundant transition-metal 
composites have received extensive attentions to replace precious 
catalysts [12–14]. In particular, Ni-Fe oxides/hydroxides have 
been explored in depth as the alternative electrocatalysts [15–17]. 
Various approaches like hydrothermal treatment and electro-
deposition have been developed to achieve the synthesis of active 
Ni-Fe oxides/hydroxides [18, 19]. Nevertheless, these above 
bottom-up strategies often require strict conditions and complex 
process to realize the controllable assembly and construction of 
the nanostructured electrocatalysts. These meticulous syntheses 

are difficult for their large-scale fabrications. Developing facile 
top-down approaches to prepare Ni-Fe oxides/hydroxides is 
therefore imperative yet challenging. 

In nature, metal corrosion is happening everywhere, which 
adversely affects and shortens the service life of engineering 
materials, leading to the failure of infrastructures with a 
subsequent economic loss to the human society [20]. However, 
from chemistry point of view, the corrosion products are often 
the mixture of metal (hydro)oxides, may containing sulfides, 
or chlorides [21, 22]. These phenomena inspire the possible 
preparation of transition metal composites for water oxidation. 
For example, treating the metal substrates in the corrosive 
environment like metal salts or chlorine atmosphere can achieve 
the formation of nanosheet array films rather than the common 
metal rusts [23, 24]. To this end, in contrast to the anti-corrosion 
and protection of engineering metal materials, we can employ 
the corrosion engineering and control the corrosion behaviors 
to prepare efficient electrodes for water oxidation.  

Inspired by the natural corrosion phenomena, we report 
herein the preparation of Ni-Fe hydroxide and its transformation 
to oxyhydroxide for efficient water oxidation. The resulted 
Ni-Fe oxyhydroxide demonstrates an excellent oxygen evolution 
reaction (OER) activity, which exhibits an overpotential of only 
275 mV at 10 mA·cm−2 with a remarkable stability at a large 
current density. Experimental and theoretical results reveal 
that the corrosion engineering determines the formation of 
Ni-Fe hydroxides, and the subsequent electrochemical activation  
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results in the transformation to Ni-Fe oxyhydroxide, which is 
responsible for the enhanced catalytic performance. High- 
efficiency catalysts can be synthesized by controlling the corrosion 
conditions in the corrosive environment, which has great 
potential in the synthesis of transition metal-based OER catalysts. 
The elements introduced in different corrosive environments 
are changeable and worthy of further exploration. This study 
demonstrates a facile top-down strategy by natural corrosion 
engineering to achieve valuable electrocatalysts, thus bridging 
traditional science and modern nanotechnologies, which may 
broaden the new interdisciplinary approach for science and 
technology community. 

2  Experimental 

2.1 Preparation of NiFe(OH)2 and other contrast 

electrodes  

Nickel foam (NF) (1 cm × 1.5 cm) was selected as the substrate 
in this research. NF was pretreated by ultrasonication in a 
mixture of acetone and anhydrous ethanol (volume ratio is 1:1) 
for 30 min, then ultrasonicated in 3.0 M HCl for 15 min, finally 
cleaned with distilled water and anhydrous ethanol for three 
times and dried with nitrogen gas before use. Subsequently, 
the electrodes were soaked in different corrosion solutions 
at 37 °C to obtain a series of target electrodes (Table S1 in the 
Electronic Supplementary Material, ESM). To confirm the decisive 
component on the catalytic performance, corrosion environment 
with different components ((NH4)2SO4, NaNO3, K2HPO4, 
MgSO4∙7H2O, CaCl2, citrate acid (CA), ammonium citrate (AC), 
ferric citrate (FC), and ammonium ferric citrate (AFC)) was 
investigated. Different concentrations of AFC with 2.7, 5.4, 
10.7, 16.0, and 20.5 mM were also investigated. Considering 
the effects of the corrosion time on the catalytic performance, 
different corrosion time with 1 and 5 min, 1, 5, and 24 h was 
studied. 

