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ABSTRACT. Here, three-dimensional (3D) core-shell nanohybrid based on few-layer amorphous 

Co-Fe-Bi nanosheets directly grown on crystalline NiCo2O4 nanowires supported on Ni foam (Co-

Fe-Bi/NiCo2O4/NF) are facilely fabricated as highly efficient and durable electrocatalysts for water 

oxidation. This self-standing 3D core-shell nanohybrid design with unique materials chemistry and 

excellent interface engineering enhance the mass transport and stimulates the production of active 

sites during OER. Serving as the anode catalysts, the resulting self-standing Co-Fe-Bi/NiCo2O4/NF 

nanohybrid electrocatalysts show better electrocatalytic activity with an overpotential of 227 mV at 

10 mA/cm2, a Tafel slope of 45 mV dec-1, excellent durability over 40 h, and the ability to deliver a 

current density of 200 mA/cm2 at an overpotential of ~ 410 mV in an alkaline medium. Thus, the 

excellent electrocatalytic performance of Co-Fe-Bi/NiCo2O4/NF nanohybrid demonstrates the 

importance of design and development of core-shell nanohybrids for large-scale practical 

applications in a multitude of energy-conversion devices.

INTRODUCTION

Electrolytic splitting of water into hydrogen fuels is widely considered the most advanced 

technology for clean, sustainable and environmentally friendly hydrogen production and 

storage.1,2 However, the present bottleneck impeding the overall water splitting efficiency is the 

oxygen evolution reaction (OER) due to its sluggish kinetics resulting from the multiple proton-

coupled electron transfer process.3–5 Accordingly, the OER imposes a considerable overpotential 

requirement in electrolytic water splitting compared to that of the hydrogen evolution reaction 

(HER), even when facilitated by high catalytic activity and precious IrO2 and RuO2 

electrocatalysts.6–10 The electrocatalysts for the OER therefore must be able to accommodate the 

requirements of the OER for large-scale applications, such as earth-abundancy, low-cost, high 

durability and high electrocatalytic activity.4,5
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3

In this context, several classes of metal-based electrocatalysts for the OER have been 

developed, including metal oxides and hydroxides,11,12 as well as non-metal-based OER 

electrocatalysts.13 Remarkably, recent studies have demonstrated a significant improvement in 

the OER activity by incorporating non-metal elements (e.g., N, S, Se, P) in these oxide, or 

hydroxide compounds,3,10,14–18 and the improvement has been attributed to the modified 

electronic structures and efficient charge transfer between the metal-metalloid structures.19 These 

developments have led to further exploration of the applications of the rarely studied metal 

borates, which is reasonable since the borate species in the metal borate share certain properties 

with the aforementioned metal-metalloids and also exhibits high durability and catalytic 

efficiency.20 In this regard, few studies on the development of monometallic cobalt borate (Co-

Bi)21,22 and nickel borate (Ni-Bi)4,23 electrocatalysts for the OER have been reported with 

catalytic activity far below that of the state-of-the-art electrocatalysts. We have recently 

demonstrated, for the first time, the facile solution processing of amorphous Co-Fe-Bi nanosheets 

directly on a porous Ni foam (NF) as electrocatalyst24 which exhibited better electrocatalytic 

activity than that of its monometallic counterpart, thanks to the synergy between the Co and Fe 

elements and the abundant defect sites.24,25 Although efficient and durable electrocatalysts have 

been developed, the rational design of the electrocatalyst architecture is considered to be an 

effective approach to further improve the electrocatalyst performance. Three-dimensional (3D) 

crystalline core-amorphous shell hybrid nanoarchitecture directly grown on the conductive 

supports is of particular interest due to its large surface area, fast mass transport abilities, 

exposing maximal catalytically active sites and intimate access to the electrolyte.26,27 Few 

attempts have been made to develop 3D core-shell nanoarchitecture electrocatalysts based on 

transition metal borate compounds, most of them are using in-situ electrochemical surface 
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amorphization process.28-32 Some interesting results were obtained, however, these in situ-

formed active metal borate shell are likely to mispair with the underlying core structure due to 

the poor OER activity in near-neutral and alkaline media. Therefore, the rational design of an 

alternative 3D core-shell nanoarchitecture based on Co-Fe-Bi with abundant active sites on the 

self-standing highly conductive scaffolds for water oxidation is of great significance.

