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A B S T R A C T   

Tuning the crystal phase of metals and constructing the metal-oxide interface provide a new way to improve 
oxygen evolution reaction (OER) kinetics. Herein, we developed a room-temperature plasma topology conver-
sion of Fe3+ doping Ni(OH)2 nanosheets to porous hcp Ni engineered by FeOx clusters. X-ray absorption fine 
spectra established that they were formed via Ni-O-Fe bonds. The metal oxide-metal interfaces with benign 
geometry and electronic structures enable it to be applied as efficient electrocatalyst, exhibiting overpotential of 
226 mV at 10 mA cm− 2. In situ Raman spectra show that the interfacial action of FeOx cluster with Ni can 
stimulate the generation of active intermediate of γ-NiOOH, effectively promoting OER rate. DFT calculation 
further demonstrates the interaction accelerates desorption of O2 molecules on the surfaces. This work provides a 
simple and robust strategy to synthesize oxide clusters engineering metastable metal nanocatalysts, offering new 
platform to explore efficient catalysts in various fields.   

1. Introduction 

With the development of social economy and human society, the 
consummation of traditional fossil fuels and increasing demand of en-
ergy has been a challenging issue [1]. The associated environmental 
problem during the utilization of energy stimulates the development of 
sustainable energy carrier. Electrochemical water-splitting to create 
hydrogen on the cathode and oxygen on the anode represents one of the 
promising strategies to convert intermittent renewable energies, such as 
sunlight, wind, and hydropower, into storable chemical fuels [2]. In this 
process, oxygen evolution reaction (OER) is a critical step due to the 
involvement of four-electron process with slow sluggish kinetics. The 
key is to explore efficient catalysts to accelerate reaction. Noble metal 
oxide such as IrO2 or RuO2 are often used as bench mark OER catalysts 
with overpotential of 350 mV at 10 mA cm− 2 [3]. However, the 
earth-scarcity and high cost hinder their further practical applications. 

Great strides have been made towards the exploit of cheap earth- 
abundant sources to achieve efficient OER electrocatalysts [4]. Typi-
cally, late-first row elements including Fe, Co, Ni with unique 3d elec-
tronic structures enable them to have suitable chemical bond strength 
with catalytic reaction intermediates and thus are appealing for 

heterogeneous catalytic/electrocatalytic reactions [5,6]. A variety of 
strategies including doping external elements [7], manufacturing 
porous structures [8], integrating carbon [9], and constructing hetero-
structures [10] have been used to tune their electronic structures. 
Despite the enormous progress in making OER catalysts, it is always 
desirable while challenging to produce optimal nanostructured candi-
dates to decrease the overpotential further and increase the total elec-
trode activity. Actually, besides the tuned parameters such as the size 
[11], shape [12], and the mentioned above, the stacking mode of metal 
atoms in different crystal phase gives rise to distinct crystal structure and 
electronic property [13], greatly influencing intrinsic catalytic property 
of metals. Typical phase control of noble metal nanoparticles with 
distinct catalytic properties has been made good progress from Zhang’s 
group using wet-chemistry method [14–16]. Recently, Wang and co-
workers used hcp-phase NiFe nanoparticles to modify N doped carbon 
by pyrolysis of related MOFs, revealing superior OER performance to fcc 
counterpart [17]. Hcp phase of PtNi multipods possesses a higher HER 
activity than fcc phase [18]. Liu et al. found that hcp phase Co nano-
crystals exhibits higher performance than fcc Co in Fischer-Tropsch 
synthesis due to the lower CO dissociation on hcp Co [19]. Therefore, 
the realization of crystal-phase control of active electrocatalysts 
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provides a new path to optimize OER. Nevertheless, synthesis of meta-
stable crystal phase of transition metal-based electrocatalyst is 
nontrivial, and the assembly of highly efficient electrocatalytic system is 
still challenging. 