2.2  Structural characterization  

Scanning electron microscope (SEM, JSM-7600F, Japan) and 
transmission electron microscope (TEM, Tecnai G2 F30, 
Netherlands) were used to observe the morphologies of various 
electrodes. Energy-dispersive spectroscopy (EDS, Tecnai G2 
F30, Netherlands) was used to determine the composition 
of various electrodes. X-ray photoelectron spectroscopy (XPS, 
VG Multilab 2000) was measured with an Al Kα (1,486.6 eV) 
radiation. The Raman spectrum (HR800, France) was collected 
at the wavelength of 532 cm−1. 

2.3  Electrochemical measurements. 

The electrochemical measurements were performed on Autolab 
302N potentiostat/galvanostat using three-electrode system 
at 25 °C. Graphite rod was used as the counter electrode and 
a saturated calomel electrode (SCE) electrode with saturated 
KCl salt bridge as the reference electrode. The prepared 
electrode was used as the working electrode. All electrochemical 
measurements were performed in 1.0 M KOH. The linear 
sweep voltammetry (LSV) curves were recorded from 1.0 to 
1.8 V vs. reversible hydrogen electrode (RHE) at a scan rate 
of 2.0 mV∙s−1. Potentials are converted using the following 
formula: E(RHE) = E(SCE) + 0.0591 × pH + 0.24. The electrochemical 
impedance spectroscopy (EIS) was measured at the potential 
of 1.54 V vs. RHE with the frequency range 105–0.01 Hz, 
and the internal resistance of solution (RS) was applied to 
iR-compensation during LSV tests. Cyclic voltammetry (CV) 
measurements were tested from 1.07 to 1.18 V vs. RHE at the 

scan rates of 20, 50, 100, 150, 200, and 250 mV∙s−1. The electro-
chemical stability was tested at different constant current 
densities of 10, 50, and 100 mA∙cm−2. All tests were repeated 
at least three times to ensure the reliability of the results. 

2.4  Computational methods 

The entire data of density functional theory (DFT) calculations 
were performed with the plane-wave code Vienna ab-initio 
simulation package (VASP). The details are presented in the 
ESM. 

3  Results and discussion 
The preparation of Ni-Fe hydroxides was swiftly accomplished 
by simply soaking NF in a mimetic natural environment for 
several minutes. As the corrosion time increases in the AFC- 
containing solution, the surface color of the electrode gradually 
changes from grey to dark grey (Fig. S1 in the ESM). SEM image 
reveals that the corrosion products, the nanosheet array, are 
uniformly coated on the NF surface (Fig. 1(a)). TEM observation 
further verifies the fluffy nanosheets with lamellar structure 
(Fig. 1(b)). In the enlarged TEM image, the thickness of nanosheet 
exhibits as ~ 5 nm (Fig. 1(c)). Furthermore, a closer high-resolution 
TEM(HRTEM) observation in Fig. 1(d) displays the lattice 
spacing of 0.25 nm, coincidentally corresponding to the (111) 
plane of α-Ni(OH)2 [25, 26]. The high-angle annular dark field 
(HAADF)-scanning transmission electron microscopy (STEM) 
and EDS present the uniform distribution of Ni, Fe, and O 
elements in the nanosheets, indicating the homogeneous formation 
of Ni-Fe hydroxide during the corrosion process (Fig. 1(e) 
and Fig. S2 in the ESM). 

Prior to electrochemical measurement, the electrodes are 
usually cleaned and activated by simple CV method. This process 
may result in the microstructure evolution, but most researches 
often ignore or fail to notice the essential phase transformation 
brought by this electrochemical activation. We firstly employed 
SEM observation to analyze the morphology evolution after a 
short activation (Fig. 2(a)). As shown in Fig. 2(a), corrosion 
product remains in similar nanosheet array morphology after 
a short CV process. However, further TEM observation reveals  

 
Figure 1  (a) SEM, (b) TEM, (c) and (d) HRTEM images, and (e) HAADF- 
STEM image and corresponding element mapping of Ni(Fe)(OH)2. 
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Figure 2  (a) SEM, (b) TEM, (c) and (d) HRTEM images, and (e) STEM 
and corresponding element mapping of Ni(Fe)OOH. The inset figure in  
(c) is lattice measurement result. 