Based on these motivations, we demonstrate the design and development of 3D strongly 

coupled core-shell nanohybrids, in which two-dimensional (2D) amorphous Co-Fe-Bi nanosheets 

are easily integrated on the one-dimensional (1D) crystalline NiCo2O4 nanowires on the porous 

NF. Specifically, a few layers of Co-Fe-Bi nanosheets are uniformly grown using one-step 

solution processing on the surface of hydrothermally grown NiCo2O4 nanowires that are ~ 150 

nm in diameter and a few micrometers in length and are perpendicular to the NF. The motif of 

the 3D core-shell nanohybrid can be summarized as follows: i) open channels of highly porous 

NF allows the growth of the core-shell nanoarchitecture, which further enhances the specific 

surface area without affecting the gas bubble dissipation of the NF,33 ii) earth-abundant, 

environmentally friendly and low-cost NiCo2O4 nanowires provide pathways for efficient 

electron transport due to their excellent electrical conductivity,34,35 iii) amorphous Co-Fe-Bi 

nanosheets exposes abundant catalytically active sites,24 and iv) 3D strongly coupled three-level 

nanohybrids offer large surface area with maximal exposure of the active sites and access to the 

electrolyte.33 As a result, this 3D core-shell Co-Fe-Bi/NiCo2O4/NF nanohybrid boosts the 

electrocatalytic activity in an alkaline medium. Notably, the performance of the 3D core-shell 

Co-Fe-Bi/NiCo2O4/NF nanohybrid in the present study outperforms among the borate-based 

electrocatalysts and ranks among the most active transition metals-based electrocatalysts for 

alkaline water oxidation (Table S1).
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Scheme 1. Schematic illustration of the fabrication procedures of the self-standing 3D core-shell 

Co-Fe-Bi/NiCo2O4/NF nanohybrid electrocatalysts.

RESULTS AND DISCUSSION

The schematic diagrams and photographs in Scheme 1 and S1 illustrate the facile two-step 

approach for preparing the 3D core-shell nanohybrid electrocatalysts on the highly porous NF 

(denoted as Co-Fe-Bi/NiCo2O4/NF). The NF, with interconnected macropores offering large 

specific surface area, mechanical robustness and high electrical conductivity, was used as a self-

supported substrate (Figure S1a). Vertically aligned NiCo2O4 nanowires were grown on the NF 

substrate via a low-temperature hydrothermal method at 120 °C for 6 h followed by annealing at 

400 °C for 3 h for crystallization.36 A hydrothermal reaction led to the formation of brown thin 

film of NiCo-based hydroxides (Figure S1b), which turned black as a result of crystallization to 

NiCo2O4 after the annealing treatment (Figure S1c). A few layers of Co-Fe-Bi nanosheets were 

deposited as a shell on the NiCo2O4 nanowire core using one-step solution processing adopted 

from our previous work.24 This facile solution processing did not significantly change the color 
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of the electrode, indicating that the Co-Fe-Bi shell was ultrathin and/ or few layers thick and 

transparent (Figure S1d). Figure S2 shows that the NF has an interconnected open network 

structure with a pore size of hundreds of micrometers, making it a legitimate candidate as a 

scaffold support for the electrocatalyst deposition. Moreover, the large, open and porous 

structure of the NF facilitated the mass transport of the reactant hydroxide ions and rapid 

dissipation of bubble formation and gaseous products (H2 and O2).37 

Figure 1a shows the field emission scanning electron microscopy (FE-SEM) image of the NF 

electrode after the hydrothermal deposition, which displays that the entire surface of the NF was 

uniformly covered with NiCo2O4 composites without blocking or modifying the open 

macroscopic porous structure of the NF.38 The high-magnification FE-SEM images show the 

vertically aligned NiCo2O4 nanowires with sharpened tips grown perpendicularly on the NF 

(Figures 1b and S3a). These nanowire arrays were ~ 3.8 µm in length and ~ 150 nm in diameter 

and were well separated from each other having its own direct contact with the NF at the bottom 