Herein, we put forward a facile CH4 plasma strategy to convert Fe3+

doped Ni(OH)2 nanosheets to porous hcp Ni nanosheets engineered by 
FeOx clusters (FeOx@hcp Ni). The constructed FeOx@hcp Ni has a 
confined metal− oxide interfaces with the combination of Ni-O-Fe bond, 
similar to the reverse catalysts in heterogeneous catalysis [20–22]. The 
strong interfacial interaction has been suggested to provide and stabilize 
highly active sites for molecular activation [23]. Such interfacial cata-
lytic chemistry has rarely been noticed or utilized for electrocatalysis. 
We show that interaction of hcp Ni and FeOx could be significantly 
enhanced via metal-FeOx interfaces with beneficial geometry and elec-
tronic structures, realizing excellent OER performance with an over-
potential of 226 mV at 10 mAcm− 2. In situ Raman tests show that the 
interfacial action of FeOx cluster with Ni can stimulate the generation of 
active intermediate of γ-NiOOH with Ni3.6+, which is superior to 
β-NiOOH with primary Ni3+. Meanwhile, DFT calculation further dem-
onstrates the interaction accelerates 

desorption of O2 molecules on the surfaces. The present electro-
catalysts of “metal oxide clusters on conductive metastable metal 
nanomaterials” may open a new way for the design of advanced elec-
trocatalytic system for various applications. 

2. Experimental 

2.1. Chemicals 

Carbon paper was purchased from Shanghai Hesen electric Co. Ltd. 
Ethanol, urea, potassium hydroxide, nickel (II) acetate tetrahydrate (Ni 
(Ac)2⋅4H2O), and Iron (III) chloride hexahydrate (FeCl3⋅6H2O) were 
purchased from Aladdin. Nafion (5 wt%) was purchased from Sigma- 
Aldrich. All the chemicals were used as received without further 
purification. 

2.2. Synthesis of Fe doped Ni(OH)2 nanosheets 

Fe doped Ni(OH)2 nanosheets was synthesized by a simple hydro-
thermal method. Briefly, 0.2488 g of Ni(Ac)2⋅4H2O, 0.0124 g of 
FeCl3⋅6H2O and 0.24 g of urea were added into 30 mL of distilled water. 
After stirring 15 min, the resulting mixture was transferred into a 50 mL 
Teflon-lined stainless-steel autoclave and maintained at 150℃ for 6 h. 
The resulting materials was collected by centrifugation after being 
rinsed with water and ethanol several times. The bare Ni(OH)2 nano-
sheets was also synthesized through a similar process without iron 
source. 

2.3. Synthesis of porous FeOx@hcp Ni nanosheets 

In a typical procedure, the quartz plate covered with Fe doped Ni 
(OH)2 nanosheets was placed in the reaction chamber of a plasma- 
enhanced chemical vapor deposition (PECVD) system, followed by 
CH4 plasma treatment at room temperature for 15 min with a base 
pressure of 20 Pa. The CH4 flux was 30 sccm at a power of 400 W. After 
the reaction was complete, the sample color was changed from yellow- 
green to black. Similarly, porous hcp Ni nanosheets was also synthesized 
by reducing Ni(OH)2 nanosheets. 

2.4. Characterizations 

X-ray diffraction (XRD) patterns were collected on a Rigaku Corpo-
ration UItimaIV diffractometer under Cu Kα radiation (40 kV, 40 mA, λ 
=1.5418 Å), recorded with 2θ ranging from 10◦ to 80◦. The morphol-
ogies and microstructures of the catalysts were investigated by scanning 
electron microscope (SEM: ZEISS MERLIN Compact, Germany), trans-
mission electronic microscope (TEM: Tecnai G2 Spirit TWIN, FEI), and 
high-resolution transmission electronic microscope (HRTEM) with FEG 
(Talos F200 X). X-ray photoelectronic spectroscopy (XPS) was per-
formed on an ESCALAB 250Xi system. Raman spectra were collected on 
a Smart System HR Evolution (Horiba JobinYvon, France) using 532 nm 
laser source. 

The XAFS at the Fe K (E◦ = 7112 eV) edge was gathered at 3.5 GeV in 
“top-up” mode with a constant current of 240 mA. The data were 
collected under fluorescence mode with a Lytle detector. The X-ray 
energy was calibrated with the absorption edge of pure Fe foil. Athena 
and Artemis codes were used to parse the data and fit the profiles. For 
the X-ray absorption near edge structure (XANES) part, the experimental 
absorption coefficients as function of energies μ(E) were managed by 
background subtraction and normalization procedures, and accounted 
as “normalized absorption”. For the extended X-ray absorption fine 
structure (EXAFS) part, the Fourier transformed (FT) data in R space 
were analyzed by applying feff model to Fe-O and Fe-Ni (Fe-O-Ni) 
contributions. The passive electron factors S0

2 were determined by fitting 
the experimental data on Fe foils and fixing the coordination number 
(CN) of Fe-Fe to be 8 + 6, and then fixed for further analysis of the 
measured samples. The parameters describing the electronic properties 
(e.g. correction to the photoelectron energy origin E◦) and local struc-
ture environment including CN, bond distance (R) around the absorbing 
atoms were allowed to guess during the fit process. The fitted ranges for 
k and R spaces were set to be k = 3-10 Å− 1 with R = 1–3.4 Å (k3 

weighted). 