some roughness in the nanosheets surface (Fig. 2(b)). HRTEM 
images clearly demonstrate the structure transition, as the 
disordered nanosheets with abundant edges, pore, and defects 
appear in the activated sample (Fig. 2(c)). Especially, the lattice 
distance of 0.24 nm corresponds to the (101) plane of α-NiOOH 
(Fig. 2(d) and Fig. S3 in the ESM). The above results verify the 
transformation of α-Ni(Fe)(OH)2 to α-Ni(Fe)OOH even after 
a short activation process, which is mainly involved in the fast 
subtraction of protons during the oxidation of Ni-Fe hydroxide 
nanosheets [27]. Furthermore, the STEM image and EDS 
mapping results also verify the Fe, Ni, and O elements are 
uniformly dispersed even after the activation and phase transition 
(Fig. 2(e) and Fig. S4 in the ESM).  

Raman spectroscopy was further employed to assess the 
corrosion products and the phase transformation induced 
by electrochemical activation. Raman spectrum of corrosion 
products shows two peaks at ~ 475 and 530 cm−1, which are 
attributed to the stretching modes of Ni–OH and Ni–O in the 
Ni(Fe)(OH)2, respectively [28, 29]. However, the former peak  

at 475 cm−1 for Ni–OH is obviously weakened while the later 
at 530 cm−1 for Ni–O is enhanced after the activation, which 
suggests the corrosion products of Ni(Fe)(OH)2 have suffered 
from the phase transformation from hydroxide to oxyhydroxides 
(Fig. 3(a)). In the full XPS, the coexistence of O, Ni, and Fe is 
further clarified in the as-obtained corrosion products (Fig. S5 
in the ESM). The Ni 2p signal occupies a pair of dominant 
positions at 854.0 and 871.6 eV, matching with Ni 2p1/2 and Ni 
2p3/2, along with two less intense satellite peaks, which indicate 
the presence of Ni(II) components in the Ni(Fe)(OH)2 and 
Ni(Fe)OOH (Fig. 3(b)). However, the emerged peaks at 857.1 
and 874.8 eV are observed for the Ni(III) species in the 
Ni(Fe)OOH spectrum, which verifies again the transformation 
of hydroxides to oxyhydroxides in the corrosion electrode 
[30, 31]. Moreover, the O 1s spectra reveal three oxygen con-
tributions (Fig. 3(c)), which are assigned to the O–H (532.8 eV), 
M (Ni, Fe)–OH (531.3 eV) and M (Ni, Fe)–O (530.0 eV) 
species [32]. After a short activation, the produced Ni(Fe)OOH 
shows an increased area of M–O and a decreased area of 
M–OH. The ratios of M–O and M–OH bonds increase from 
89.7 to 91.5% after the activation, which further indicates the 
transformation of hydroxides to oxyhydroxides. Moreover, the 
Fe 2p XPS spectra of Ni(Fe)(OH)2 and Ni(Fe)OOH samples 
possess the similar major peaks at 725.0 and 712.3 eV, which 
are identified as Fe(III) species (Fig. 3(d)) [33]. 

Figure 4(a) shows CV peaks at ~ 1.36 and 1.50 V vs. RHE,    

 
Figure 3  (a) Raman survey spectra, and (b) Ni 2p, (c) O 1s, and (d) Fe 2p 
XPS analysis of Ni(Fe)(OH)2 and Ni(Fe)OOH. 