(Figure S3b). Another important feature for excellent catalytic activity is the long-lasting 

adherence of nanowire arrays to NF, which is beneficial for efficient electron transfer between 

nanowire arrays and NF, resulting in an effective involvement of the nanowire arrays in redox 

reactions.39 The transmission electron microscopy (TEM) image in Figure S3c further shows that 

the NiCo2O4 nanowire was built up by a number of nanoparticles that were stacked along one 

direction predominantly in a rhombus and hexagonal shapes (marked by the respective shapes) 

and distributed all over the nanowires.40  It is worth noting that, these rhombus/hexagonal 

nanoplates were interconnected with each other with no evidence of ruptures and lattice changes 

at the edges. The high-resolution TEM (HR-TEM) image in Figure S3d reveals that the 
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7

nanoparticles were highly crystalline with a well-resolved lattice fringes of 0.278 ± 0.02 nm, 

which could be attributed to the (220) plane of spinel NiCo2O4 with the cubic phase.

Figure 1. (a) Low and (b) high magnification FE-SEM images of the hydrothermally grown 

NiCo2O4 nanowires on NF (NiCo2O4/NF). (c) FE-SEM and (d) TEM images of the core-shell 

nanohybrid structure of the Co-Fe-Bi/NiCo2O4. (e) Detailed image from the squared part in (d) 

depicting the closer view of the Co-Fe-Bi nanosheets. Inset shows the histogram for the thickness 

analysis of the Co-Fe-Bi nanosheets. (f) and (g) HR-TEM images of the NiCo2O4 nanowires and 

Co-Fe-Bi nanosheets, respectively. Inset of (g) shows the fast Fourier transform (FFT) pattern of 
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8

the Co-Fe-Bi nanosheets. (h) STEM image of the Co-Fe-Bi/NiCo2O4 and its corresponding EDS 

elemental mapping images.

The hydrothermally grown 1D NiCo2O4 nanowires acted as a secondary platform for further 

solution processing of the few layers of the 2D Co-Fe-Bi nanosheets, which created a synergy of 

the Co and Fe bimetals and provided the benefits of the metal-metalloid structure for catalyzing 

the OER efficiently. The facile solution processing facilitated uniform and vertical growth of the 

Co-Fe-Bi nanosheets on the NiCo2O4 nanowires, leading to a typical 3D core-shell nanohybrid 

structure (Figure 1c). We further deposited Co-Fe-Bi nanosheets on NF, which resulted in 

ultrathin layers with thickness of several nanometers that appeared to be interconnected with 

each other, creating a loose porous structure with a large open space and electrochemically active 

surface area (Figure S4a and b).34,41,42 Additional low- and high-magnification FE-SEM images 

of the 3D core-shell nanohybrids in Figure S5 depict the unique mesoporous structure composed 

of a few layers of Co-Fe-Bi nanosheets uniformly covering the NiCo2O4 nanowire arrays. We 

expected that an attractive 3D core-shell nanohybrid electrocatalyst would accelerate the 

electrolyte penetration and ion diffusion within the electrode for rapid redox reactions, thereby 

increasing the electrocatalytic performance towards the OER.31,43 The role of these unique 3D 

core-shell nanohybrid structure in increasing the electrochemical performance has been 

confirmed by previous reports as well.31,38,40,41 The energy-dispersive X-ray spectrum (EDS) 

clearly revealed the presence of Ni, Co, Fe, O and B elements in the 3D core-shell nanohybrid 

(Figure S6). The TEM image in Figure 1d further demonstrates that the diameter of the 3D core-

shell nanohybrid was ~ 320 nm, in which an outer shell of Co-Fe-Bi nanosheets (~ 170 nm) were 

vertically grafted onto the inner core NiCo2O4 nanowires (~ 150 nm) without altering the 

uniform nanowire array structure. Unlike the usual core-shell nanostructure, the outer shell of the 
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9

Co-Fe-Bi nanosheets crosslinked to the inner NiCo2O4 nanowire core, creating many void spaces 

between the nanosheets (Figures S4 and S5), and thus allowed easy access of the inner NiCo2O4 

core to the electrolyte.44 Figure 1e is the closer view of the Co-Fe-Bi nanosheets, in which the 

edges of the nanosheets are almost transparent due to the ultrathin nature of the nanosheets. 

