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Abstract 

Designing highly active and stable electrocatalysts for oxygen evolution reaction (OER) is the 

key to success in sustainable water splitting reaction, a sustainable route towards high purity 

hydrogen production. Interface engineering is one of the most effective strategies for modulating 

the local electronic structure of active sites to enhance catalytic activity. Herein, NiFe2O4−x 

nanoparticles were integrated to NiMoO4 nanowires (NiFe2O4−x/NMO) grown on nickel foam to 

construct an extended interface with strong electronic interactions. The NiFe2O4−x/NMO 

demonstrates high OER activities as manifested by a low overpotential of 326 mV at a high 

current density of 600 mA cm−2 and good long-term stability. The intimate interface between 

NiFe2O4−x and NiMoO4 is responsible for the Fe-facilitated phase transition to active γ-NiOOH 

phase as revealed by in situ Raman spectroelectrochemical studies. This study outlines how the 

interface design of integrated nanostructures can optimize the formation of active phase for 

enhanced catalytic activity.  
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1. Introduction 

Electrochemical water splitting has emerged as a promising technology for producing hydrogen, 

a clean and renewable energy carrier [1, 2]. The efficiency of overall water electrolysis is 

kinetically controlled by the more sluggish anodic oxygen evolution reaction (OER) [3, 4]. 

Noble metal catalysts such as RuO2 and IrO2 can significantly reduce the overpotential for OER, 

but their scarcity and high cost impede their use in the practical application of water splitting [5]. 

Over the past decade, transition metal-based materials (Fe, Co, and Ni oxides, hydroxides, and 

oxyhydroxides) have shown high conversion efficiencies towards OER [5, 6]. Furthermore, the 

composites made of binary or ternary transition metal systems allow the fine tuning of 

interaction with the substrate, leading to improved reaction efficiency as well as stability [7, 8]. 

Although such transition metal composites can deliver overpotential values close to those of 

noble metal-based catalysts, achieving continuous and stable OER performance at high current 

density (≥ 500 mA cm−2) still remains a challenge [9, 10]. 

The optimizations for structural and electronic configuration must be considered in order to 

realize a high current (high reaction rate) at low overpotential. Increasing the surface area of an 

electrocatalyst can expose more active sites, thus boosting the reaction rate at a given 

overpotential [11, 12]. Lower contact resistance, which is often needed for high energy 

efficiency, can be achieved by directly growing nanostructured catalysts on a conductive 

substrate [13, 14]. Also, the pores in nanostructures are known to be beneficial for charge/mass 

transfer as well as the dissociation of oxygen bubbles during OER [12, 15]. As an atomic scale 

tool for constructing desired interfaces between nanostructures, interface engineering has been 

extensively engaged to modulate the electronic configuration of component materials [16-18]. It 

can combine the structural merits of each component to enhance the reaction kinetic, and thus 
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boost the catalytic activity and stability of nanocomposites [19-21]. For example, Jiang et al. 

altered the electronic configuration of spinel NiCo2O4 interface by using double-exchange 

interaction of cations to tune the binding energy of OER intermediates [22]. Li et al. modulated 

the electronic configuration of the interface between NiS nanodots and NiTe nanoarrays to in situ 

generate active species that can accelerate the formation of M–OOH (M = metal sites) and 

thereby enhancing the catalytic OER efficiency [23]. The integration of nanoparticles (NPs) onto 

a nanowire structure allows the creation and fine tuning of abundant interfaces that are easily 

accessible for substrates. The increased population of surface active sites together with the 

facilitated electron transfer in the conductive nanowire arrays can produce highly efficient 

catalytic system. However, the fabrication of such composites often suffers from the 

agglomeration and deformation of NPs during electrode preparation as well as electrolysis, 

eventually compromising the structural stability and performance of composite [24, 25]. A 

rational synthetic approach is required to construct well-defined and rigid NP/nanowire 

interfaces to consolidate the structural and collegial advantages while avoiding the stability 

problem. 

Herein, we report a novel nanoarchitecture of oxygen vacancy-rich NiFe2O4−x NPs anchored 

on NiMoO4 (NMO) nanowire arrays. NiFe Prussian blue analogs (NiFe PBA) were first 

immobilized on the NMO nanowires that were grown on a Ni foam by a simple hydrothermal 

method. The subsequent thermal treatment converts the NiFe PBA to NiFe2O4−x NPs, forming an 

intimate interface with the NMO nanowire that exhibits excellent OER activity with a low 

overpotential of 326 mV at a high current density of 600 mA cm−2 in 1.0 M KOH, as well as 

good stability (1 % loss in 40 h reaction). The effects of solvent on the growth of NiFe PBA and 

the resultant NiFe2O4−x NPs are explored to modulate the interface formation with NMO 
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nanowire. Based on in situ Raman spectroelectrochemical measurements, the phase transition 

process of NiFe2O4−x/NMO that leads to the formation of active species is studied to understand 

its excellent OER performance. 

