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A B S T R A C T   

Transforming the intermittent solar and wind energies into green hydrogen energy by water electrolysis is 
deemed to be a promising approach to substitute traditional fossil energies. However, the scarcity of precious 
IrO2/RuO2-based metal oxides for oxygen evolution reaction hinders the large-scale utilization. Here, based on 
the nanoscale Kirkendall effect, we fabricate nanoporous γ-Ni based solid solution with the simulated FeCoNi 
surface compositions of Gibeon meteorites by a facile microwave sintering method. A metal (oxy)hydroxide layer 
with a thickness of approximately 9 nm was formed on the surface of as-prepared electrode after aging, achieving 
an overpotential of only 254 mV at 10 mA cm− 2 and a low Tafel slope of 37.0 mV dec− 1. The electrode exhibits 
outstanding long-term stability in a wide range of current densities without compromising the electrocatalytic 
activity, which is attributed to the 3D-interconnected nanoporous structure, synergistic effect of different species, 
high conductivity and excellent wettability. The fabrication of nanoporous non-precious solid solution archi-
tectures which mimic naturally-formed materials provides a feasible strategy for the design of high-performance 
electrocatalysts towards clean energy applications.   

1. Introduction 

The rising consumption of fossil fuels (coal and petroleum) is causing 
the deterioration and pollution of air and water, seriously threatening 
the living environment of human being. In recent years, the exploitation 
of clean and sustainable energy sources has aroused more and more 
attention [1–3]. Renewable hydrogen (H2) energy derived from the 
conversion of intermittent wind and solar power via electrochemical 
water splitting is considered as one of the promising substitutions of 
traditional fossil energies. However, the sluggish kinetics of the oxygen 
evolution reaction (OER) is one the main reasons of the relatively low 
electrolytic efficiency for water splitting. Precious metal oxides (i.e. IrO2 
and RuO2) coated on titanium substrates have the merits of low re-
sistivity (3 ~ 6 × 10− 5 Ω cm), excellent electrocatalytic activity, long 
service life and decent mechanical strength for the OER in acid medium, 
but the high costs and scarcity impede their wide application [4–8]. For 
realizing the large-scale application of electrochemical water splitting, 
the OER electrode should possesses the characteristics of high 

electrocatalytic activity, superior stability, good wettability, low cost 
and environment friendliness. 

To obtain affordable electrode materials, the compounds of VIII 3d 
metals (such as Fe, Co, and Ni) with various forms (i.e., oxides, sulfides, 
selenides, phosphides and borides etc.) had been widely explored for the 
OER, because of the abundant sources and the same outermost electron 
configurations with Ru, Ir and Pt [9–21]. In alkaline mediums, many Fe-, 
Co-, and Ni-based nanostructural OER electrocatalysts exhibit the elec-
trocatalytic activity even higher than RuO2- and IrO2- based oxides 
[9–31]. At present, the major problem of these nanostructured electro-
catalysts towards large-scale application is to achieve long working life 
without compromising their electrocatalytic activity [1]. In particular, 
the OER process usually requires high current densities (>500 mA cm− 2) 
in practice [3], which may easily makes the nanostructural electrodes (i. 
e., nanowires, nanosheets, etc.) inactive owing to the accumulation and 
impact of oxygen bubbles. Formal et al. reported that a Gibeon meteorite 
with the surface compositions of Fe-Co-Ni (Fe0.34Co0.11Ni0.55) could 
deliver low overpotential of 270 mV (at 10 mA cm− 2), small Tafel slope 
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of 37 mV decade− 1 and superior stability of >1000 h (at 500 mA cm− 2) 
for the OER in alkaline solution [32]. The Gibeon meteorite also 
exhibited a reconstruction of surface compositions and structure during 
the OER process, further improving the electrocatalytic activity [33]. 
However, the scarcity of Gibeon meteorites limits the large-scale 
application as OER electrocatalyst for clean H2 production. 

Inspired by the above analysis, we propose the fabrication of artifi-
cial alloy materials with simulated surface compositions of Gibeon 
meteorites for electrocatalytic water splitting. Furthermore, it is 
reasonable that the construction of nanostructured porous materials 
with ultra-large specific surface area can further raise the catalytic ac-
tivity towards OER. In this work, we use a microwave-sintering 
approach to fabricate nanoporous FeCoNi solid solution electrodes 
with nanoscale Kirkendall porosity and the metal atom composition 
similar to Gibeon meteorites after aging. The Mg powder is employed as 
the pore-making agent. The nanoscale Kirkendall porosity (see Fig. 1a) 
was formed due to the different diffusion coefficients of the vacancies/ 
atoms between different materials, which has been previously utilized to 
synthesize hollow nanocrystals with diverse sizes and morphologies 
[33–40]. Moreover, compared to the conventional thermal heating 
method, the microwave-sintering method has the intrinsic advantages of 
enhanced diffusion processes, increased internal vacancies, low sinter-
ing temperatures and improved mechanical properties, etc. [41,42] The 
as-prepared nanoporous Ni-based solid solution electrodes exhibit 
excellent electrocatalytic activity, superior stability, certain mechanical 
strength, good wettability, low cost and environment friendliness, 
making the large-scale application of electrocatalytic water splitting a 
real possibility. 

2. Results and discussion 

2.1. Synthesis and characterizations 

Fig. 1a exhibits the fabrication procedure of nanoporous FeCoNi 
solid solution electrodes formed by the nanoscale Kirkendall effect 
during the process of microwave-sintering. The nanopores and nano-
particles are formed on account of the different inter-diffusion rates of 
atoms/vacancies on the solid/liquid and solid/solid interfaces, realizing 
the formation of nanoscale Kirkendall porosity. During the microwave- 
sintering process, the melted Mg acted as the pore-making agent to form 

lots of solid/liquid interfaces, which were favourable for raising atom/ 
vacancy diffusion velocity, increasing the diffusion interface area, 
raising the rate of grain boundary migration and decreasing the sintering 
temperature at the interfaces [33]. Figure S1 shows that the sample 
without Mg (the No.1 sample in Table S1) cannot form nanoporous 
structure, confirming that the importance of Mg as the pore-making 
agent for the fabrication of nanoporisity [33–40]. Figure S2 show 
schematic diagram of the nanoscale Kirkendall effect in bulk phase 
diffusion couples (i.e. Ni–Fe, Ni–Co, Co–Fe, Ni–Mg, Co–Mg, Fe–Mg). The 
different diffusion rates of atoms/vacancies in bulk phase resulted in the 
unequal material flow and the aggregation of excess vacancies, which 
gave rise to the formation of interconnected nanopores and nanogaps in 
the regions with faster diffusing components. The microwave field also 
accelerates the diffusion rates of atoms/vacancies and the grain 
boundary migration, leading to the formation of nanopores and nano-
particles [41–43]. Meanwhile, microwave-sintering process can uni-
formly heat the interior and exterior parts of the sample, enabling the 
formation of homogeneous nanopores and nanoparticles. In addition, 
the short time of microwave-sintering (20 min) can advantageously 
avoid the formation of large pores owing to the merging of nanopores. 
These advantageous factors enable the formation of nanostructured 
solid solution alloy materials with Kirkendall nanopores and large spe-
cific surface area, favorably obtaining superior electrocatalytic activity 
and long-term stability for the OER. 