Fig. 1. A typical schematic illustration for the synthesis of FeOx@hcp Ni.  
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2.5. Electrocatalytic performance evaluation 

The electrochemical tests were performed on a CHI 760E electro-
chemical workstation (CH Instruments, Inc., Shanghai) at room tem-
perature with standard three-electrode system, where Hg/HgO 
electrode served as the reference electrode, graphite rod as the counter 
electrode, respectively. The working electrode was prepared as follows. 
5.0 mg of electrocatalyst was dispersed in 1 mL ethanol and 80 μL Nafion 
solution (5 wt%, Sigma Aldrich) and sonicated 30 min. 10 μL of the 
catalyst ink was evenly coated onto the carbon paper with an area of 1 ×
1 cm2. 

The OER evaluations were performed in aqueous electrolyte of 1 M 
KOH. The potential was converted to RHE by equation of ERHE = EHg/HgO 
+ 0.098 + 0.059 pH. The linear-sweep voltammograms (LSV) were 
scanned from 0 to 0.7 V versus saturated Hg/HgO at a rate of 10 mV/s. 
The ohmic potential drop loss that arises from the solution resistance has 
been corrected by iR compensation. Tafel plots were fitted to the 
equation of η = a + b log j, where η is the overpotential, j is the cathodic 
current density, and b is the Tafel slope, respectively. Chronoampero-
metric tests were done at corresponding potential to deliver 20 mA/cm2 

for 20 h. Electrochemical impedance spectroscopy (EIS) was done in a 
frequency range of 0.01− 100 kHz at a bias potential of 1.53 V (vs. RHE). 
The double-layer capacitance (Cdl) values were estimated by CV curves 
at different scan rates in the range of 0.2− 0.3 V vs Hg/HgO. The Cdl is 

defined as Cdl =
dQ/dt
dU/dt

= dJ
dv, where Q represents the charge associated 

with movement of electrolyte ions and adsorption/desorption at the 
electrode-electrolyte interface, U is the applied potential, J is the cor-
responding current density, and v is the scan rate, respectively. 

2.6. Computation models and methods 

Spin-unrestricted calculations presented in this work were per-
formed using the Vienna ab initio Simulation Package (VASP) code [24, 
25]. The exchange-correlation function was described with generalized 
gradient approximation (GGA)-Perdew, Burke and Ernzerhof (PBE) 
function [26]. The electron wave function was expanded by means of 
plane waves with an energy cutoff of 400 eV. An hcp Ni (010) and Fe3O4 
cut from bulk FeO anchored on hcp Ni (010) were constructed to 
represent the pure-Ni and FeOx@hcp Ni (010) inverse catalyst. Hcp Ni 
(010) was modeled by an eight-layer slab with a (3 × 4) unit cell and a 
vacuum region is set to be 30 Å between repeated slabs. A (2 × 2×1) 
k-point mesh was used for pure Ni and FeOx@hcp Ni (010). In our 
calculations, the bottom two layers of hcp Ni (010) and FeOx@hcp Ni 
(010) were fixed at the bulk positions and the top six layers together 
with the adsorbates are allowed to relax. Energies and forces were 
converged to within 10–5 eV and 0.02 eV/Å, respectively. Vibrational 
analysis for all the adsorbates has also been carried out, and the thermal 
corrections to Gibbs free energy for all adsorbates were achieved using 
VASPKIT program. 

Gibbs free energy changes for the elementary reaction involved in 
OER were calculated as following:  

ΔG(OH) = G(OH*) + 1/2(G(H2) - kTln[H+]) + eU – G(*) – G(H2O)     (1)  

ΔG(O) = G(O*) + 1/2(G(H2) - kTln[H+]) + eU – G(OH*)                   (2)  

ΔG(OOH) = G(OOH*) + 1/2(G(H2) - kTln[H+]) + eU – G(O*) – G(H2O)(3)  

ΔG(O2) = G(*) + G(O2) – G(O2*)                                                    (4) 

The desorption energy (Ede) of O2 was calculated according to:  

Ede = E(O2) – E(catalyst) – E(O2/catalyst)                                           (5) 

where E(O2/catalyst), E(catalyst) and E(O2) represent the energy of O2 
adsorption structure, energy of catalyst and the energy of the isolated 
O2, respectively. 