 

2. Experimental Section 

2.1. Synthesis of NMO-H on nickel foam 

Ni(NO3)2·6H2O (0.175 g) and Na2MoO4·2H2O (0.145 g) were dissolved in deionized water (DI 

water, 10 mL) and mixed under stirring for 30 min. This mixed solution was then transferred to a 

15 mL Teflon-lined autoclave. A Ni foam (1.0 × 3.5 cm2) was rinsed with 1.0 M HCl, acetone, 

and ethanol under sonication for 15 min, respectively. This pre-treated Ni foam was then put into 

the autoclave containing the mixed solution, followed by heating at 150 ℃ for 4 h. After natural 

cooling to 25 ℃, the sample was taken out, rinsed with DI water and ethanol, and dried in the 

vacuum oven at 60 ℃ for 12 h.  

2.2. Synthesis of NiFe PBA/NMO-H composites 

Briefly, 0.8 mg of K3[Fe(CN)6] was dissolved in a 10 mL mixed solution of ethanol and H2O 

[three-volume ratios (EtOH : H2O = 25:75, 75:25, and 100:0)]. The as-prepared NMO-H on Ni 

foam were placed in these solutions and kept for 3 h under stirring, respectively. The samples 

were taken out, rinsed using ethanol, and dried in a vacuum oven at 60 ℃ for 12 h. The obtained 

samples were denoted as NiFe PBA/NMO-H-25, NiFe PBA/NMO-H-75, and NiFe PBA/NMO-

H-100 based on the percentage of EtOH used. 

2.3. Preparation of NiFe2O4−x/NMO composites 
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The as-obtained NiFe PBA/NMO-H composites on Ni foam were calcined at 400 ℃ for 2 h 

(heating rate = 3 ℃ min−1) under air flow. For comparison, the NMO-H on the Ni foam was also 

calcined under the same conditions. The mass loading of the as-prepared samples is shown in 

Table S1. 

2.4. Materials characterizations 

The surface morphology of materials was studied by a field emission-scanning electron 

microscope (FE-SEM, Hitachi S-4800). Further characterization of morphology and structure 

was performed using a high-resolution transmission electron microscope (HRTEM, JEOL JEM-

2010F). Raman spectra were acquired using a 785 nm excitation laser on a Raman spectrometer 

(Confocal Micro Raman Spectroscopy System, Renishaw). The crystal structures of materials 

were investigated by X-ray diffractometer (XRD, Bruker D8-Advance, Cu Kα radiation). 

Fourier-transform infrared (FTIR, Nicolet 6700 spectrometer) spectra were obtained in the range 

of 400 to 4000 cm−1. X-ray photoelectron spectroscopy (XPS) was carried out on an AXIS-His 

spectrometer. The Al Kα was used as an X-ray source. A Casa XPS software was employed to 

analyze the acquired XPS spectra. A BELSORP-mini II instrument was used to obtain nitrogen 

adsorption-desorption isotherms. The oxygen vacancy of samples was characterized by an 

Electron paramagnetic resonance (EPR) spectrometer (ADANI SPINSCAN X spectrometer). For 

a precise comparison of EPR spectra, the same mass loading was used for all the samples. 

Thermal analysis was carried out on a TGA/DSC1 (Mettler Toledo Corporation instrument) from 

25 to 700 ℃ with a heating rate of 3 ℃ min−1 in airflow.  

2.5. In situ Raman spectroelectrochemical investigation 

A Raman spectrometer (Confocal Micro-Raman Spectroscopy System, Renishaw) equipped with 

a 50x objective lens was used with a customized electrochemical cell for in situ Raman 
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measurement. The 785 nm stream-line excitation laser with a power of 1.5 mW was used to 

obtain Raman spectra. The prepared catalysts, Pt wire, and Hg/HgO electrode (1.0 M KOH) were 

served as the working, counter, and reference electrodes, respectively. The in situ Raman 

spectrum of each working electrode was recorded three times from 100 to 1200 cm−1 with an 

acquisition time of 20 s at different potentials during a current-time (i-t) measurement. The 

applied potential was increased stepwise from 0.93 to 1.63 V with an interval of 0.05 V. At each 

step, the potential was applied for three minutes. After the initial activation steps, the samples 

were further activated by 35 cycles of cyclic voltammetric (CV) scans, and another set of in situ 

Raman spectra was collected in the applied potential range from 0.93 to 1.73 V. 