 
Figure 4  (a) Activation CV curves (5 mV∙s−1). (b) LSV curves of IrO2, NF, Ni(Fe)(OH)2, and Ni(Fe)OOH at 2 mV∙s−1. (c) Corresponding Tafel plots.
(d) EIS curves (measured at 1.54 V vs. RHE). (e) LSV curves of Ni(Fe)OOH before and after stability tests (2 mV∙s−1), and (f) stability test at 10, 50, and 
100 mA∙cm−2 of Ni(Fe)OOH. All electrochemical data are collected in 1.0 M KOH. 
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which are associated to the redox of Ni(II)/Ni(III) pair [34]. 
The phase transition of Ni(Fe)(OH)2 to Ni(Fe)OOH is quickly 
completed in a few cycles (ca. 10 cycles) (Fig. S6 in the ESM). 
Notably, the activated Ni(Fe)OOH electrode requires an 
overpotential of 275 mV to inspire 10 mA∙cm−2 current density 
(Fig. 4(b)), overpassing by 50 mV than the fresh Ni(Fe)(OH)2. 
Compared with the benchmarked IrO2 catalyst and NF 
substrate, the overpotential of Ni(Fe)OOH also negatively shifts 
100 and 110 mV, respectively. The property of Ni(Fe)OOH 
is comparable with that of NiFe-based materials synthesized 
by different methods (Table S2 in the ESM). Moreover, the 
corresponding Tafel slopes reveal an identical tendency for the 
enhanced performance (Fig. 4(c)). The Tafel slope of 45.9 mV∙dec−1 
for the activated Ni(Fe)OOH electrode is better than that of the 
fresh Ni(Fe)(OH)2 (53.7 mV∙dec−1), NF substrate (72.8 mV∙dec−1), 
and commercial IrO2 (116.4 mV∙dec−1), indicating the favorable 
kinetics of Ni(Fe)OOH electrode. The electrochemical double 
layer capacitances (Cdl) were then performed to compare the 
electrochemical surface areas (ECSA) of different materials. 
Compared with NF substrate (1.9 mF∙cm−2), the resulted 
Ni(Fe)OOH shows higher Cdl (2.6 mF∙cm−2) and ECSA, 
illustrating the corrosion-generated electrode with abundant 
nanosheets array on the NF substrate would increase the density 
of active sites. After the ECSA correction, the Ni(Fe)OOH 
electrode still demonstrates a higher current density over all 
potential range (Fig. S7 in the ESM), this could be speculated 
by the high intrinsic activity of Ni(Fe)OOH derived from the 
corrosion layer. To further investigate the interfacial charge- 
transfer capability during the electrochemical reaction, the 
EIS at 1.54 V vs. RHE was carried out (Fig. 4(d)). Compared 
with the fresh Ni(Fe)(OH)2 electrode (~ 2.3 Ω) and NF substrate 
(~ 34.4 Ω), the charge-transfer resistance (Rct) of ~ 1.7 Ω for 
the activated Ni(Fe)OOH electrode is much smaller. This result 
implies that the formed active corrosion layer is beneficial for 
the interfacial contact, the transformation of hydroxide to 
oxyhydroxide further enhances the interfacial charge transfer 
and contributes to the improved activity. The Faradaic efficiency 
(FE) of oxygen production was further monitored, where a high 
FE of 98% demonstrates water oxidation over the Ni(Fe)OOH 
electrode is mainly dominated by the oxygen production (Fig. S8 
in the ESM). Finally, no conspicuous activity loss is observed 
during the extensive periodic stability measurements at 10, 50, 
and 100 mA∙cm−2, further identifying the salient stability and 
practical feasibility (Figs. 4(e) and 4(f)). After the stability test,  
the electrode surface still maintains a relatively loose nanosheet 
structure (Fig. S9 in the ESM). 

As our corrosion experiments are simulated from the natural 
corrosion environment, we then investigated the environment 
conditions to reveal the corrosive effect on the electrocatalytic 
process. Different corrosion time, active substances, and 
concentration were successively discussed. Among different 
components in the corrosive environment, the best electrode 
is achieved in the AFC solution and the other environmental 
components are almost not helpful in improving the activity 
(Fig. S10 in the ESM). Furthermore, more experiments of different 
corrosion-formed electrodes show the Fe ions are decisive 
to improve the catalytic activity (Fig. S11 in the ESM). The 
corrosion-formed Ni(Fe)(OH)2 is mainly related to the oxidation 
corrosion of NF, owning to the rich hydroxyl at local corrosion 
place (Ni + Fe(III) + 2OH− = Ni(Fe)(OH)2). With the increase 
of concentration of Fe ions, the activity of corrosion-formed 
electrode firstly increases and then remains stable after 
achieving an optimum activity at 5.4 mM Fe(III) ions (Fig. S12 
in the ESM). This is mainly attributed to the optimal surface 
morphology as more Fe ions would result in more compact 
corrosion layer, which would destroy the porous array 