Furthermore, the statistical analysis revealed the thickness of each Co-Fe-Bi nanosheet to be ~ 10 

to 12 nm (Figure 1e, inset), indicating the few layers characteristic in the 3D core-shell 

nanohybrids. Moreover, in the HR-TEM images (Figure 1f and g), the interplanar spacing of the 

well-resolved lattice fringes in the core is ~ 0.285 ± 0.02 nm, which is indexed to the (220) plane 

of the spinel structured NiCo2O4 (JCPDS: 73-1702), while the shell edge shows the amorphous 

nature, further confirmed by the fast Fourier transform (FFT) pattern (Figure 1g, inset). Note that 

the amorphous electrocatalysts had abundant unsaturated active sites, leading to a higher OER 

activity compared to that of their crystalline counterparts.33,45 Additionally, scanning TEM 

(STEM) and the corresponding EDS elemental mapping images (Figure 1h) reveal the 

quintessential core-shell structure with a uniform and homogenous distribution of Ni, Co, Fe, B, 

and O elements throughout the whole structure without aggregation or segregations.

X-ray diffraction (XRD) measurements were carried out to further investigate the phases of the 

samples. In the XRD pattern of the Co-Fe-Bi/NiCo2O4/NF electrode (Figure 2a), all the peaks 

were indexed to the spinel NiCo2O4 in the cubic structure (JCPDS: 73-1702), except for the 

strong diffraction peaks of the Ni substrate (marked by ‘#’). The Co-Fe-Bi nanosheets displayed 

an amorphous nature, which was also confirmed by the XRD and TEM images of the pure Co-

Fe-Bi/NF (Figure 1g and S7). X-ray photoelectron spectroscopy (XPS) was employed to 

elucidate the chemical composition and oxidation state of the elements. The XPS survey 

spectrum, as shown in Figure S8a, revealed the presence of Ni, Co, and O elements in the 
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10

NiCo2O4/NF. The core-level Ni 2p XPS spectrum (Figure S8b) showed two peaks at 854.38 eV 

and 871.5 eV corresponding to Ni 2p3/2 and Ni 2p1/2, respectively.46 The core-level Co 2p XPS 

spectrum showed that the Co atoms were in the Co 2p3/2 and Co 2p1/2 electronic configurations, 

with peaks located at 778.5 eV and 793.8 eV (Figure S8c), suggesting that the Co was present in 

the Co2+ and Co3+ states. These results further confirmed the formation of NiCo2O4 in the cubic 

phase.47 As displayed in Figure S9 in the XPS survey spectrum of the Co-Fe-Bi/NiCo2O4/NF, all 

the elements of Ni, Co, Fe, B and O were present in the core-shell nanohybrid. Figure 2b and c 

depict the high-resolution core-level spectra of Co 2p and Fe 2p, respectively. The peaks located 

at 780.9 eV and 797.1 eV accompanied by the satellite peaks were ascribed to the Co 2p3/2 and 

Co 2p1/2, respectively, which are the characteristic binding energies of Co2+.48 In addition, the 

core-level Fe 2p spectrum (Figure 2c) can be fitted into Fe 2p3/2 (711.9 eV) and Fe 2p1/2 (725.1 

eV) accompanied by two satellite peaks, indicating that the Fe was in the Fe3+ oxidation state.48 

When these Fe3+ species combines with Co species, the electronic structure and conductivity 

improves, which drastically promotes the OER ability.24, 25, 49. Also, Xiao et al. reported the 

synergistic effect between Co and Fe towards the enhanced OER activity in Fe-doped Co3O4.50 

In addition, Burke et al. reported the existence of strong electronic interactions between Co and 

Fe element and found that the Fe plays an crucial role for enhanced OER activity.51 

The high-resolution B 1s spectrum (Figure 2d) showed one clear peak at ~ 192.4 eV, which 

was assigned to the B-O bonding in the borate.52 The high-resolution O 1s spectra (Figures 2e 

and S8d) was fitted into three oxygen species. Specifically, the binding energy peak at 529.7 eV 

can be ascribed to the oxygen-metal (O 1s A); the peak located at 531.5 eV is usually associated 

with the oxygen from hydroxyl groups (O 1s B), and the peak at 533.1 eV is attributed to the 

surface adsorbed H2O molecule (O 1s C). Moreover, after the hybridization, as shown in the O 
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11

1s core level spectra in Figure 2e, the overall intensity of the XPS spectrum was significantly 

decreased, whereas the O 1s A peak became more predominant. This could be attributed to the 

strong B-O bonds after the deposition of the Co-Fe-Bi nanosheets on the NiCo2O4 nanowires. 