2.6. Electrochemical measurements 

All the electrochemical tests were conducted on an electrochemical workstation (Metrohm AG 

Autolab workstation, PGSTAT 302N) with a standard three-electrode system in O2-saturated 1.0 

M KOH. The prepared catalysts (0.5 × 1.0 cm2) were served as the working electrode. For the 

counter and reference electrodes, the Pt plate and the Hg/HgO electrode (1.0 M KOH) were used, 

respectively. All potentials in this manuscript were calibrated to a reversible hydrogen electrode 

(RHE) value according to the Eq. (1): ERHE = EHg/HgO + 0.14 + 0.059 × pH. Linear sweep 

voltammetry (LSV) was performed at a scan rate of 0.5 mV s−1 to avoid the interference from Ni 

oxidation current. Prior to LSV measurements, the samples activated by 35 CV cycles between 

1.0 and 1.8 V at a scanning rate of 5 mV s−1. Electrochemical impedance spectra (EIS) were 

recorded in a frequency range of 0.1 Hz-100 kHz with a 5 mV amplitude at 1.52 V. Double-layer 

capacitance (Cdl) was estimated based on the CV curves recorded in the non-faradaic region 

(1.00 to 1.10 V) at various scan rates. Linear slope was extracted from the plot of capacitive 

current densities (∆J, Janodic − Jcathodic) at 1.05 V as a function of scan rates, where the Cdl was 
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estimated as half of the linear slope. Chronoamperometry was performed for 40 h at the fixed 

potentials to evaluate the stability of the catalysts. All polarization curves in this manuscript were 

corrected with a 65 % iR compensation unless otherwise stated. 

3. Results and discussion 

3.1. Preparation and characterization of NiFe PBA/NMO-H arrays 

The schematics shown in Fig. 1a illustrates the procedure for fabricating NiFe2O4−x NPs-

integrated NMO nanowires on Ni foam. First, hydrated NMO nanowires (NiMoO4·H2O, NMO-

H) were vertically grown on a Ni foam by a hydrothermal synthesis [26]. NiFe PBA was then 

formed on the NMO-H by in situ ion exchange reaction (NiFe PBA/NMO-H) [27], in which the 

size of NiFe PBA was tuned by varying the solvent composition (water/ethanol mixture) and 

thus solvent polarity. The NiFe PBA/NMO-H products were denoted as NiFe PBA/NMO-H-25, 

NiFe PBA/NMO-H-75, and NiFe PBA/NMO-H-100 based on the vol.% of water used in the ion 

exchange reaction. The subsequent thermal decomposition of NiFe PBA/NMO-H yielded the 

NiFe2O4−x NPs-integrated NMO nanowires (NiFe2O4−x/NMO). 

Scanning electron microscopy (SEM) images in Fig. S1a and S1b show the uniform 

distribution of NMO-H nanowires (average length = 3.5 μm) on the Ni foam. Similar nanowire 

structures are observed from the NiFe PBA/NMO-H-25 with the surface of NMO-H covered 

with tiny NiFe PBA NPs (Fig. S1c and S1d). Transmission electron microscopy (TEM) image of 

the NiFe PBA/NMO-H-25 reveals the tightly packed NiFe PBA NPs (average d = 16 nm) that 

appear almost as a film on NMO-H nanowire (Fig. S2a). Energy dispersive X-ray (EDX) 

elemental mapping confirms that Mo and O atoms are mainly located in the core of the NMO-H 

nanowire, while Fe and K atoms are mostly found on the NiFe PBA NPs (Fig. S2c). This is well 

explained by the surface dissolution of MoO4
2− for ion exchange with K+ and [Fe(CN)6]3− [28], 



9 

 

leading to the formation of NiFe PBA NPs. Fourier-transform infrared (FT-IR) spectrum of NiFe 

PBA/NMO-H-25 identifies the characteristic peak for cyanide group (–CN) at ca. 2100 cm−1, 

which corresponds to the stretching vibrations in FeIII–CN–NiII in the PBA structure (Fig. S3a 

and S3b) [27]. The X-ray diffraction (XRD) pattern of NMO-H matches that of the hydrated 

NiMoO4 (JCPDS 13-0128) [29], while NiFe PBA/NMO-H-25 shows two additional peaks at 

17.3° and 24.6°, which are ascribed to the (200) and (220) planes of KNi[Fe(CN)6], respectively 

(JCPDS 51-1897, Fig. S3c), confirming the formation of NiFe PBA [30]. Interestingly, the size 

of NiFe PBA NPs increases from 16 to 84 and 128 nm as the volume ratio of water in the 

reaction solution changes from 25 to 75 and 100%, respectively (Fig. S4). The low solubility of 

K3[Fe(CN6)] in ethanol is believed to affect the nucleation and growth rates of NiFe PBA [31]. 