3. Results and discussion 

3.1. Materials synthesis 

Fig. 1 illustrates the formation process of FeOx@hcp Ni nanosheets. 
Fe doped Ni(OH)2 nanosheets was firstly synthesized by a hydrothermal 
reaction. Then the as-obtained Fe doped Ni(OH)2 was transformed into 
FeOx@hcp Ni under CH4 plasma at room temperature. The material 
formation reaction can be formulated as follows. 

CH4 ̅̅→
Plasma

∗H + ∗CH3 + ∗CH2 + ∗C2H5 + ∗CH + etc. (1)     

Fe − Ni(OH)2 ̅̅̅̅̅̅̅̅̅̅̅̅̅̅→
CH4 Plasma

400 ◦C
FeOx@fcc Ni (3) 

In this process, the quantity of introducing Fe3+ has an impact on the 
microstructures of the final sample. The characterization of the pre-
cursors has been given in supporting information (Fig. S1). It is found 
that the excessive addition of iron source leads to the serious aggrega-
tion (Fig. S2). SEM images (Fig. S3) shows that the inheritance of 
morphology before and after plasma treatment maintained well. 

3.2. Characterizations 

Fig. 2a is XRD patterns of the samples converted from Ni(OH)2 and 
Fe doped Ni(OH)2. All the diffraction peaks can be indexed to the hcp Ni, 
consisting with the reported data [27]. For the obtained sample from 
conversion of Fe doped Ni(OH)2, the shift of diffraction peaks to low 
angle show the certain interaction of Fe with Ni (Fig. S1). No signals of 
crystalline Fe species occur in the pattern, implying that it may exist in 
the form of amorphous clusters. SEM images (Fig. 2b, c) show that the 
thickness of nanosheets is about 9− 10 nm. TEM image (Fig. 2d) of 
FeOx@hcp Ni reveals its rough surface with porous features, which can 
provide abundant active sites and facilitate electron transfer, interme-
diate adsorption and thus enhanced OER performance. The layer 
spacing of the nanosheets is ~1.8 nm (Fig. S4). Figs. S4c, S5 demonstrate 
that Fe atoms have merged into the lattice of Ni(OH)2, resulting in the 
slight expansion of lattice spacing from 0.238 nm to 0.241 nm. 
Furthermore, HRTEM fringes (Figs. 2e-h) show the (010) and (002) 
planes of hcp Ni, demonstrating in situ conversion of Ni(OH)2 results in 
the formation of nanopores in a process of the removal of hydroxyl 
radicals in a fast way [28]. We used the Brunauer–Emmett–Teller (BET) 
method to study the changes of specific surface area before and after 
plasma treatment. The specific surface area of the treated sample (104 
m2/g, FeOx@hcp Ni) is significantly higher than that over pristine 

Fe − Ni(OH)2 ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅→
CH4 Plasma

Room temperature
FeOx@hcp Ni (2)   

W. Yan et al.                                                                                                                                                                                                                                    



Applied Catalysis B: Environmental 284 (2021) 119687

4

Fe@Ni(OH)2 (38 m2/g,) (Fig. S6). The diameter of the nanopores in 
Fe@Ni(OH)2 is mainly in mesoporous scale, while the FeOx@hcp Ni has 
mesoporous and macroporous features. No iron-related lattices were 
observed, further revealing amorphous nature of iron species. The 
diffraction rings in SAED pattern (Fig. 2i) illustrate polycrystalline na-
ture of the sample, which can be indexed to (002), (011) and (012) 
planes of hcp Ni. As given in Figs. 2j-m, S6, the energy dispersion 
spectrum (EDS) and element mapping of FeOx@hcp Ni indicates that Ni, 
Fe and O atoms are evenly distributed over the nanosheets, further 
proving that the sample is probably existed as FeOx@hcp Ni. Unfortu-
nately, the strong magnetic property of the samples challenges the detail 
observation of surface FeOx clusters. 