Moreover, the O 1s spectrum of the Co-Fe-Bi/NiCo2O4/NF electrode was shifted towards the 

negative binding energy, indicating the strong electronic interactions and chemical coupling at 

the interface between the Co-Fe-Bi nanosheets and NiCo2O4 nanowires,38 making it a legitimate 

candidate as an electrocatalyst for water oxidation. 

Figure 2. (a) XRD patterns of the bare NF, NiCo2O4/NF, Co-Fe-Bi/NiCo2O4/NF electrodes. The 

peaks marked by ‘#’ are associated with the NF. High-resolution core-level spectra of (b) Co 2p, 

(c) Fe 2p, (d) B 1s (e) O 1s of Co-Fe-Bi/NiCo2O4/NF.

The electrocatalytic OER performance of the self-standing 3D core-shell Co-Fe-

Bi/NiCo2O4/NF nanohybrid electrode, along with that of the pure Co-Fe-Bi/NF, NiCo2O4/NF and 

RuO2/NF, was evaluated in 1 M aqueous KOH electrolyte using a conventional three-electrode 
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12

electrochemical system. The as-prepared 3D core-shell nanohybrid structure grown on the NF 

was directly used as a self-standing, binder-free electrode for evaluating the electrocatalytic OER 

performance. To achieve stability and reversibility, the as-prepared electrodes were initially 

treated with several continuous electrochemical conditioning cycles (Figure S10) prior to the 

collection of linear sweep voltammetry curves. As shown in the polarization curves and 

comparison plot (Figure 3a and b), the Co-Fe-Bi/NiCo2O4/NF nanohybrid only required an 

overpotential of 227 mV to achieve a current density of 10 mA/cm2, which was significantly 

lower than that of the Co-Fe-Bi/NF (321 mV), NiCo2O4/NF (345 mV), and RuO2/NF (382 mV) 

and many other reported OER electrocatalysts (Table S1). However, it is slightly higher (~ 50 

mV) than the best-ever reported overpotential of 177 mV at 10 mA/cm2 using Fe(PO3)2/Ni2P 

electrocatalysts for OER by Ren et al.53 Surprisingly, the Co-Fe-Bi/NiCo2O4/NF nanohybrid 

electrocatalyst delivered a current density of 200 mA/cm2, close to the industrial current density 

of water electrolysis at the required overpotential of ~ 410 mV, which was obviously less than 

that of the Co-Fe-Bi/NF (585 mV), NiCo2O4/NF (647 mV), and RuO2/NF (678 mV) 

electrocatalysts. The achieved OER performance was solely attributed to the 3D core-shell 

nanohybrid structure, which provided strong chemical coupling, efficient electrolyte diffusion 

and bubble detachment, abundant active sites for the OER and rapid charge transfer between the 

interfaces.44 The superior electrocatalytic performance was further assessed by the Tafel plots, 

and more promising OER kinetics and superior catalytic activity were indicated by the low Tafel 

slope.54 As shown in Figure 3c, the Co-Fe-Bi/NiCo2O4/NF nanohybrid electrode showed the 

smallest Tafel slope of 45 mV dec-1 compared to those of the Co-Fe-Bi/NF (71.4 mV dec-1), 