3.2. Preparation and characterization of NiFe2O4−x/NMO arrays 

The calcination of NiFe PBA/NMO-H-25 at 400 ℃ under air atmosphere converted NiFe PBA 

to NiFe2O4−x NPs on the NMO surface, maintaining the core/shell-type nanowire structure. The –

CN group connecting Ni and Fe atoms in PBA is thermally decomposed, releasing CO2 and NOx 

gases that may create pores as they escape [32, 33]. For comparison, NMO-H nanowires were 

also calcined under the same conditions and denoted as NMO. The morphology and structure of 

NiFe2O4-x/NMO and NMO were first investigated by SEM. The as-prepared NiFe2O4−x/NMO-25 

exhibits a NPs-integrated nanowire morphology similar to that of NiFe PBA/NMO-H (Fig. 1b 

and 1c). The average diameter of NPs on NiFe2O4−x/NMO-25 has decreased to 11 nm compared 

with those on NiFe PBA/NMO-H-25 (16 nm) due to thermal decomposition. The XRD patterns 

of NiFe2O4−x/NMO-25 and NMO (Fig. 1d) are similar and both can be assigned to NiMoO4·H2O 

(JCPSD 13-0128). An additional peak at 18.6° is observed from NiFe2O4−x/NMO-25 and 

assigned to the (111) plane of spinel NiFe2O4 (JCPDS 74-1913). This peak is weak and broad 
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due to the relatively small amount of NiFe2O4−x compared with NMO, as well as the low 

crystallinity of NiFe2O4−x. Thermogravimetric analysis (TGA) confirms the removal of both 

chemically and physically absorbed hydrates of NMO-H without phase transformation during the 

calcination process at 400 °C (Fig. S6). Raman spectroscopy was engaged to further characterize 

the structures of NiFe2O4−x/NMO-25 and NMO (Fig. 1e). Both NiFe2O4−x/NMO-25 and NMO 

display characteristic Raman peaks at 354, 828, 871, and 948 cm−1, which are attributed to the 

Mo-O vibration modes of NiMoO4, a result that is in good agreement with previous reports [29, 

34]. In addition, the broad Raman band at ca. 550 cm−1 of NiFe2O4−x/NMO-25, echoing results 

of the XRD analysis, suggests a structural disorder of Ni–Fe oxide [35]. 

Fig. 2 compares the TEM and EDX elemental mapping images of NiFe2O4−x/NMO samples. 

The TEM image of NiFe2O4−x/NMO-25 (Fig. 2a) clearly shows the integration of NiFe2O4−x NPs 

on the NMO nanowire. These NiFe2O4−x NPs exhibit a narrow size distribution (average d = 11 

nm), which is smaller than their precursor, NiFe PBA NPs (ca. 16 nm), due to the loss of –CN 

ligands by thermal decomposition (Fig. S7a). The HRTEM image in Fig. 2b reveals three 

distinct domains (areas I, II, and III) of NiFe2O4−x/NMO-25: low-crystalline NiFe2O4−x (area I), 

polycrystalline NMO (area III), and the interface of NiFe2O4−x and NMO (area II) as further 

proved by the corresponding fast Fourier transform (FFT) diffraction patterns. The lattice 

spacing of 1.89 Å observed from NiFe2O4−x can be assigned to the (331) plane of NiFe2O4 (Fig. 

2c). Elemental mapping images (Fig. 2d) indicate that Fe and Mo atoms are particularly 

concentrated on the outer and inner structures, respectively, while Ni atoms are uniformly 

distributed over the entire area, confirming the NiFe2O4−x/NMO-25 structure. 

Changes in solvent polarity during NiFe PBA formation affect the size of PBA NPs as well 

as that of the resultant NiFe2O4−x NPs. Fig. 2e and 2i are the TEM images of NiFe2O4−x/NMO-75 
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and NiFe2O4−x/NMO-100 that show the integrated NiFe2O4−x NPs of ca. 51 and 70 nm, 

respectively (Fig. S7b and S7c). Similar to NiFe2O4−x/NMO-25, both NiFe2O4−x/NMO-75 and 

NiFe2O4−x/NMO-100 display a weak XRD peak at 18.6° in addition to the features of NMO, 

indicating the (111) plane of spinel NiFe2O4 (Fig. S8). The HRTEM images shown in Fig. 2g 

and 2k reveal the lattice fringes of NiFe2O4−x/NMO-75 and NiFe2O4−x/NMO-100, which exhibit 

the d-spacing of 2.49 and 1.59 Å matching the (331) and the (511) planes of NiFe2O4, 

respectively. The presence of three domains of areas I, II, and III are also evident as supported by 

the corresponding FFT patterns (Fig. 2f and 2j). Moreover, the elemental distributions of 

NiFe2O4−x/NMO-75 and NiFe2O4−x/NMO-100 (Fig. 2h and 2l) clearly show the interfacial 

boundaries between NiFe2O4−x and NMO. It is worth noting that although the contact interface 

between NiFe2O4−x NPs and NMO nanowire increases with the size of NiFe2O4−x NPs, the 

NiFe2O4−x film covering the NMO nanowire diminishes.  