XANES of Fe K-edge of FeOx@hcp Ni was used (Fig. 3a) to further 
probe into the fine structure of FeOx@hcp Ni. In comparison with the 
reference Fe foils, Fe2O3, and Fe3O4, Fe edges over FeOx@hcp Ni have 
similar edge shape to that of Fe3O4 reference, indicating that the average 
oxidation state is close to Fe (III) state [29]. Fig. 3b gives EXAFS to detail 
the local coordination environment of Fe atoms. The spectrum gives two 
peaks with total Gaussian distribution at about 1.99 Å and 3.04 Å, which 
is different from the Fe foil. The EXAFS with the data-fitting in R space 
was to determine the short-range local coordination condition including 
distances and coordination number (CN) around the Fe atoms. On the 
basis of EXAFS fitting (Fig. 3c and Table S1), two strong peaks at 1.99 Å 
with CN of 4.9 and 3.04 Å with 4.7 were identified for the Fe-O and Ni-Fe 
bonds [30,31], respectively. The results are consistent with XPS and 

HRTEM analysis, confirming the presence of FeOx clusters. H2-TPR over 
FeOx@hcp Ni and the mixture of Fe2O3 and Fe3O4 show two intense 
reduction peaks (Fig. 3d), corresponding to the reduction of Fe3+ and 
Fe2+, respectively, showing that Fe is in the form of oxides [32,33]. 
However, the reduction peaks move to the low temperature region for 
the FeOx@hcp Ni due to the reduction of FeOx clusters interfered by 
interacting with Ni. H2-TPR of NiO (Fig.S8) reveals the different 
reduction peak position from FeOx@hcp Ni, indicating that no NiO 
presented in the sample. 

XPS was performed to investigate the surface composition and 
chemical states of the as-prepared samples. The survey spectrum of 
original Fe doped Ni(OH)2 and the as-obtained FeOx@hcp Ni (Fig. S9) 
reveal the presence of O, Ni, Fe without other impurities. The high 
resolution Ni 2p spectra of pristine Ni(OH)2 in Fig. 4a reveal the binding 
energies at 855.1 (Ni 2p3/2) and 872.8 eV (Ni 2p1/2) for Ni2+, accom-
panying with two satellite peaks at 861.4 and 879.2 eV [34]. In Fe doped 
Ni(OH)2, the binding energies of both Ni 2p3/2 and Ni 2p1/2 have posi-
tive shift of ~ 0.3 eV [35], suggesting the interaction of Fe3+ with Ni 
(OH)2. After plasma treatment, as shown in Fig. 3b, the 

main peaks of Ni 2p at 852.6 and 869.8 eV can be assigned to Ni 2p3/ 

2 and Ni 2p1/2 of Ni0 over the obtained hcp Ni, respectively [36]. The 
weak signals at 856.4 and 873.4 eV belonged to Ni 2p3/2 and Ni 2p1/2 of 
Ni2+ state with the satellite peaks at 860.9 and 879.1 eV, which is caused 
by inevitable oxidation during sample processing. The Ni 2p of 
FeOx@hcp Ni shows similar signals. However, the binding energy of Ni 

Fig. 2. Structure characterizations of FeOx@hcp Ni: (a) XRD patterns, (b-c) low and high magnified SEM images, (d-e) Low and high magnification TEM images, (f-h) 
HRTEM images, (i) SAED pattern,and (j-m) Elemental mapping images of Ni, Fe, and O. 
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Fig. 3. (a) The normalized Fe-edge XANES spectra of different samples and references, (b) Fourier transform magnitudes of the experiment Fe K-edge EXAFS spectra 
of Fe foil, (c) Fourier-transformed magnitudes of Fe K-edge EXAFS spectra in R space for FeOx@hcp Ni, and (d) H2-TPR profiles over a mixture of Fe2O3 and Fe3O4 
and FeOx@hcp Ni. 

Fig. 4. XPS spectra of (a) Ni 2p of Ni(OH)2 and Fe doped Ni(OH)2, (b) Ni 2p of hcp Ni and FeOx@hcp Ni, (c) Fe 2p of FeOx@hcp Ni, Fe doped Ni(OH)2, and (d) O 1s 
of Fe doped Ni(OH)2 and FeOx@hcp Ni. 
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2p exhibits a shift of ~0.2 eV to the positive direction compared to single 
hcp Ni due to the electronic interaction between FeOx and hcp Ni. That 
is to say, the valence electrons can be transferred to FeOx clusters, 
leading to the improved valence of Ni. Fig. 4c gives binding energies of 
Fe 2p, showing that 712.3 and 725.2 eV correspond to the state of Fe3+