NiCo2O4/NF (80.1 mV dec-1) and RuO2/NF (96.3 mV dec-1), respectively, indicating that the 

nanohybrid electrocatalyst expedited the OER kinetics. The favorable OER kinetics was 
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supposed to be originated from the numerous active sites created by the 3D core-shell 

nanohybrid structure and the intrinsic catalytic activities of the strongly coupled Co-Fe-Bi 

nanosheets and NiCo2O4 nanowires. In light of the high OER activity, long-term durability is an 

important aspect in determining the quality of the electrocatalysts. The Co-Fe-Bi/NiCo2O4/NF 

core/shell nanohybrid electrocatalyst retained about 96% of the intial current density after the 

stabiltiy test for 40 h, revealing its long-term durability (Figure 3d). To further elucidate the 

electrode/electrolyte interface behavior and reaction kinetics, an electrochemical impedance 

spectroscopy (EIS) measurements was carried out (Figure 3e), and the corresponding data were 

fitted with the Randles equivalent circuit (Figure S11). The resistance in the high frequency 

region of the Nyquist plots was associated with the uncompensated solution resistance (Rs), and 

all the electrocatalysts were found to exhibit similar Rs values as the measurements were carried 

out in the same cell with the same counter-electrode and inter-electrode gap. Furthermore, the 

charge transfer resistance (Rct) was evaluated to determine the OER reaction kinetics from the 

middle and low frequency regions of  the Nyquist plots, in which a smaller Rct reflects faster 

reaction kinetics.55 The 3D core-shell Co-Fe-Bi/NiCo2O4/NF nanohybrid electrocatalyst 

exhibited an Rct as low as 26.3 Ω, which was smaller than that of the Co-Fe-Bi/NF (54.9 Ω) and 

NiCo2O4/NF (36.1 Ω). The strong coupling of the active Co-Fe-Bi nanosheets on the conducting 

NiCo2O4 nanowires to form the 3D core-shell nanohybrid may have lowered the Rct, and thus 

favor the rapid-charge  transfer that resulted in the remarkable OER activity of the Co-Fe-

Bi/NiCo2O4/NF nanohybrid electrocatalyst.27 
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14

Figure 3. (a) OER Polarization curves, (b) overpotential comparison plots, and (c) corresponding 

Tafel plots of the Co-Fe-Bi/NiCo2O4/NF, Co-Fe-Bi/NF, NiCo2O4/NF, and RuO2/NF 

electrocatalysts. (d) Long-term durability test of the Co-Fe-Bi/NiCo2O4/NF at a constant 

overpotential of ~ 227 mV for 40 h. (e) Nyquist plots for the Co-Fe-Bi/NiCo2O4/NF, Co-Fe-
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Bi/NF, and NiCo2O4/NF electrocatalysts. The inset in (e) shows the enlarged EIS curves of the 

blue squared part. All the electrochemical measurements were carried out in 1 M KOH 

electrolyte (pH = 14) at 10 mV s−1. 

The cyclic voltammetry (CV) measurements in non-Faradaic region were carried out to 

determine the double-layer capacitance (Cdl), which is proportional to the electrochemically 

active surface area (ECSA), which sheds a light on the possible origins of the outstanding OER 

activity of the Co-Fe-Bi/NiCo2O4/NF nanohybrid electrocatalyst.56 Figure 4a shows the 

capacitive currents as a function of the scan rate obtained from the corresponding CV curves to 

calculate Cdl for the all the electrocatalysts (Figure S12 and Table S2). The Cdl of Co-Fe-

Bi/NiCo2O4/NF nanohybrid electrocatalyst was ~ 2.5 and ~ 3.3 times larger than those of the Co-

Fe-Bi/NF and NiCo2O4/NF, respectively, demonstrating that the 3D core-shell nanohybrid 

structure with larger ECSA exposed the numerous catalytically active sites for water 

electrolysis.26 It has been speculated that the large ECSA allows close contact with the 

electrolyte and easy adsorption of water molecules and provides abundant active sites for 

catalytic reactions, which obviously accounts for the improved OER activity.26,44 The 

investigation of porous nature and the specific active surface area of Co-Fe-Bi/NiCo2O4/NF, Co-

Fe-Bi/NF, and NiCo2O4/NF using the Brunauer-Emmett-Teller (BET) measurements (Figure 4b 

and S13). The Co-Fe-Bi/NiCo2O4/NF nanohybrid electrocatalyst exhibits an active surface area 

of ~ 16.8 m2/g, significantly higher than that of the Co-Fe-Bi/NF (11.9 m2/g) and NiCo2O4/NF 

(1.6 m2/g) electrocatalysts, exposing more actives and large contact area for catalysis.
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Figure 4. (a) Capacitive currents as a function of scan rate plots obtained from the CV curves of 

the different electrocatalysts. (b) N2 desorption isotherm of the Co-Fe-Bi/NiCo2O4/NF used to 

evaluate the BET-specific active surface area. (c) Estimated mass activity (MA) and specific 

activity (SA) of the different electrocatalysts. (d) OER polarization curves recorded for the Co-

Fe-Bi/NiCo2O4/NF before and after 1000 CV scanning cycles.