The CO2 and NOx gases released during the thermal decomposition of NiFe PBA may induce 

pores in NiFe2O4−x. Nitrogen adsorption-desorption isotherm was obtained to determine the 

surface area and total pore volume of NiFe2O4−x/NMO samples (Fig. 3a). Brunauer–Emmett–

Teller (BET) surface area analyses indicate the mesoporous feature of all samples with a specific 

area of 50.6, 52.6, and 67.1 m2 g−1 for NiFe2O4−x/NMO-100, NiFe2O4−x/NMO-75, and 

NiFe2O4−x/NMO-25, respectively (Table S2). In addition, the increasing number of pores under 

5 nm implies the formation of pores inside the NiFe2O4−x/NMO-25 sample (inset in Fig. 3a). 

To further elucidate the surface electronic configuration and chemical composition, X-ray 

photoelectron spectroscopy (XPS) was conducted on the NiFe2O4−x/NMO nanostructures. The 

survey spectra confirm the coexistence of Ni, Fe, Mo, and O elements in all samples (Fig. S9a). 

The surface Ni/Fe atomic ratio for NiFe2O4−x/NMO-25 is 2.4 and this ratio increases in 
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NiFe2O4−x/NMO-75 (3.3) and NiFe2O4−x/NMO-100 (6.3), suggesting that NiFe2O4−x NPs are 

better distributed on the NMO surface in the NiFe2O4−x/NMO-25 due to their smaller size (Table 

S3). High-resolution Ni 2p spectra of all samples can be deconvoluted to the two pairs of spin-

orbit peaks (Ni 2p3/2 and Ni 2p1/2) accompanying broad satellites (Fig. 3b, left). The fitted Ni 

2p3/2 and Ni 2p1/2 peaks at 855.6 and 873.2 eV, respectively, are assigned to Ni2+ species, while 

those at higher binding energies (858.1 and 875.7 eV) are attributed to Ni3+ species [36]. These 

peaks exhibit slight positive shifts of 0.15 eV compared with those observed from the NMO 

spectrum (Fig. S10a). A similar positive shift of Mo 3d peak is evident when NiFe2O4−x NPs are 

integrated on NMO (Fig. S10b), which implies strong electronic interaction between NiFe2O4−x 

and NMO [37]. The presence of Ni3+ species strongly suggests the presence of oxygen vacant 

sites in the NiFe2O4−x [38, 39]. The ratio of Ni 2p3/2 Ni3+ to Ni2+ peak intensities, as estimated by 

peak area, decreases from 0.61 in NiFe2O4−x/NMO-25 to 0.48 in NiFe2O4−x/NMO-75 and 0.25 in 

NiFe2O4−x/NMO-100, indicating the NiFe2O4−x NPs in NiFe2O4−x/NMO-25 possesses more 

oxygen defects. It is believed that the smaller size of NiFe2O4−x NP can enable more efficient re-

distribution of valence states and stronger electronic interaction with NMO because the active 

sites on NP are located closer to the interface [22, 40]. 

The O 1s spectra acquired from NiFe2O4−x/NMO samples (Fig. 3b, right) exhibit three 

characteristic peaks corresponding to the lattice oxygen in NiFe2O4 (O1; 530.3 eV), lattice 

oxygen in NiMoO4 (O2; 530.8 eV), and surface-adsorbed oxygen (O3; 533.1 eV) [41-43]. 

Another peak at 531.6 eV could be attributed to the surface oxygen defects/vacancy species [44]; 

its relative peak area is small in NiFe2O4−x/NMO-100, but it increases to 3.3 in NiFe2O4−x/NMO-

75 and 8.1 in NiFe2O4−x/NMO-25. The oxygen defects in the NiFe2O4−x/NMO composites were 

also probed using electron paramagnetic resonance (EPR) spectroscopy (Fig. S11). All three 
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NiFe2O4−x/NMO samples show symmetric EPR signals at g = 2.00 that can be attributed to the 

characteristic trapped electron at oxygen vacancies [44, 45]. Comparison of the EPR signal 

intensities confirms that NiFe2O4−x/NMO-25 contains the highest oxygen vacancy concentration, 

a result that is in good agreements with XPS analyses. 