The nominal composition of Fe, Co and Ni in as-prepared sample is 
designed to confirm to the metal atom compositions on the surface of the 
Gibeon meteorites [21]. The samples with other compositions also are 
fabricated for the control (Table S1). Clearly, the actual content of Fe, Co 
and Ni in bulk samples is basically consistent with the nominal 
composition and a small quantity of Mg has been diffused into the solid 
solution in addition to acting as the pore-making agent (Table S2 and 
Figure S3). Hence, the scanning electron microscopy (SEM) and high- 
resolution TEM (HRTEM) images displayed in Fig. 1b, d and e is the 
surface morphology of nanoporous FeCoNiMg solid solution (NP-FeCo-
NiMg-SS, corresponding to the No.8 sample in Table S1) prepared by 
microwave-sintering at 900 ◦C for 20 min (denoted as NP-FeCoNiMg-SS- 
900). NP-FeCoNiMg-SSs sintered at 700 ◦C, 800 ◦C, 1000 ◦C and 1100 ◦C 
denote as NP-FeCoNiMg-SS-700, NP-FeCoNiMg-SS-800, NP-FeCoNiMg- 
SS-1000 and NP-FeCoNiMg-SS-1100, respectively. After sintering, the 
precursor Ni, Fe and Co powders with the sizes of approximately 5–50 

Fig. 1. Synthesis and structural characterizations of nanoporous FeCoNi solid solutions. (a) Schematic illustration of the preparation method of nanoporous FeCoNi 
solid solutions. (b) FESEM, (c) TEM, (d) HRTEM images and (e) SAED pattern of NP-FeCoNiMg-SS-900, respectively. The insert in (b) displays an optical photograph 
of NP-FeCoNiMg-SS-900. 
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μm (Figure S4) have been transformed into nanopores and inter-
connected nanoparticles with the diameters of 5–20 nm owing to the 
nanoscale Kirkendall effect, as shown in Fig. 1b. The transmission 
electron microscopy (TEM) image in Fig. 1c further exhibits the 
morphology of NP-FeCoNiMg-SS-900 with high contrast originated from 
the random distribution of alloy nanoparticles. The HRTEM image and 
corresponding selective area electron diffraction (SAED) pattern of NP- 
FeCoNiMg-SS-900 (Fig. 1d, e) exhibit multi-crystalline lattice fringes 
and diffraction rings, which can be indexed to the (111), (200), (220) 
and (311) planes of γ-Ni based solid solution [44]. With a lower sin-
tering temperature of 800 ◦C, the sample of NiFeCoMg-SS-800 exhibits a 
3D structure consisting of ultrathin nanosheets with the thickness of 
several nanometers (Figure S5a, b). With the sintering temperatures of 
1000 ◦C and 1100 ◦C, the samples of NiFeCoMg-SS-1000 and NiFeCoMg- 
SS-1100 show obvious aggregation owing to the higher sintering tem-
peratures (Figure S5c-f), indicating that the sintering temperature has 

great influence on the surface morphology of products. Compared to the 
samples sintered at 900 ◦C, 1000 ◦C and 1100 ◦C, NiFeCoMg-SS-800 
possesses lower number of vacancies and lower diffusion rates of 
atoms/vacancies, which is easier to form two-dimensional ultrathin 
nanosheets. With an increase of sintering temperature, the number of 
vacancies and the diffusion rates of atoms/vacancies rapidly increase, 
easily leading to a formation of nanoparticles and obvious aggregation. 

The crystalline structures and surface compositions of the samples 
were further evaluated by X-ray diffraction (XRD) and X-ray photo-
electron spectroscopy (XPS), as shown in Fig. 2. As a control sample, 
pristine nanoporous Ni (NP-Ni) was also prepared with the similar 
procedure of NP-FeCoNiMg-SS-900, as shown in Figure S6. Fig. 2a ex-
hibits the XRD patterns of NP-FeCoNiMg-SS and NP-Ni electrodes pre-
pared at different sintering temperatures. The NP-FeCoNiMg-SS samples 
prepared at 800–1100 ◦C show three diffraction peaks located around 
43.8◦, 50.0◦ and 75.0◦, corresponding to the (111), (200) and (220) 

Fig. 2. Crystalline phase and surface composition characterizations. (a) XRD patterns of NP-FeCoNiMg-SS and NP-Ni electrodes sintered at different temperatures. 
(b-e) High-resolution XPS spectra at (b) Fe 2p, (c) Co 2p, (d) Ni 2p, (e) Mg 1s and (f) O 1s regions of NP-FeCoNiMg-SS-900 electrode before and after long-term OER 
test in 1 M KOH solution at 1000 mA cm− 2 for 1000 h. 
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planes of γ-Ni solid solution with a face-centered cubic (FCC) structure 
[44]. Meanwhile, compared to the NP-Ni sample, the diffraction peaks 
of NP-FeCoNiMg-SS samples exhibit obvious deviations, owing to the 
incorporation of Fe, Co and Mg elements in the alloys. With the sintering 
temperature of 700 ◦C, the diffraction peaks of NP-FeCoNiMg-SS-700 
are different from the other NP-FeCoNiMg-SS samples obtained at 
higher temperatures, indicating that the phase of γ-Ni solid solution has 
not been formed in NP-FeCoNiMg-SS-700 due to the low sintering 
temperature. Figure S7 displays the XRD results of the samples with 
different compositions. The decrease of Ni content in the sample obvi-
ously resulted in the formation of α-Fe solid solution and a little CoMg2 
phase. 