To further evaluate the intrinsic OER activity of the electrocatalysts, the mass activity (MA) 

(normalized to the mass loading) and specific activity (SA) (normalized to the surface area from 

BET measurements) were estimated and are presented in Figure 4c. The Co-Fe-Bi/NiCo2O4/NF 

nanohybrid electrocatalyst exhibited a mass activity of 17.2 mA mg-1, which was ~ 1.4 and ~ 1.7 

times higher than that of the Co-Fe-Bi/NF and NiCo2O4/NF electrocatalysts, respectively. It has 

been suggested that the intrinsic activity of the electrocatalysts is well reflected by the specific 
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activity.57 Thus, further evaluation of the specific activity disclosed that the intrinsic OER 

activity of the electrocatalysts followed the order of Co-Fe-Bi/NiCo2O4/NF > Co-Fe-Bi/NF > 

NiCo2O4/NF > RuO2/NF, again confirming the superior OER activity of the Co-Fe-

Bi/NiCo2O4/NF nanohybrid electrocatalyst. Moreover, the continuous linear sweep voltammetric 

(LSV) scanning for 1000 cycles exhibited a negligible difference in oxygen evolution, further 

evidencing the excellent electrochemical stability (Figure 4d). We assumed that the continuous 

OER process promoted the in -situ transformation of the Co-Fe-Bi shell into Co-Fe-based 

hydroxides, which have been demonstrated to be active sites for the OER.58 

Figure 5. Characterizations after the durability test. (a) TEM, (b) HR-TEM, and (c) STEM and 

EDS elemental mapping images of Co-Fe-Bi/NiCo2O4/NF electrocatalyst after the durability test 

for 40 h. High-resolution core-level spectra of (d) Co 2p (e) Fe 2p, and (f) O 1s of after the 

durability test for 40 h.
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To verify the above hypothesis, we further examined the morphology and composition of the 

Co-Fe-Bi/NiCo2O4/NF nanohybrid electrocatalyst after a durability test for 40 h. Figure S14a 

shows the FE-SEM image of the Co-Fe-Bi/NiCo2O4/NF nanohybrid after the OER durability test, 

which indicated that the electrocatalyst retained the 3D core-shell nanohybrid structure. The 

TEM image in Figure 5a clearly reveals the well-preserved core-shell nanohybrid structure of the 

nanosheet shell and the NiCo2O4 nanowire core even after the prolonged durability test for 40 h. 

Notably, the interplanar spacing of ~ 0.283 ± 0.02 nm, which is indexed to the (220) plane of the 

spinel structured NiCo2O4 (JCPDS: 73-1702) core, along with the amorphous shell, was still 

observed after the OER test (Figure 5b). Interestingly, the STEM and EDS elemental mapping 

images in Figure 5c further confirm the intact core-shell nanohybrid structure with a 

homogenous distribution of all the elements except for B elements. 

The inductively coupled plasma mass spectrometry (ICP-MS) analysis further revealed the loss 

of B and increase of O species after the OER test. Specifically, the atomic ratio for B decreased 

from ~ 24% in the pristine Co-Fe-Bi sample to ~ 1% in the post-OER sample, whereas the 

atomic ratio of O increased from 38% for the pristine sample to 62% for the post-OER sample. 

These findings were further confirmed by the XPS analysis (Figures 5d-f and S14b). In the high-

resolution spectra of the Co 2p, Fe 2p, B 1s and O 1s spin-orbitals, all the peaks associated with 

the borate species almost entirely disappeared after the OER test. The core-level XPS spectrum 

of Co 2p after the OER showed peaks at 781.6 eV and 796.4 eV for the Co 2p1/2 and Co 2p3/2 

energy levels along with the presence of weak satellite peaks at 802.6 eV, 784.3 eV and 788.2 

eV, respectively, suggesting the transformation of Co from +2 to the higher oxidation state of +3 

(CoOOH phase) during the OER process (Figure 5d). This transformation can also be confirmed 

from the anodic peak at ~ 1.38 V vs RHE in Figure 4(d), which was later disappeared after 
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continuous OER process, suggesting the complete transformation of Co-Fe-Bi to Co-Fe-OOH. 