3.3. Electrochemical properties 

3.3.1. Oxygen evolution reaction (OER) performance 

The electrocatalytic OER performances of all prepared samples were tested in a three electrode-

cell in alkaline media (1.0 M KOH). Fig. 4a presents the linear sweep voltammograms (LSV, iR 

corrected) of the as-prepared samples. The peak observed in the potential range of 1.38 to 1.43 V 

(vs. RHE) is related to the oxidation of Ni species to a higher valence state [46]. The polarization 

curve of NiFe2O4−x/NMO-25 reveals the lowest overpotential (η) of 262 mV at a current density 

of 10 mA cm−2 compared with those of NiFe2O4−x/NMO-75 (273 mV), NiFe2O4−x/NMO-100 

(292 mV), NiFe PBA/NMO-H-25 (304 mV), and NMO (309 mV). The Ni foam shows almost no 

contribution to the catalytic activity at similar overpotential values. Also, the NiFe2O4−x/NMO-

25 delivers a high current density of 600 mA cm−2 at an overpotential of 326 mV. The 

corresponding Tafel plots (η vs. log (j)) are shown in Fig. 4b, where a diminishing trend of Tafel 

slope is observed from NiFe2O4−x/NMO-100 (60.9 mV dec−1) to NiFe2O4−x/NMO-75 (52.11 mV 

dec−1) and NiFe2O4−x/NMO-25 (41.9 mV dec−1). Meanwhile, NMO exhibits the largest Tafel 

slope of 101.7 mV dec−1. The Tafel slope can be used to reveal the rate-determining step that is 

crucial for understanding the reaction mechanism [47]. Based on the Tafel slopes, 

NiFe2O4−x/NMO-100 and NMO go through the same rate-determining step (the second step, M–

OH* → M–O* + H+ + e−), however, a large difference in their Tafel slopes (ca. 40 mV dec−1) 

suggests a distinct reaction kinetics. Much smaller Tafel slopes of NiFe2O4−x/NMO-25 and 
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NiFe2O4−x/NMO-75 indicate that the O–O bond formation (M–O* + OH− → M–OOH* + e−) is 

the rate-determining step due to decreased reaction barrier. This can be attributed to the low-spin 

Ni3+ valence state at the vicinity of interface, which favors the chemisorption of oxygen-

containing intermediates [23, 37]. Fig. 4c compares the electrocatalytic performances of the as-

prepared NiFe2O4−x/NMO-25 with the recently reported Ni- or Fe-based catalysts, and the 

remarkable performance of NiFe2O4−x/NMO-25 is clearly demonstrated (data shown in Table 

S4). The superior performance of NiFe2O4−x/NMO-25 compared with the other NiFe2O4−x/NMO 

samples can be reasoned with the enhanced electrochemical surface area due to its smallest 

NiFe2O4−x NP (11 nm). This is supported by the double-layer capacitance (Cdl) measurements 

(Fig. 4d). The Cdl of NiFe2O4−x/NMO-25 reaches the highest value of 2.13 mF cm−2, which is 

nearly 1.7 and 2.8 times of those of NiFe2O4−x/NMO-75 (1.25 mF cm−2) and NiFe2O4−x/NMO-

100 (0.75 mF cm−2), respectively. For comparison, the Cdl of the NMO and NiFe PBA/NMO-H-

25 are merely 0.57 and 0.4 mF cm−2, respectively. 

3.3.2. Charge-transfer kinetics 

Electrochemical impedance spectroscopy (EIS) was also engaged to gain further insights into the 

high OER activity of NiFe2O4−x/NMO-25. The Nyquist plots presented in Fig. 4e show that the 

NiFe2O4−x/NMO composites possess much lower charge transfer resistance (Rct) values than 

NMO (3.421 Ω) and NiFe PBA/NMO-H-25 (3.777 Ω, data summarized in Table S5). Among 

the NiFe2O4−x/NMO catalysts, NiFe2O4−x/NMO-25 has the lowest Rct of 0.362 Ω, which implies 

a faster charge-transfer to the NiFe2O4−x NPs [48]. The size of NiFe2O4−x NPs is believed to be 

an important factor that determines the OER activity for several reasons. The smaller NiFe2O4−x 

NP can provide the larger electrochemical active surface area with less charge transfer resistance, 

and the entire NiFe2O4-x NP is close to the interface with NMO which would intensify the local 
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electronic interaction. Moreover, the higher concentration of oxygen vacant sites in 

NiFe2O4−x/NMO-25 is expected to contribute to the enhanced catalytic performance by lowering 

the adsorption energy of water [49]. 

3.3.3. Stability test 

Long-term operational stability is another essential criterion for the practical application of the 

electrocatalyst, which was tested by conducting chronoamperometry at 1.55 and 1.65 V (Fig. 4f). 

The NiFe2O4−x/NMO-25 electrode demonstrates excellent durability at a high current density of 

200 mA cm−2, showing only ca. 1 % loss during the continuous 40-hour reaction. The structural 

stability of NiFe2O4−x/NMO-25 can also be confirmed by the unchanged LSV curve (inset in Fig. 