The outermost active species anchored on the surface of electro-
catalysts are the crucial factors to determine the electrocatalytic activity 
for the OER [45]. In the XPS spectra of pristine NP-FeCoNiMg-SS-900, 
the peaks located at 706.3 eV (Fig. 2b), 777.5 eV (Fig. 2c), 852.1 eV 
(Fig. 2d) and 1304.0 eV (Fig. 2e) are corresponding to the energy levels 
of Fe0, Co0, Ni0 and Mg0, respectively. During long-term OER processes, 
a metal (oxy)hydroxide layer will be formed on the surface of NP- 
FeCoNiMg-SS electrodes, leading to superior electrocatalytic activity 
and ultra-long working life. To identify the surface compositions after 
aging, XPS analysis was performed on the NP-FeCoNiMg-SS-900 elec-
trode after the OER operation for 1000 h at 1000 mA cm− 2 in 1 M KOH 
solution (Fig. 2b-f), revealing the presence of Fe, Co, Ni, Mg and O el-
ements. A broad bump located at 711.2 eV in the Fe 2p spectrum of the 
aged NP-FeCoNiMg-SS-900 (Fig. 2b) corresponds to the Fe 2p3/2 signals 
of Fe2+ or Fe3+, which should be attributed to the very low concentra-
tion of Fe (~4%) in the outer (oxy)hydroxide phase and the similar 
binding energies of Fe2+ and Fe3+ species (710 eV vs. 711 eV) 
[32,46–48]. The Co 2p spectrum of the aged electrode (Fig. 2c) displays 
two major peaks at 795.4 eV (Co 2p1/2) and 780.3 eV (Co 2p3/2), 
respectively, consistent with the binding-energy separation of CoOOH or 
Co2O3 phase [32,49]. The Ni 2p spectrum of the aged electrode in Fig. 2d 
exhibits a doublet at 873.2 eV and 855.6 eV, respectively, corresponding 
to the Ni 2p1/2 and Ni 2p3/2 signals of Ni2+, which is in accord with the 
Ni(OH)2 phase [32,50]. Fig. 2e shows the Mg 1s spectrum of the aged 
electrode with an obvious peak located at 1303.0 eV, corresponding to 
the Mg(OH)2 phase [51]. Moreover, an obvious shift of the oxygen peak 
on the pristine and aged electrode is observed from 531.5 eV to 531.2 eV 
(Fig. 2f). The O1s spectra before and after aging can be decomposed into 
four characteristic peaks of O1-530.2 eV for metal–oxygen bounds, O2- 
531.2 eV for defective oxygen of low coordination, O3-532.1 eV for 
hydroxyl groups and O4-533.3 eV for adsorbed water (Figure S8) [8,22]. 
These indicate that all the Fe, Co, Ni and Mg species are in the (oxy) 
hydroxide forms, confirming the formation of a metal (oxy)hydroxide 
layer on the surface of NP-FeCoNiMg-SS-900 electrode after long-term 
OER operation. The XPS analysis results reveal that the metal (oxy)hy-
droxide layer formed on the surface of aged NP-FeCoNiMg-SS-900 
electrode has a metal cation stoichiometry of Fe0.04Co0.22Ni0.34Mg0.40 
(Table S4). In contrast, the pristine NP-FeCoNiMg-SS-900 electrode 
possesses an ultrathin metal oxide layer with the surface compositions of 
Fe0.23Co0.09Ni0.56Mg0.12 (Table S4), which is clearly different with the 
metal (oxy)hydroxide layer formed after long-term OER operation in 
alkaline medium. Figure S9 further displays atomic composition profile 
obtained from XPS of pristine and aged NP-FeCoNiMg-SS-900 at a cur-
rent density of 10 mA cm− 2 in 1 M KOH electrolyte. Clearly, the O 
atomic composition on the outermost surface of pristine and aged NP- 
FeCoNiMg-SS-900 is far higher than that of the inner bulk. With the 
increase of etching depth from zero to 20 nm, the O atomic composition 
rapidly decrease and the Fe, Co and Ni quickly increase, indicating an 
ultrathin metal (oxy)hydroxide layer on the surface of pristine and aged 
NP-FeCoNiMg-SS-900. 

The mechanical performance of the electrodes usually needs to be 
considered in modern industries such as chlorine alkali industry, elec-
troplating, electrochemical wastewater treatment, electrochemical 
synthesis, electrochemical anodic oxidation, etc., which is one of the key 

performance indicators for practical applications owing to the harsh 
conditions during the electrochemical processes at large current den-
sities. In most cases, metal substrates with excellent mechanical prop-
erties (such as pure titanium plates) are usually employed to fabricate 
the industrial electrode materials for large-scale electrocatalytic appli-
cations. To evaluate the mechanical properties of 3D-interconnected NP- 
FeCoNiMg-SS electrodes, the compressive stress–strain curves were 
measured (Fig. 3a), and the compressive strength and elastic modulus of 
the samples were calculated from the stress–strain curves, as exhibited 
in Fig. 3b. The compressive stress–strain curve of NP-FeCoNiMg-SS 
electrode sintered at 1100 ◦C show no fracture during the compression 
process owing to excellent ductility (Fig. 3a). As the sintering temper-
ature increased from 800 ◦C to 1100 ◦C, the compressive strength of the 
electrodes increased from 101 MPa to 1388 MPa, which should be 
attributed to the decrease of porosity and the increase of density at high 
sintering temperatures (Figure S10). This result is also consistent with 
the morphology variations of the samples (Figure S3 and Figure S5). The 
elastic moduli of NP-FeCoNiMg-SS electrodes obtained at 800 ◦C, 
900 ◦C, 1000 ◦C and 1100 ◦C are measured to be 0.86 GPa, 2.31 GPa, 
2.96 GPa and 2.03 GPa, respectively (Fig. 3b). The compressive strength 
and elastic modulus of NP-FeCoNiMg-SS electrodes can satisfy the re-
quirements of mechanical strength and flexibility for the applications in 
water-electrolysis units. 

2.2. Electrocatalytic performances. 

To compare the OER activity, the linear sweep voltammetry (LSV) 
curves of NP-FeCoNiMg-SS, NP-Ni, and IrO2/Ti electrodes were 

Fig. 3. Measurements of mechanical properties. (a) Typical compressive 
stress–strain curves and (b) Compressive strength and elastic modulus of NP- 
FeCoNiMg-SS electrodes obtained at different sintering temperatures. 
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measured in 1 M KOH solution at 1 mV s− 1 without iR-compensation 
(Fig. 4a). Obvious current peaks between 1.35 and 1.45 V (vs. RHE) are 
shown in the LSV curves of NP-FeCoNiMg-SS and NP-Ni electrodes, 
corresponding to the oxidation of the metal species on the electrode 
surface into a metal (oxy)hydroxide layer [3,52,53]. Clearly, the 
oxidation peak of NP-FeCoNiMg-SS electrodes with different sintering 
temperatures locate at approximately +1.424 V (vs. RHE) overlaps with 
the onset of the OER, as shown in Fig. 4a. For NP-Ni electrode, the 
oxidation peak located at about +1.398 V (vs. RHE) occurs clearly prior 
to its OER onset. The different content of Fe, Co and Ni leads to an 
obvious change of the oxidation wave for as-prepared electrodes (see 
Figure S11). These peak feature of pre-OER oxidation hint the change of 
the active phases before and after OER as well as the distinction of the 
active phases owing to different atomic ratio of Fe, Co and Ni [54]. 
Compared to NP-Ni and IrO2/Ti electrodes, the NP-FeCoNiMg-SS-900 

electrode exhibits higher current densities on the same potential, indi-
cating its superior electrocatalytic activity. In addition, the NP- 
FeCoNiMg-SS-900 electrode display the highest OER activity among 
all the as-prepared samples with different sintering temperature and 
composition (Fig. 4a and Figure S11). NP-FeCoNiMg-SS-900 electrode 
also is measured in 0.1 M KOH, 1 M KOH, 30 wt% KOH and 1 M Na2SO4 
solutions (Figure S12), exhibiting a better electrocatalytic performance 
at a media of higher OH– content. Fig. 4b shows the iRs-corrected Tafel 
plots of these electrodes derived from the LSV curves in Fig. 4a. The 
Tafel slope of NP-FeCoNiMg-SS-900 electrode is 37.0 mV dec− 1, which is 
much smaller than those of NP-FeCoNiMg-SS-800 (51.6 mV dec− 1), NP- 
FeCoNiMg-SS-1000 (66.9 mV dec− 1), NP-FeCoNiMg-SS-1100 (71.7 mV 
dec− 1), NP-Ni (103.0 mV dec− 1) and IrO2/Ti electrodes (62.7 mV 
dec− 1). Table S5 compares the Tafel slopes of NP-FeCoNiMg-SS-900 
electrode with some recently advanced transition metal-based 