However, no change in the Fe 2p spectrum was observed after the OER test, indicating the 

valence state of Fe was +3 (Figure 5e). Interestingly, the O 1s spectrum showed the absence of 

the B-O bond and the evolution of a new peak at ~ 531.6 eV, suggesting that the O coordination 

environment changed after the OER test. Similarly, the B 1s spectrum (Figure S14b) confirmed 

the absence of a peak corresponding to the B-O bond, suggesting the B species were almost 

completely transferred to the electrolyte, which was consistent with the EDS elemental mapping 

results (Figure 5c). These observations from the morphological and compositional 

characterizations indicated that the Co-Fe-Bi shell oxidized to Co-Fe-OOH during the OER test, 

which are considered to be active sites for efficient water oxidation.57, 58

Finally, the excellent catalytic activity and durability of the Co-Fe-Bi/NiCo2O4/NF nanohybrid 

electrocatalyst can be attributed to the following factors: (I) The facile growth of the Co-Fe-Bi 

nanosheets and NiCo2O4 nanowires on the highly conductive 3D NF porous structure enabled 

close contact and strong adhesion in the nanohybrid structure. Thus, the intrinsic assets and 

robust coupling effects of the 3D core-shell nanohybrid structure contributed to the high activity 

and durability towards water oxidation. (II) The direct grafting of the Co-Fe-Bi nanosheets on the 

NiCo2O4 nanowires grown on the NF ensured efficient charge transport by allowing more 

effective shuttling of the charges at the heterostructure interfaces, as confirmed by the lower Rct 

obtained from the EIS analysis (Figure 3e). (III) The unique 3D core-shell nanohybrid structure 

of the Co-Fe-Bi nanosheet shell and NiCo2O4 nanowire core on the free-standing NF current 

collector provided an excellent pathway for both ion and electrolyte diffusion, and it was 

beneficial for the instantaneous release of O2 bubbles. (IV) Last, the excellent OER 

performances of the core-shell nanohybrid structure can also be partially ascribed to the possible 
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formation of an amorphous Co-Fe-OOH, which has been proved to promote the exposure of 

more active sites during the OER.57, 58 Synergistically, these advantages endowed the self-

standing 3D core-shell Co-Fe-Bi/NiCo2O4/NF nanohybrid electrocatalyst with remarkable 

catalytic activity and durability towards water oxidation.

CONCLUSION

In conclusion, we demonstrated an advanced self-standing 3D core-shell nanohybrid structure 

composed of an ultrathin Co-Fe-Bi nanosheet shell and a NiCo2O4 nanowire core on a self-

standing NF support through a two-step facile method for highly efficient and durable water 

oxidation. This unique 3D nanohybrid structure provides the following characteristics for 

efficient water oxidation: (1) amorphous Co-Fe-Bi nanosheets and crystalline NiCo2O4 

synergistically create strong interactions, which obviously promote the reaction kinetics to speed 

up the water oxidation; (2) electrocatalysts with a 3D core-shell nanohybrid structure with high 

specific surface area and abundant active sites offer fast transport behavior of electrolytes and 

gases, which is beneficial for water oxidation; and (3) an advanced 3D self-supported electrode 

configuration with macropore channels allows for harnessing the effective penetration of 

electrolytes, and thus guarantees a durable lifespan towards efficient water oxidation. As a result, 

the Co-Fe-Bi/NiCo2O4/NF nanohybrid electrocatalyst exhibits one of the best electrocatalytic 

OER performances among the reported borate-based electrocatalysts and is comparable to most 

of the noble-metal-free electrocatalysts. Our work opens new pathways for the rational design 

and development of the advanced nanomaterials with exciting electronic properties and surface 

structures for a multitude of renewable energy-related and other catalytic applications.
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