in the sample of Fe doped Ni(OH)2 [37]. For FeOx@hcp Ni, the peaks 
have a negative shift of ~ 0.1 eV, implying that the valence state of Fe is 
descended slightly due to the acceptance of electrons from Ni. The re-
sults are consisting with the XAFS. The O 1s signal of 529.4 eV is for the 
newly formed FeOx clusters, showing the combination of iron and ox-
ygen during the synthetic process (Fig. 4d) [38]. While the peaks at 
531.1 eV and 532.8 eV are for the adsorbed water molecules and hy-
droxyl groups in Fe doped Ni(OH)2, respectively. 

3.3. Electrocatalytic OER performance 

The electrocatalytic OER performances of the as-obtained FeOx@hcp 
Ni, hcp Ni, Fe doped Ni(OH)2, Ni(OH)2, and standard IrO2 were evaluated 
at a scan rate of 10 mV s− 1. As shown in Fig. 5a, the Fe doped Ni(OH)2 
exhibits lower overpotential (317 mV) at 10 mA cm-2 compared to Ni(OH)2 
(349 mV), suggesting the incorporation of Fe promotes the catalytic per-
formance. To attain a current density of 10 mA cm-2 and 100 mA cm-2, 
porous single hcp Ni nanosheets requires an overpotential of 309 mV and 
453 mV, respectively. Remarkably, FeOx@hcp Ni requires only 226 mV to 
realize current density of 10 mA cm-2 and 310 mV to achieve 100 mA cm-2, 
respectively, demonstrating substantial improvement in OER activity 
compared with Ni(OH)2 (100 mA cm-2 at 670 mV). Furthermore, the OER 
performance over FeOx@hcp Ni is also superior to fcc Ni supported FeOx 
(255 mV) at 10 mA cm-2 (Fig. S12b). The Tafel slope over FeOx@hcp Ni is 
determined to be 68.1 mV dec− 1, which is much less than that of FeOx@fcc 
Ni (85.1 mV dec− 1) (Fig. S12c), showing better kinetic for OER on hcp 
phase. Nyquist plots (Fig. S12d) show that FeOx@hcp Ni has higher con-
ductivity. The distinction of OER activity between two samples mainly 
from the different phase of Ni. Hcp phase Ni nanosheets has different 
crystal structures and electronic property from fcc phase Ni, resulting in the 
remarkable electronic interaction with FeOx clusters. The activity is also 
better than those of most reported similar examples (Table S2). Fig. 5c is 
Tafel plots of the corresponding polarization curves. The Tafel slopes over 

FeOx@hcp Ni (68.1 mV dec− 1) is much less than that of hcp Ni (88.5 mV 
dec− 1), Fe doped Ni(OH)2 (98.4 mV dec− 1), Ni(OH)2 (146.5 mV dec− 1), 
and IrO2 (93.6 mV dec− 1). The lowest Tafel slope value of FeOx@hcp Ni 
indicates the higher catalytic kinetics [39]. To further illustrate the supe-
rior catalytic performance, electrochemical impedance spectroscopy (EIS) 
measurement was carried out. Nyquist plots (Fig. 5d) show that FeOx@hcp 
Ni (3.5 Ω) has the highest conductivity, suggesting its good electron 
transfer capacity. Charge transfer resistance (Rct) is also reduced with the 
introduction of Fe into Ni(OH)2, implying that Fe doped Ni(OH)2 (13.5 Ω) 
has better electron transportability than bare Ni(OH)2 (35.7 Ω). 

In general, the electrochemical active surface area (ECSA) is closely 
related to the activity of each catalyst, which can be estimated by 
double-layer capacitance (Cdl) from cyclic voltammetry (CV, Fig. S13) in 
the non-faradic region [40]. As depicted in Fig. 5e, the Cdl values of 
FeOx@hcp Ni, Fe doped Ni(OH)2, hcp Ni, Ni(OH)2 is 8.4, 5.4, 5.1 and 
2.8 m F cm− 2, respectively, demonstrating that FeOx@hcp Ni has the 
highest ECSA. The stability is also an important parameter for catalysts. 
As illustrated in Fig. 5f, the polarization curve of FeOx@hcp Ni exhibits 
negligible loss after testing 2500 cycles, showing good stability of the 
catalyst. Furthermore, the FeOx@hcp Ni displays excellent durability at 
current density of 20 mA cm− 2 after 20 h, retaining the original 
morphology, crystal phase (Fig. S15), and porous structure (Fig.S14). 