Fig. 4. Electrocatalytic measurements. (a) LSV curves of NP-FeCoNiMg-SS, NP-Ni, and IrO2/Ti electrodes measured in 1 M KOH solution at a scan rate of 1 mV s− 1 

without iRs-compensation. (b) The corresponding iRs-corrected Tafel slopes of the electrodes calculated from the LSV curves in (a). (c) Nyquist plots of the electrodes 
measured at an OER voltage 1.567 V (vs RHE) over the frequency range 100000–0.01 Hz in 1 M KOH. The insets are the equivalent circuit of Rs(QdlRct) and the plots 
at high frequency region, respectively. (d) The Cdl values of NP-FeCoNiMg-SS, NP-Ni, and IrO2/Ti electrodes measured in 1 M KOH solution. (e) Consecutive gal-
vanostatic measurements of the electrodes measured in 1 M KOH solution at 1, 10, 50, 100, and 200 mA cm− 2, respectively. 
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electrocatalysts for OER, which obviously confirms the superiority of 
NP-FeCoNiMg-SS-900 electrode toward OER. To further insight into 
OER kinetics, the analysis of electrochemical impedance spectroscopy 
(EIS) was employed at an OER voltage 1.567 V (vs RHE) (Fig. 4c and the 
insets). The equivalent circuit, Rs(QdlRct), is employed to fit the EIS data 
of these samples for the OER. Rs represents the solution resistance, Qdl 
corresponds to the double-layer capacitance and Rct is the charge- 
transfer resistance during the OER process. The fitted data derived 
from the EIS of these samples are displayed in Table S6. As shown in the 
figure, a low charge transfer resistance (Rct) of 0.097 Ω cm− 2 is fitted for 
NP-FeCoNiMg-SS-900 electrode, which is much smaller than those of 
NP-FeCoNiMg-SS-800 (0.145 Ω cm− 2), NP-FeCoNiMg-SS-1000 (0.314 Ω 
cm− 2), NP-FeCoNiMg-SS-1100 (0.389 Ω cm− 2), NP-Ni (1.466 Ω cm− 2) 
and IrO2/Ti electrodes (1.201 Ω cm− 2). It also is discovered that the 
fitted Qdl values of NP-FeCoNiMg-SS, NP-Ni and IrO2/Ti electrodes are 
basically consistent with double layer capacitance (Cdl) values in Fig. 4d. 
The Table S5 exhibits the electrocatalytic activities for some advanced 
electrocatalysts for OER. The Tafel slopes and Rct of NP-FeCoNiMg-SS- 
900 electrode are lower than that of these electrodes, especially the 
Rct, which should be attributed to nanoporous structure, high conduc-
tivity, and synergistic effect of Fe, Co and Ni species. NP-FeCoNiMg-SS- 
900 electrode also possesses an outstanding Faradaic efficiency of 97.6% 
in an alkaline medium (Figure S13). 

The superior electrocatalytic activity of NP-FeCoNiMg-SS-900 elec-
trode for the OER is attributed to its high electrochemically active sur-
face area (ECSA), high conductivity and the synergistic effects of 
different species. The NP-FeCoNiMg-SS-900 electrode has high porosity 
and large specific surface area, providing the ultra-large ECSA for the 
OER. The 3D interconnected nanostructure of NP-FeCoNiMg-SS-900 
electrode with an outermost shell of surface (oxy)hydroxide layer en-
sures high local and overall electrical conductivity for charge transfer. 
The NP-FeCoNiMg-SS-900 electrode also possesses excellent hydrophi-
licity and wettability owing to its developed hierarchical porous struc-
ture (video S1 and Figure S3). The synergistic effects mainly should be 
ascribed to two following aspects [52,54–60]. (1) The Co incorporation 
in NP-FeCoNiMg-SS-900 electrode can further improves the conductiv-
ity of surface (oxy)hydroxide layer derived from the synergy of multiple 
metal species, consequently facilitating the proton migration and elec-
tron transport over electrode and lowering the onset OER potential; (2) 
The Fe is essential for the metal (Ni and/or Co) (oxy)hydroxide layer to 
achieve high OER activity, which is attributed to the synergistic effect 
owing to the synergy with the adjacent Ni or Co sites through forming O- 
bridged Fe-metal reaction centers. 

To further insight the intrinsic activity, specific activity, which is the 
current per unit real surface area of the electrocatalyst (i.e., mA 
cmelectrocatalyst

− 2 at a given OER potential), mainly relies on the determi-
nation of the surface area [61]. The Cdl is currently the most popular 
method for measuring the ECSAs of metal oxides. A specific capacitance 
of 40 μF cmoxide

− 2 , which is considered as a universal value for metal oxide 
surfaces, is employed to calculate the ECSAs by using the Cdl values. As 
exhibited in Fig. 4d and Figure S14, the NP-FeCoNiMg-SS-800, NP- 
FeCoNiMg-SS-900, NP-FeCoNiMg-SS-1000, NP-FeCoNiMg-SS-1100, NP- 
Ni and IrO2/Ti electrodes achieve the Cdl values of 28.7 mF cm− 2, 22.7 
mF cm− 2, 7.6 mF cm− 2, 3.6 mF cm− 2, 38.4 mF cm− 2 and 8.4 mF cm− 2, 
respectively. The Cdl values divided by 40 μF cmoxide

-2 are the ECSAs, as 
shown in Table S7. Finally, the specific activity can be calculated by 
applying the current densities at a OER potential of 1.53 V (vs. RHE) in 
Fig. 4a. The specific activities of NP-FeCoNiMg-SS-800, NP-FeCoNiMg- 
SS-900, NP-FeCoNiMg-SS-1000, NP-FeCoNiMg-SS-1100, NP-Ni and 
IrO2/Ti electrodes are 0.057 mA cm− 2, 0.175 mA cm− 2, 0.161 mA cm− 2, 
0.183 mA cm− 2, 0.005 mA cm− 2 and 0.014 mA cm− 2, respectively 
(Table S7). Obviously, the NP-FeCoNiMg-SSs possess far higher intrinsic 
activity than the NP-Ni, which should be attributed to the synergistic 
effects of Fe, Co and Ni species in the surface metal (oxy)hydroxide layer 
formed on the electrode surface after aging. The NP-FeCoNiMg-SS-900, 
NP-FeCoNiMg-SS-1000 and NP-FeCoNiMg-SS-1100 have similar 

intrinsic activity, but far higher than NP-FeCoNiMg-SS-800 electrodes, 
which should be the consequence of low sintering temperature that re-
sults in an insufficient alloying (see Fig. 2a). 