4f) as well as its nanowire morphology (Fig. S13) after a continuous 40-hour reaction. Such high 

structural stability could be attributed to the strong interfacial interaction between NiFe2O4−x and 

NMO. 

3.4. In situ Raman spectroelectrochemical study 

Phase transformation of electrocatalysts, which widely occurs in many catalytic reactions, is a 

key step for establishing the required overpotential, in particular, for multi-electron transfer 

reactions such as OER. In order to investigate the phase transition during electrocatalysis, we 

employed in situ Raman spectroelectrochemistry. The freshly prepared NiFe2O4−x/NMO-25 

electrode was first analyzed for its activation at different potentials in 1.0 M KOH. The Raman 

spectrum acquired at 0.93 V vs. RHE exhibits similar Mo–O vibrations as previously observed in 

Fig. 1e with slight red-shifts (Fig. S14), which are caused by the dissolution of molybdenum 

oxide in alkaline solution [50]. As the applied potential increases from 0.93 to 1.28 V, a broad 

peak develops at ca. 526 cm−1, which is attributed to the formation of a FeOOH intermediate 

(Fig. 5a and 5b). At 1.33 V, a new peak appears at 495 cm−1 and is assigned to the disordered 
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Ni–OH that could be transformed into NiOOH phase at higher potentials [51]. It is suggested that 

Fe sites are more favorable for adsorbing OH− than Ni sites at lower potentials, while the Fe3+ 

species induces the formation of high valence Ni species that preferably binds to OH− at higher 

potentials [7]. When the anodic potential reaches 1.38 V, two other peaks evolve at 477 and 558 

cm−1 and intensify at higher potentials. These two peaks correspond to the Ni–O bending and 

stretching vibrations of γ-NiOOH phase, respectively. With the average valance state of Ni3.6+, γ-

NiOOH phase was reported to accelerate OER in alkaline electrolytes [52]. The Raman bands of 

γ-NiOOH phase become more obvious at an applied potential of 1.43 V. Meanwhile, the Raman 

signals for Mo–O vibrations gradually decrease in the potential range from 1.28 to 1.48 V as a 

result of Mo–O conversion to MoO4
2-, and disappear at 1.53 V (Fig. 5c).  

To further understand the role of NiFe2O4−x NPs, these results were compared with the in situ 

Raman spectra of NMO electrode (Fig. S15a). The two Raman peaks of γ-NiOOH phase start to 

appear at 1.43 V, replacing the weak Raman features of Ni–OH, and intensifying at higher 

potentials, indicating that the active phase transformation of NMO electrode requires 0.05 V 

higher potential compared with NiFe2O4−x/NMO-25. This is consistent with the difference in the 

pre-oxidation peak potentials observed in the LSV curves (Fig. 4a). On the other hand, the Mo–O 

vibrations in NMO electrode completely vanish at 1.48 V, which happens at 1.53 V in the case of 

NiFe2O4−x/NMO-25. The Fe sites in NiFe2O4−x are believed to alleviate the Mo leaching from 

NMO at a lower potential range [35]. It should be noted that the γ-NiOOH band in the 

NiFe2O4−x/NMO-25 spectra is slightly reduced at 1.58 V, whereas that of NMO still remains 

intense at up to 1.68 V. Such Raman peak decrease in NiFe2O4−x/NMO-25 is caused by the 

formation of bubbles on the catalyst surface, confirming the oxygen evolution [53]. This 
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observation indicates that OER takes place at a lower potential in NiFe2O4−x/NMO-25 than NMO 

during the activation step. 

After the initial activation step, the in situ Raman spectra of NiFe2O4−x/NMO-25 and NMO 

electrodes were recorded again to observe the structural evolution and compare the OER 

properties (Fig. S16). At 0.93 V, both electrodes display strong γ-NiOOH bands at 477 and 558 

cm−1, suggesting the complete activation of the electrode surface. From the spectrum of the 

NMO electrode, however, the Ni(OH)2 peak is also observed, indicating the incomplete 

Ni(OH)2–NiOOH transformation during the activation process. In contrast, the Raman spectra of 

NiFe2O4−x/NMO-25 shows only the γ-NiOOH bands with no additional peaks related to the Fe 

and Mo species. The γ-NiOOH bands of NiFe2O4−x/NMO-25 diminish when the applied 

potential reaches 1.53 V, while those of NMO still remain until 1.73 V. This explains the high 

OER activity of NiFe2O4−x/NMO-25 promoted by the active γ-NiOOH phase at a lower potential, 

thanks to the Fe-facilitated surface reconstruction [51, 54]. The post-OER TEM image clearly 

shows the altered surface morphology of NiFe2O4−x/NMO-25 (Fig. 6a). A thin γ-NiOOH layer 

(ca. 5 nm) is evident on the edge, providing additional evidence of phase transition, while 

ultrasmall NPs (average d = 1.3 nm), which are believed to be NiFe2O4−x NPs of reduced size, 

are observed from the inner core (inset in Fig. 6a). This is supported by the even distribution of 

Fe atoms in the corresponding EDX elemental mapping (Fig. 6b). It is also noted that almost no 

Mo atoms are detected, indicating that Mo atoms are mostly dissolved away from the 

NiFe2O4−x/NMO-25 during OER, which agrees well with the in situ Raman measurements. 