3.4. Analysis of OER mechanism 

In order to gain better understanding of the dominant phase in the 
reaction, we analyzed the interfacial active phase of the catalyst in the 
electrochemical process by operando Raman spectroscopy [41]. Fig. 6a 
shows a series of Raman spectra over FeOx@hcp Ni at selected applied 
potentials vs Hg/HgO. The electrode surface undergoes phase trans-
formation at the potential of 0− 0.65 V. As the potential goes at 0.4 V, the 
signals of γ-NiOOH with Ni3.6+ (it is superior to β-NiOOH with primary 
Ni3+ [41]) appear at 475 cm− 1 and 555 cm− 1, similar to the reported 
NiOOH as key intermediate of OER [42–44]. 

The computational results show that the hcp Ni catalyst is actually 
conducive to the formation of O2 from the electrochemical point of view 
[45]. All the elementary reactions involving proton-electron pair 
demonstrate that the formation of *OOH is the potential-limiting step of 

Fig. 5. Electrocatalytic OER evaluations. (a) Polarization curves, (b) the overpotentials over various electrocatalysts at 10, 50, and 100 mA cm− 2, (c) the corre-
sponding Tafel plots, (d) Nyquist plots at 1.53 V vs RHE, (e) the plot of capacitive currents vs scan rates at 1.15 V vs RHE, and (f) The Chrono-potentiometric curves of 
OER test at 20 mA cm− 2. The inset is polarization curves of FeOx@hcp Ni for the durability test after 2500 CV cycles. 
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the OER (Fig. S17). If the O2 desorption process (a thermochemical re-
action) is not considered, the theoretical overpotentials for the hcp Ni 
(010) and FeOx@hcp Ni (010) catalyst are 0.24 V and 0.51 V, respec-
tively. However, when O2 formed, it exists on the catalyst surface in an 
adsorbed state. Therefore, there must be an O2 desorption process in the 
whole reaction, which should also be considered. From Fig. 6b it can be 
speculated that hcp Ni (010) catalyst has strong adsorption to O2, thus it 
is relatively difficult for O2 to desorb from the surface of hcp Ni (010). 
The desorption free energy for O2 molecules on hcp Ni (010) and 
FeOx@hcp Ni (010) catalyst are estimated to be 1.55 eV and 1.07 eV, 
respectively, which is obviously higher than the theoretical over-
potentials of those two catalysts. Moreover, It is obvious from the DOS 
diagram (Fig. 6c, d) that the oxygen molecules produced by H2O 
decomposition can be effectively adsorbed on the surface of the hcp Ni 
(010) and FeOx@hcp Ni (010) catalysts. However, on the surface of hcp 
Ni (010) catalyst, there are obviously more oxygen p bands and d bands 
with similar energy and shape. This is to say that O2 has stronger 
interaction with the hcp Ni (010) catalyst, which is the reason why O2 
has higher desorption energy on the surface of the hcp Ni (010) catalyst. 
Therefore, the desorption process of O2 is probably the key factor 
affecting the catalytic activity of hcp Ni (010) and FeOx@hcp Ni (010) 
towards OER. 

4. Conclusion 

In summary, for the first time, we have synthesized FeOx@hcp Ni 
inverse electrocatalysts via a simple room temperature plasma process. 
The detail structure from XAFS, HRTEM, and H2-TPR confirmed the 
presence of FeOx clusters-Ni interfaces with a bond of Ni-O-Fe. The 
interfacial interaction between FeOx clusters and hcp Ni endows the 
catalysts with beneficial geometry and electronic structures, facilitating 
the OER. It exhibits outstanding OER performance with 226 mV over-
potential at 10 mA cm− 2, which is better than many reported data. The 

DFT calculation shows when the FeOx cluster is introduced, the desorp-
tion process of oxygen is optimized and overpotential is further reduced in 
comparison with single hcp Ni. In situ Raman spectra demonstrate that 
the formation of γ-NiOOH intermediate is beneficial for OER. This work 
presents a general and facile method to design unusual metal nano-
catalysts and related hybrid catalytic system. We believe that a variety of 
key catalytic reactions can be enhanced over the metastable-phase model 
catalysts, promoting the establishment of structure-property relationship. 
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