It is known that the actual current densities for OER in the LSV curves 
are difficultly distinguished owing to the presence of oxidation peaks, 
especially at low current densities. To reveal the actual OER current 
densities, the multi-step consecutive chronopotentiometric curves of 
NP-FeCoNiMg-SS-900, NP-Ni, and IrO2/Ti electrodes were performed 
(Fig. 4e). These electrodes were subjected to a long-term OER process of 
50,000 s at different current densities ranged from 1 to 200 mA cm− 2. 
When the OER current density reaches 1 mA cm− 2 at the potential, the 
NP-FeCoNiMg-SS-900, NP-Ni, and IrO2/Ti electrodes show the over-
potentials of 204, 301, and 306 mV, respectively. At the current density 
of 10 mA cm− 2, the overpotentials of the above-mentioned electrodes 
reach 254, 334, and 402 mV, respectively. Clearly, the overpotentials of 
NP-FeCoNiMg-SS-900 electrode at the same current densities are much 
lower than those of NP-Ni and IrO2/Ti electrodes. These results indicate 
that the electrocatalytic activity of NP-FeCoNiMg-SS-900 electrode can 
compare favourably with other state-of-the-art OER electrocatalysts 
(Table S5). 

The long-term stability of NP-FeCoNiMg-SS-900 electrode in alkaline 
medium was also compared with other representative electrodes in 
Fig. 4e. The OER potential of NP-FeCoNiMg-SS-900 electrode exhibits 
almost no fluctuation during the long-term electrolysis process for 
totally 50,000 s at different current densities, confirming its great 
operation stability. In contrast, the NP-Ni and IrO2/Ti electrodes display 
obvious potential increases at the large current densities of 100 and 200 
mA cm− 2 as the time goes on, indicating their inferior stability in 
alkaline medium under large current densities. The reusability of NP- 
FeCoNiMg-SS-900 electrode was further evaluated by the consecutive 
OER polarization curves (Figure S15). After 1000 cycles of repeated 
potential scans between 1.0 and 1.5 V, the OER activity of NP- 
FeCoNiMg-SS-900 electrode exhibits a slight increase, indicating its 
good reusability. When working at a large current density of 1000 mA 
cm− 2, the bath potential of NP-FeCoNiMg-SS-900 electrode for the OER 
remains approximately 3.5 V over time (Figure S16), confirming its 
superior long-term stability without compromising the electrocatalytic 
activity under large current densities. Figure S17 exhibits the LSV curves 
of FeCoNiMg-SS-900 electrode after different aged times at the current 
density of 1000 mA cm− 2, further proving the catalytic performance will 
be slightly increased. With an increase of aged time, the redox peak of 
NP-FeCoNiMg-SS-900 electrode in the CV curves shifts to lower poten-
tial and the peak area increases (Figure S18), indicating a composition 
re-arrangement possibly derived from the decrease of the Fe content on 
the (oxy)hydroxide layer surface, which is consistent with the literature. 
[52,55] Table S4 showed a relative decrease of the Fe content in the 
surface (oxy)hydroxide layer of NP-FeCoNiMg-SS-900 electrode before 
and after aging 1000 h at 1000 mA cm− 2. However, the Fe content in 
bulk of NP-FeCoNiMg-SS-900 hardly have a mass loss before and after 
aging 1000 h at 1000 mA cm− 2 (Table S3 and Figure S19), further 
indicating the composition re-arrangement of surface (oxy)hydroxide 
layer. After aging 1000 h, the morphology and structure of NP- 
FeCoNiMg-SS-900 has not a big change compared with the pristine 
one (Figure S20 and Figure S21), further demonstrating the superior 
long-term stability. It is obvious that the superior stability of NP- 
FeCoNiMg-SS-900 electrode is comparable to these electrodes, as 
shown in the Table S5. These data of the long-term stability for the OER 
of NP-FeCoNiMg-SS-900 electrode are very impressive and display even 
higher activity than its initial state after a long period of operation at 
large current densities, which should be attributed to the outermost 
metal (oxy)hydroxide layer naturally formed during the OER process. 
Even if the outermost metal (oxy)hydroxide layer on the electrode sur-
face is peeled off owing to the impact of massive O2 bubbles generated 
during the OER process, a new metal (oxy)hydroxide layer can be 
rapidly formed, ensuring the long-term stability without compromising 
the electrocatalytic activity. Overall, the long-term stability of NP- 
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FeCoNiMg-SS-900 electrode compares favorably with RuO2- and IrO2- 
based electrocatalysts in acid medium [62,63] and Ni-based electro-
catalysts in alkaline medium [3,32,64–68]. 

To further provide an insight into the origins of intrinsic activities for 
the OER, the change of surface structure and characteristics of the 
sample after aging was confirmed by CV analysis via cycling in 1 M KOH 
solution with a scan rate of 10 mV s− 1 between 1.067 and 1.617 V vs. 
RHE (Figure S22). The HRTEM image of the pristine sample (Fig. 5a) 
exhibits a well-ordered crystalline structure corresponding to γ-Ni based 
solid solution, including the surface region. However, after cycled by CV 
scans for 50 times, a metal (oxy)hydroxide layer with a thickness of 
approximately 9 nm was clearly formed on the outermost surface 
(Fig. 5b), indicating a surface re-arrangement induced by surface 
oxidation and atomic/vacancy migration. Combined with the XPS re-
sults, it can be concluded that the surface layer should be the metal (oxy) 
hydroxide layer formed after aging, which is different from the bulk 
crystal phase. The Raman spectra of NP-FeCoNiMg-SS-900 electrode 
before and after aging displays an obvious change of surface structure 
(Figure S23). The strongest peak of the aged sample detected at ~ 532.7 
cm− 1 are best assigned to disordered, doped or alloyed Ni(OH)2 with Fe, 
Co and Mg, further confirming a metal (oxy)hydroxide layer formed 
after aging [32,52]. There are some proposed mechanism of dissolution- 
, dissolution-precipitation or electromigration for the formation of metal 
(oxy)hydroxide layer during the OER process [47]. Clearly, the metal 
(oxy)hydroxide layer with a thickness of approximately 9 nm formed on 
the surface of nanostructured FeCoNi solid solution in Fig. 5 possesses a 
smooth interface. Hence, the formation of a metal oxyhydroxide layer is 
more likely the consequence of electromigration via the combination of 
OH– and surface ingredients during the initial OER in the alkaline 
medium. 