structure (Fig. S13 in the ESM). Moreover, with the increase of 
corrosion time, the catalytic performance of corrosion-formed  
electrode increases initially and then keeps almost the same 
(Fig. S14 in the ESM). Notably, after one-minute corrosion 
time, the overpotential of corrosion electrode is 310 mV, and 
the overpotential reduces to 280 mV after 5 h corrosion, 
indicating efficient electrodes can be quickly obtained by this 
facile corrosion-inspired strategy. 

DFT calculations were performed to investigate the water 
oxidation mechanism of corrosion electrodes. The structures 
of Fe-incorporated NiOOH were constructed and the com-
putations were performed on the Fe-on-top sites (Fig. 5(a)) [35]. 
Compared with the structure of Ni(OH)2, part of the Fe atoms 
in the Ni(Fe)(OH)2 replace the Ni seat. It will go through the 
four-step mechanism for oxygen molecular formation, producing 
active intermediates of *OH, *O, and *OOH (Fig. 5(b)). Free 
energy gap required to generate both two intermediates can 
reflect the catalytic activity of electrocatalysts, i.e. ΔG*OH − ΔG*O, 
ΔG*O − ΔG*OOH [36, 37]. The surface oxidation occurs on the 
Ni(OH)2 during the electrochemical activation process, and 
a lower free energy gap from *OH to *O and *O to *OOH will 
lead to a reduced overpotential of NiOOH (0.5) than that of 
the corresponding Ni(OH)2 (0.85) (Fig. 5c), implying the oxygen 
evolution catalyzed by NiOOH is more favorable than Ni(OH)2. 
After the incorporation of Fe, the transformation from *OH 
to *O is the rate-determining step (Fig. S15 and Table S3 in the 
ESM). Moreover, the incorporation of Fe will induce a decreased 
free energy gap between *O and *OOH, leading to a reduced 
overpotential for Ni(Fe)(OH)2 and Ni(Fe)OOH. Compared with 
Ni(Fe)(OH)2, a lower adsorption and desorption energy of 
reaction intermediate of Ni(Fe)OOH evidently strengthen the 
electrocatalytic activity. Upon the incorporation of Fe atoms, 
the total density of states (DOS) around the Fermi level for 
Ni(Fe)OOH display a significant enhancement compared with 
that of NiOOH (Fig. 5(d)). More spin-down states of electrons 
appear and effectively modulate the electron occupancy, which 
is likely caused by less electrons in d-orbital of Fe atoms 
(3d64s2) [38]. Such variation would give rise to the d-band center 
shift closer to the Fermi level, which is more favorable for the 
adsorption/desorption of oxygen-containing groups [39].  

 
Figure 5 (a) Structural models, (b) reaction diagram, and (c) overpotential 
calculation of Ni(Fe)OOH, NiOOH, Ni(Fe)(OH)2, and Ni(OH)2, and (d) 
total DOS profiles of NiOOH and Ni(Fe)OOH. 

4  Conclusions 
In summary, we report the preparation of hydroxides and its 
transformation to oxyhydroxides for the efficient water oxidation. 
The resulted Ni(Fe)OOH requires an overpotential of only  



 Nano Res. 2021, 14(12): 4528–4533 

 | www.editorialmanager.com/nare/default.asp 

4532 

275 mV to reach 10 mA∙cm−2, which shows the remarkable 
stability at large current densities. Experimental and theoretical  
results indicate that the corrosion engineering induces the 
formation of Ni(Fe)(OH)2, the subsequent electrochemical 
activation results in the transformation to Ni(Fe)OOH. The 
electrodes formed through corrosion approach show the 
decreased adsorption and desorption energies of reaction 
intermediates, which are responsible for the improved catalytic 
performance. This work demonstrates a top-down strategy by 
corrosion engineering to achieve valuable nanomaterials, which 
bridges the traditional engineering and modern nanotechnologies, 
thus likely to broaden the new interdisciplinary for science 
and technology community.  
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