Furthermore, the XPS investigation after OER reveals that the ratio of Ni3+ to Ni2+ peak 

intensities of NiFe2O4−x/NMO-25 has increased to 2.1 compared with the 0.61 of fresh 

NiFe2O4−x/NMO-25 (Fig. 6c), confirming the formation of γ-NiOOH phase. Also, the O 1s 
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spectrum displays two major peaks of similar intensities at 530.5 and 531.2 eV assigned to the 

lattice oxygen and hydroxide as well as a largely enhanced peak for surface-adsorbed H2O, 

supporting the formation of NiOOH (Fig. 6d) [14, 55].  

 

4. Conclusion 

In summary, we fabricated an integrated NiFe2O4−x/NMO electrocatalyst via interfacial 

engineering to achieve high OER performance. By tuning the solvent polarity, the growth of 

NiFe PBA precursor was controlled, which enabled the construction of NiFe2O4−x/NMO 

heterogeneous structure with extended solid-solid interface, resulting in strong electronic 

interaction between NiFe2O4−x NPs and NMO nanowires. The NiFe2O4−x/NMO electrocatalyst 

exhibited superior OER activity with an overpotential of 326 mV at a high current density of 600 

mA cm−2, as well as good long-term stability for 40 h at 200 mA cm−2. In situ Raman 

spectroelectrochemical studies revealed the potential-dependent phase transition of the 

NiFe2O4−x/NMO-25 and fast surface reconstruction during the OER process. The Fe sites in 

NiFe2O4−x NPs act as strong Lewis acid to induce and stabilize the higher valence Ni species for 

efficient phase transformation. This work demonstrates a rational design strategy for achieving 

active phase to realize cost-effective, highly active, and stable OER catalysis at the nanoscale 

interface. 
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Figures 

 

Fig. 1. (a) Schematics illustrating the synthetic procedure of NiFe2O4−x/NMO. (b) Low- and (c) 

high-magnification SEM images of NiFe2O4−x/NMO-25. (d) XRD patterns and (e) Raman 

spectra of NiFe2O4−x/NMO-25 and NMO. 
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Fig. 2. (a,e,i) TEM images, (b,f,j) HRTEM images and FFT patterns of selected areas (dashed 

box), (c,g,h) the corresponding HRTEM images of NiFe2O4−x nanoparticles, and (d,h,l) EDS 

mapping images for Ni, Fe, and Mo elements of NiFe2O4−x/NMO-25, NiFe2O4−x/NMO-75, and 

NiFe2O4−x/NMO-100, respectively. 
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Fig. 3. (a) N2 adsorption-desorption isotherms and (b) high-resolution Ni 2p and O 1s XPS 

spectra of NiFe2O4−x/NMO-25, NiFe2O4−x/NMO-75, and NiFe2O4−x/NMO-100. Insets in (a) are 

the size distribution of mesopores obtained using Barrett-Joyer-Halenda (BJH) method. 
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Fig. 4. (a) LSV curves and (b) Tafel plots of as-prepared catalysts. (c) Comparison of 

overpotentials at 10 mA cm−2 and Tafel slopes of NiFe2O4−x/NMO-25 and recently reported 

analogous catalysts. (d) Capacitive currents plotted as a function of scan rates of as-prepared 

catalysts. (e) Nyquist plots at 290 mV (vs. Hg/HgO) of NiFe2O4−x/NMO-25, NiFe2O4−x/NMO-75, 

NiFe2O4−x/NMO-100, NiFe PBA/NMO-H-25, NMO, and Ni foam. (f) Chronoamperograms of 

NiFe2O4−x/NMO-25 at 1.55 and 1.65 V without iR-compensation. Inset is the corresponding LSV 

curves before and after 40 h stability test. 
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Fig. 5. (a) In situ Raman spectra of freshly prepared NiFe2O4−x/NMO-25 in 1 M KOH at various 

applied potentials for activation. (b, c) Magnification of the corresponding regions in (a) related 

to the phase transition in the potential range from 1.23 to 1.58 V. 
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Fig. 6. Structural and XPS analysis of NiFe2O4−x/NMO-25 after OER test. (a) TEM and (b) EDX

 elemental mappings. Inset in (a) is a HRTEM image of the dashed box. The core level spectra of

 (c) Ni 2p and (d) O 1s.  

 