3. Conclusions 

In summary, based on the nanoscale Kirkendall effect, we success-
fully developed a microwave sintering method to fabricate spongeous 
FeCoNiMg solid solution with interconnected Kirkendall nanopores and 
simulated surface compositions of Gibeon meteorites. The as-prepared 
NP-FeCoNiMg-SS-900 electrodes with a metal (oxy)hydroxide layer of 
approximately 9 nm thickness formed after aging exhibit superior 
electrocatalytic activity for the OER possesses in alkaline medium, 
delivering a low overpotential of 254 mV and a Tafel slope of 37.0 mV 
dec− 1. The high compressive strength (163 MPa) and elastic modulus 
(2.31 GPa) of NP-FeCoNiMg-SS-900 electrode are satisfactory to ensure 
the long-term mechanical stability for the OER. The 3D-interconnected 
nanoporous structure, high conductivity, excellent wettability, proper 
element compositions, self-renewing surface layer and good mechanical 
properties of NP-FeCoNiMg-SS-900 electrode brings the superior 

electrocatalytic activity for the OER in alkaline medium without 
compromising the long-term stability, which is very competitive among 
the existing RuO2-/IrO2-based and Ni-based electrocatalysts. The studies 
in this work provide a promising low-cost and environment-friendly 
approach to prepare nanoporous architectures based on non-precious 
metal solid solutions by mimicking natural meteorite materials for 
high-efficiency water electrolysis towards large-scale utilization of clean 
hydrogen energy. 

4. Experimental section 

4.1. Materials synthesis. 

Commercially-available gas-atomized Fe (12.7 μm, >99.5%), Co 
(13.7 μm, >99.5%), Ni (17.2 μm, >99.7%) and Mg (75 μm, >99.9%) 
powders were purchased from Aladdin Chemistry Corp. (Shanghai, 
China) and employed to fabricate NP-FeCoNiMg-SS electrodes via the 
microwave-sintering method. The Fe, Co and Ni powders were weighed 
to have a composition of Fe0.34Co0.11Ni0.55 (at.%) according to the metal 
atom compositions on the surface of the Gibeon meteorites [21]. The 
spherical Mg powder (10 wt% or 21 at.% of the total mass) were added 
as the pore-making agent to prepare nanoporous alloys through the 
nanoscale Kirkendall effect (corrsponding to the No.8 sample in 
Table S1). A schematic illustration of microwave sintering process for 
the preparation of NP-FeCoNiMg-SS electrodes is displayed in 
Figure S24 [41]. For comparison, the control samples with other 
composition ratios of Fe, Co, Ni and Mg elements were also prepared 
(Table S1). The powders were homogeneously blended in a planetary 
ballmill (QM-3SP4, Nanjing University Instrument Plant) at the rotation 
speed of 250 rpm for 6 h. There are no balls added into the ball-milling 
tank, avoiding the elemental contamination derived from the friction 
among powders, balls and tank. The mixed powders were cold-pressed 
into green compacts (Ф 12 mm × 6 mm) by applied a uniaxial pres-
sure of 580 MPa for 1 min. The green compacts were put in an alumina 
crucible filled with β-type silicon carbide (β-SiC) particles as microwave 
susceptors to promote the microwave absorption during the low- 
temperature heating stage. The alumina crucible was put in a mullite 
fiber cotton insulation barrel, and the barrel was put in a 2.45 GHz, 5 kW 
continuously adjustable microwave chamber (NJZ4-3, Nanjing Juequan 
Corp.). The microwave sintering was carried out under high-purity Ar 
(>99.999%) atmosphere by microwave heating at a rate of 20–30 ◦C 
min− 1 to 700–1100 ◦C for 20 min. A Reytek infrared pyrometer was 
employed test the sample-sintered temperature. For comparison, pure Ni 
powder and the spherical Mg powders (10 wt% or 21 at.% of the total 
mass) were mixed to prepare NP-Ni sample via the above method of 
microwave-sintering at 900 ◦C for 20 min. The IrO2 coated Ti substrate 
(IrO2/Ti) was fabricated by a thermal decomposition method according 

Fig. 5. The formation of (oxy)hydroxide layer after aging. (a) HRTEM image of pristine NP-FeCoNiMg-SS. (b) HRTEM image of NP-FeCoNiMg-SS after CV scans for 
50 cycles in 1 M KOH solution with a scan rate of 10 mV s− 1 between 1.067 and 1.617 V vs. RHE. 

B. Hao et al.                                                                                                                                                                                                                                     



Chemical Engineering Journal 410 (2021) 128340

8

to a previous report [32]. 

4.2. Material characterizations 

Field emission scanning electron microscopy (FESEM, Zeiss Sigma 
HD) was employed to observe the morphologies of the samples. The 
microstructure and compositions of the samples were identified by X-ray 
diffraction (XRD, Bruker D8 ADVANCE), transmission electron micro-
scopy (TEM, FEI Tecnai G2 F20), energy-dispersive X-ray spectroscopy 
(EDS, Oxford Instruments), Inductively Coupled Plasma-Optical Emis-
sion Spectrometry (ICP-OES, Agilent 730) and X-ray photoelectron 
spectroscopy (XPS, Axis Ultra DLD, Shimadzu-Kratos). Before the XPS 
measurement, all the samples were placed into the vacuum drying oven 
at 60 ◦C for three day owing to a high water content of nanoporous 
materials. The tested XPS spectra were calibrated from the binding en-
ergy of actual C1S peak to the standard value (284.6 eV). Raman spectra 
were achieved on a confocal Raman micro-spectroscopy (Thermo Fisher 
Dxi) with an excitation wavelength of 785 nm. Uniaxial compression 
tests of cylindrical NP-FeCoNiMg-SS electrodes (Ф 3 mm × 6 mm, L/D =
2.0) were performed on an electronic universal testing machine (WDW- 
50, Jinan Shijin group Corp.) by the ASTM E9-09 standard test method 
with a cross-head velocity of 0.2 mm min− 1 at room temperature. An 
analytical balance (Mettler Toledo, XS205 Dual Range) with an accuracy 
0.01 mg was employed to determine the loading amount of the samples 
before and after aging. 

4.3. Electrochemical measurements 

All the OER tests were performed with an electrochemical worksta-
tion (CHI-660C, Shanghai CHI Instruments, Inc.) by applying a three- 
electrode configuration in 1 M KOH solution at 25 ◦C. The NP- 
FeCoNiMg-SS electrodes were cut into slices with the thickness of 1 
mm. The cell was assembled with a NP-FeCoNiMg-SS electrode (10 mm 
× 10 mm in area), a saturated calomel electrode (SCE) and a Pt slice 
electrode serving as the working electrode, reference electrode and 
counter electrode, respectively. All the tested potentials were calibrated 
to reversible hydrogen electrode (RHE) [15]. Linear sweep voltammetry 
(LSV) curves were tested with a scan rate of 1 mV s-1. The iR-corrected 
Tafel slopes were obtained from the LSV curves. The consecutive gal-
vanostatic measurements were performed at different current densities 
in 1 M KOH solution. Electrochemical impedance spectroscopy (EIS) was 
performed in a frequency range from 100000 Hz to 0.01 Hz with a 5 mV 
amplitude at an OER voltage 1.567 mV (vs RHE). Long-term stability test 
of NP-FeCoNiMg-SS-900 electrode for 1000 h at the current density of 
1000 mA cm− 2 was performed with constant-current power supply in 1 
M KOH solution. The long-term stability test at the current density of 
1000 mA cm− 2 in 1 M KOH solution was carried out by applying a simple 
two-electrode water splitting cell assembled with a NP-FeCoNiMg-SS- 
900 anode and a pure titanium plate (40 mm × 40 mm) cathode. 
There is a separation distance of approximately 30 mm without a dia-
phragm between anode and cathode. 

The Faradaic efficiency was calculated by using the Eq. (1): 

Faradaic efficiency =
experimental mol of O2 gas
theoretical mol of O2 gas

× 100% (1) 

The theoretical amount of O2 gas was calculated at corresponding 
time intervals from Faraday’s law, Eq. (2): 

m =
i × t
z × F

(2)  

where m is the number of mol, i is the current (ampere), t is the time 
(second), z represents the transfer of electrons (for OER z = 4), and F 
denotes as the Faraday constant (96,485 C mol− 1). 
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[36] E. González, J. Arbiol, V.F. Puntes, Carving at the nanoscale: sequential galvanic 
exchange and Kirkendall growth at room temperature, Science 334 (2011) 
1377–1380. 

[37] J.X. Wang, C. Ma, Y.M. Choi, D. Su, Y.M. Zhu, P. Liu, R. Si, M.B. Vukmirovic, 
Y. Zhang, R.R. Adzic, Kirkendall effect and lattice contraction in nanocatalysts: a 
new strategy to enhance sustainable activity, J. Am. Chem. Soc. 133 (2011) 
13551–13557. 

[38] Y. Yin, C.K. Erdonmez, A. Cabot, S. Hughes, A.P. Alivisatos, Colloidal synthesis of 
hollow cobalt sulfide nanocrystals, Adv. Funct. Mater. 16 (2006) 1389–1399. 

[39] X. Liang, X. Wang, Y. Zhuang, B. Xu, S.M. Kuang, Y.D. Li, Formation of CeO2-ZrO2 
solid solution nanocages with controllable structures via Kirkendall effect, J. Am. 
Chem. Soc. 130 (2008) 2736–2737. 

[40] A.D. Smigelskas, E.O. Kirkendall, Zinc diffusion in alpha-brass, Trans. Am. Inst. 
Mining Metall. Eng. 171 (1947) 130–142. 

[41] J. Xu, S. Tao, L. Bao, J. Luo, Y. Zheng, Effects of Mo contents on the microstructure, 
properties and cytocompatibility of the microwave sintered porous Ti-Mo alloys, 
Mat. Sci. Eng. C-Mater. 97 (2019) 156–165. 

[42] M. Oghbaei, O. Mirzaee, Microwave versus conventional sintering: a review of 
fundamentals, advantages and applications, J. Alloy Compd. 494 (2010) 175–189. 

[43] Y.V. Bykov, S.V. Egorov, A.G. Eremeev, V.V. Kholoptsev, I.V. Plotnikov, K. 
I. Rybakov, A.A. Sorokin, S.S. Balabanov, A.V. Belyaev, Ultra-rapid Microwave 
Sintering of Pure and Y2O3-doped MgAl2O4, J. Am. Chem. Soc. 102 (2019) 
559–568. 

[44] P. Villars, L.D. Calvert, Pearson’s Handbook of Crystallographic Data for 
Intermetallic Phases, 2nd Edition, ASM, Metals Park, Ohio, 1991. 

[45] A. Grimaud, A. Demortière, M. Saubanère, W. Dachraoui, M. Duchamp, M. 
L. Doublet, J.M. Tarascon, Activation of surface oxygen sites on an iridium-based 
model catalyst for the oxygen evolution reaction, Nat. Energy 2 (2016) 16189. 

[46] A.P. Grosvenor, B.A. Kobe, M.C. Biesinger, N.S. McIntyre, Investigation of multiplet 
splitting of Fe 2p XPS spectra and bonding in iron compounds, Surf. Interface Anal. 
36 (2004) 1564–1574. 

[47] H. Schafer, S. Sadaf, L. Walder, K. Kuepper, S. Dinklage, J. Wollschlager, 
L. Schneider, M. Steinhart, J. Hardege, D. Daum, Stainless steel made to rust: a 
robust water-splitting catalyst with benchmark characteristics, Energy Environ. 
Sci. 8 (2015) 2685–2697. 

[48] M.C. Biesinger, B.P. Payne, A.P. Grosvenor, L.W.M. Lau, A.R. Gerson, R.S.C. Smart, 
Resolving surface chemical states in XPS analysis of first row transition metals, 
oxides and hydroxides: Cr, Mn, Fe, Co and Ni, Appl. Surf. Sci. 257 (2011) 
2717–2730. 

[49] J.F. Moulder, J. Chastain (eds.) in Handbook of X-ray Photoelectron Spectroscopy: 
a Reference Book of Standard Spectra for Identification and Interpretation of XPS 
Data, Perkin-Elmer Corporation 1992 Minn, update Eden Prairie. 

[50] H.B. Li, M.H. Yu, F.X. Wang, P. Liu, Y. Liang, J. Xiao, C.X. Wang, Y.X. Tong, G. 
W. Yang, Amorphous nickel hydroxide nanospheres with ultrahigh capacitance and 
energy density as electrochemical pseudocapacitor materials, Nat. Commun. 4 
(2013) 1894. 

[51] D.E. Haycock, M. Kasrai, C.J. Nicholls, D.S. Urch, The electronic structure of 
magnesium hydroxide (brucite) using X-ray emission, X-ray photoelectron, and 
auger spectroscopy, J. Chem. Soc., Dalton Trans. (12) (1978) 1791, https://doi. 
org/10.1039/dt9780001791. 

[52] M.W. Louie, A.T. Bell, An investigation of thin-film Ni-Fe oxide catalysts for the 
electrochemical evolution of oxygen, J. Am. Chem. Soc. 135 (2013) 12329–12337. 

[53] A. Bergmann, E. Martinez-Moreno, D. Teschner, P. Chernev, M. Gliech, J. Ferreira 
de Araújo, T. Reier, H. Dau, P. Strasser, Reversible amorphization and the 
catalytically active state of crystalline Co3O4 during oxygen evolution, Nat. 
Commun. 6 (2015) 8625. 

[54] F. Dionigi, Z.H. Zeng, I. Sinev, T. Merzdorf, S. Deshpande, N.B. Lopez, S. Kunze, 
I. Zegkinoglou, H. Sarodnik, D. Fan, A. Bergmann, J. Drnec, D.F. Araujo, M. Gliech, 
D. Teschner, J. Zhu, W.X. Li, J. Greeley, B.R. Cuenya, P. Strasser, In-situ structure 
and catalytic mechanism of NiFe and CoFe layered double hydroxides during 
oxygen evolution, Nat. Commun. 11 (2020) 2522. 

[55] D. Friebel, M.W. Louie, M. Bajdich, K.E. Sanwald, Y. Cai, A.M. Wise, M.J. Cheng, 
D. Sokaras, T.C. Weng, R. Alonso-Mori, R.C. Davis, J.R. Bargar, J.K. Norskov, 
A. Nilsson, A.T. Bell, Identification of highly active Fe sites in (Ni, Fe)OOH for 
electrocatalytic water splitting, J. Am. Chem. Soc. 137 (2015) 1305–1313. 

[56] X.L. Zhu, C. Tang, H.F. Wang, B.Q. Li, Q. Zhang, C.Y. Li, C.H. Yang, F. Wei, 
Monolithic-structured ternary hydroxides as freestanding bifunctional 
electrocatalysts for overall water splitting, J. Mater. Chem. A 4 (2016) 7245–7250. 

[57] C.Q. Dong, L.L. Han, C. Zhang, Z.H. Zhang, Scalable dealloying route to 
mesoporous ternary CoNiFe layered double hydroxides for efficient oxygen 
evolution, ACS Sustainable Chem. Eng. 6 (2018) 16096–16104. 

[58] Z.C. Wu, X. Wang, J.S. Huang, F. Gao, A Co-doped Ni-Fe mixed oxide mesoporous 
nanosheet array with low overpotential and high stability towards overall water 
splitting, J. Mater. Chem. A 6 (2018) 167–178. 

[59] A.C. Thenuwara, N.H. Attanayake, J. Yu, J.P. Perdew, E.J. Elzinga, Q.M. Yan, D. 
R. Strongin, Cobalt intercalated layered NiFe double hydroxides for the oxygen 
evolution reaction, J. Phys. Chem. B 122 (2018) 847–854. 

[60] M.B. Stevens, L.J. Enman, E.H. Korkus, J. Zaffran, C.D.M. Trang, J. Asbury, M. 
J. Kast, M.C. Toroker, S.E. Boettcher, Ternary Ni-Co-Fe oxyhydroxide oxygen 
evolution catalysts: intrinsic activity trends, electrical conductivity, and electronic 
band structure, Nano Res. 12 (2019) 2288–2295. 

[61] C. Wei, S.N. Sun, D. Mandler, X. Wang, S.Z. Qiao, Z.C. Xu, Approaches for 
measuring the surface areas of metal oxide electrocatalysts for determining their 
intrinsic electrocatalytic activity, Chem. Soc. Rev. 48 (2019) 2518–2534. 

[62] Y. Lee, J. Suntivich, K.J. May, E.E. Perry, Y. Shao-Horn, Synthesis and activities of 
rutile IrO2 and RuO2 nanoparticles for oxygen evolution in acid and alkaline 
solutions, J. Phys. Chem. Lett. 3 (2012) 399–404. 

[63] J. Hu, H. Meng, J. Zhang, C. Cao, Degradation mechanism of long service life Ti/ 
IrO2-Ta2O5 oxide anodes in sulphuric acid, Corros. Sci. 44 (2002) 1655–1668. 

[64] M.W. Louie, A.T. Bell, An advanced Ni-Fe layered double hydroxide electrocatalyst 
for water oxidation, J. Am. Chem. Soc. 135 (2013) 8452–8455. 

[65] W.J. Zhou, X.J. Wu, X.H. Cao, X. Huang, C.L. Tan, J. Tian, H. Liu, J.Y. Wang, 
H. Zhang, Ni3S2 nanorods/Ni foam composite electrode with low overpotential for 
electrocatalytic oxygen evolution, Energy Environ. Sci. 6 (2013) 2921. 

[66] L. Trotochaud, S.L. Young, J.K. Ranney, S.W. Boettcher, Nickel-iron oxyhydroxide 
oxygen-evolution electrocatalysts: the role of intentional and incidental iron 
incorporation, J. Am. Chem. Soc. 136 (2014) 6744–6753. 

[67] K. Fominykh, P. Chernev, I. Zaharieva, J. Sicklinger, G. Stefanic, M. Doblinger, 
A. Muller, A. Pokharel, S. Bocklein, C. Scheu, T. Bein, D. Fattakhova-Rohlfing, Iron- 
doped nickel oxide nanocrystals as highly efficient electrocatalysts for alkaline 
water splitting, ACS Nano 9 (2015) 5180–5188. 

[68] Y.F. Zhao, X.D. Jia, G.B. Chen, L. Shang, G.I.N. Waterhouse, L.Z. Wu, C.H. Tung, 
D. O’Hare, T.R. Zhang, Ultrafine NiO nanosheets stabilized by TiO2 from 

B. Hao et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S1385-8947(20)34452-1/h0070
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0070
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0070
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0070
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0075
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0075
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0075
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0080
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0080
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0080
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0080
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0085
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0085
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0085
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0090
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0090
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0090
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0095
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0095
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0095
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0095
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0100
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0100
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0100
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0100
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0105
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0105
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0105
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0105
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0110
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0110
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0110
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0115
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0115
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0115
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0120
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0120
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0120
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0125
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0125
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0125
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0130
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0130
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0135
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0135
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0135
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0140
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0140
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0145
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0145
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0145
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0150
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0150
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0150
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0155
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0155
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0160
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0160
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0160
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0160
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0165
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0165
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0165
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0170
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0170
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0170
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0175
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0175
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0175
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0180
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0180
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0180
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0185
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0185
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0185
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0185
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0190
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0190
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0195
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0195
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0195
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0200
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0200
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0205
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0205
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0205
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0210
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0210
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0215
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0215
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0215
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0215
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0220
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0220
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0225
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0225
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0225
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0230
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0230
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0230
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0235
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0235
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0235
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0235
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0240
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0240
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0240
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0240
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0250
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0250
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0250
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0250
https://doi.org/10.1039/dt9780001791
https://doi.org/10.1039/dt9780001791
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0260
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0260
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0265
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0265
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0265
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0265
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0270
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0270
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0270
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0270
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0270
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0275
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0275
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0275
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0275
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0280
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0280
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0280
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0285
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0285
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0285
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0290
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0290
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0290
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0295
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0295
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0295
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0300
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0300
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0300
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0300
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0305
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0305
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0305
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0310
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0310
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0310
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0315
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0315
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0320
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0320
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0325
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0325
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0325
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0330
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0330
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0330
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0335
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0335
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0335
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0335
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0340
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0340


Chemical Engineering Journal 410 (2021) 128340

10

monolayer NiTi-LDH precursors: an active water oxidation electrocatalyst, J. Am. 
Chem. Soc. 138 (2016) 6517–6524. 

B. Hao et al.                                                                                                                                                                                                                                     

http://refhub.elsevier.com/S1385-8947(20)34452-1/h0340
http://refhub.elsevier.com/S1385-8947(20)34452-1/h0340

	A high-performance oxygen evolution electrode of nanoporous Ni-based solid solution by simulating natural meteorites
	1 Introduction
	2 Results and discussion
	2.1 Synthesis and characterizations
	2.2 Electrocatalytic performances.

	3 Conclusions
	4 Experimental section
	4.1 Materials synthesis.
	4.2 Material characterizations
	4.3 Electrochemical measurements

	Declaration of Competing Interest
	Acknowledgment
	Author contributions
	Appendix A Supplementary data
	References


