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Abstract: Herein we report a facile and direct synthesis of porous NiCo2O4 nanowire 

arrays (NWAs) with robust mechanical adhesion to conductive electrodes by a simple 

two-step method. Upon complete pyrolysis of the cobalt-nickel-hydroxide precursor, 

high-quality crystalline NiCo2O4 is achieved. The porous NiCo2O4 nanowires were 

found to be highly active for catalytic water oxidation when serving as the working 

electrodes without any external materials (binder and/or carbon black), as evidenced 

by exhibiting higher catalytic current density for water oxidation compared to 

precious metal oxide catalysts such as iridium oxide (IrO2) under the same conditions 

and appreciable catalytic wave at ~1.52 V (vs. RHE). The optimal performance of the 

as-synthesized NiCo2O4 nanowires showed a current density of 10 mA/cm2 under an 

overpotential of only 0.46 V and 20 mA/cm2 under an overpotential of 0.72 V, 

corresponding to a Faradaic efficiency of nearly 100%. The atomic-scale analysis of 

the NiCo2O4 nanowires was further conducted by spherical-aberration-corrected 

transmission electron microscopy (TEM). The highly exposed high-index facets and 

one-dimensional (1D) configuration of the as-synthesized porous NiCo2O4 nanowires 

may be responsible for the high catalytic performance of water oxidation, which 

exhibits excellent activity and unique advantages for catalytic water splitting. 

 

Keywords: noble-metal-free electrocatalyst, water oxidation, nanowire arrays, porous 

structure, water splitting 
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Introduction 

Hydrogen is considered to be a sustainable, carbon-neutral and abundant energy 

carrier with potential to solve the current energy problem.1-4 

Electrocatalytic/photocatalytic water splitting to produce hydrogen and oxygen, as a 

means of providing a clean and renewable energy source, has been studied for more 

than four decades.1,5-12 It is considered that the water oxidation reaction is more 

difficult than water reduction reaction because the former proceeds a process of four 

electrons coupled with four protons during water splitting.13-14 However, the highly 

active electrocatalysts for water oxidation are mostly from noble metals such as 

RuO2
7,15 and IrO2.

16 These electrocatalysts are scarce and expensive to use in 

constructing artificial photosynthetic systems that store and utilize solar energy.13,17-18 

Thus, it is important to develop low-cost and abundant materials as catalysts with high 

efficiency for the water oxidation reaction.9,11,19 

Nature uses a CaMn4Ox cluster for the oxidation of water in photosystem II.20-22 

To simulate the function of CaMn4Ox and explore abundant catalysts for water 

oxidation, various manganese oxides or complexes have been well studied.17-18,23-25 

Recently, attention has transferred to developing abundant catalysts made of 

cobalt,6,9,26-30 nickel,1,3,31 copper,32 and iron oxides33-34 to reduce the cost and enhance 

the efficiency of catalysts for water oxidation. 

 Amongst them, considerable interest has been focused on cobalt related spinel 

structures, generally MxCo3-xO4 materials (M = Mn, Ni, Fe, Zn).19,35-39 These catalysts 

show great potentials in possible applications for their advantages of low-cost, 

abundance, good stability, and high efficiency. Highly improved performance in 
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cobalt oxide spinels was found by nickel substitution for electrocatalytic water 

oxidation.40-41 

Herein we report facile synthesis and atomic-scale analysis of porous crystalline 

NiCo2O4 nanowire arrays (NWAs) as a highly active electrocatalyst for the oxygen 

evolution reaction (OER). High-index facets were found by 

spherical-aberration-corrected transmission electron microscopy (TEM). The 

NiCo2O4 NWAs catalyst can be grown directly on conductive fluorine doped tin oxide 

(FTO) electrode, exhibiting quite low overpotential and very high catalytic current 

densities. The variation in the morphologies of as-synthesized cobalt-nickel hydroxide, 

resulting from the hydrothermal time, leads to distinguishable electrochemical 

performance. To probe the mechanism of the electrochemical performance, 

atomic-scale analysis of as-synthesized cobalt-nickel hydroxide was carried out by the 

spherical-aberration-corrected TEM. 

 

Experimental 

Materials: All reagents, including nickel nitrate hexahydrate (Ni(NO3)2
.6H2O, 99%), 

cobalt nitrate hexahydrate (Co(NO3)2
.6H2O, 99%), urea (98%), ammonium fluoride 

(NH4F, 98%), 5 wt% Nafion solution, potassium hydroxide (KOH), and ethanol were 

purchased from Aldrich or Acros. Iridium oxide nanoparticles (IrO2, 99%) was 

purchased from Shanxi Kaida Chemical Engineering Co. LTD. All the aqueous 

solutions involved in the paper were freshly prepared. Fluorine-doped tin oxide (FTO) 

glass plates with surface resistivity of 8-10 Ω/sq were purchased from Zhuhai Kaivo 
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Electronic Components Co., Ltd. Prior to the tests, FTO electrodes were successively 

ultrasonicated in deionized water, ethanol, and deionized water for 5 minutes and 

dried in air. 

Synthesis of NiCo2O4 nanoflakes and nanowire arrays: Highly porous NiCo2O4 

nanoflakes and nanowire arrays were directly synthesized on an FTO glass plate by a 

mild hydrothermal method. Details of the procedures used are as follows: 0.5 mmol of 

Ni(NO3)2
.6H2O, 1 mmol of Co(NO3)2

.6H2O, 3 mmol of NH4F, 7.5 mmol of urea were 

dissolved in 30 ml of deionized water. After stirring for 30 min, a light pink-colored 

aqueous solution was obtained, then the resulting solution was transferred into a 50 

mL Teflon-lined stainless steel autoclave with the clean FTO glass plates immersed 

into the solution. The autoclave was heated to 120 ºC and the temperature was 

maintained for different times to obtain various morphologies. After cooling to room 

temperature, the pink precursor on FTO was washed with deionized water for three 

times. Then the cobalt-nickel hydroxide precursors were transferred to a tube furnace 

and calcinated at 350 ºC for 2 hours under flowing argon, after which the resulting 

plates were used as the working electrodes in electrochemical experiments. 

Cyclic voltammetry (CV): All electrochemical CV experiments were performed at 

room temperature with a CHI660D Instrument Potentialstat (purchased from 

Shanghai Chen Hua Instrument Co., Ltd.). In a typical three-electrode electrochemical 

system, the NiCo2O4 nanoflakes or nanowires or nanosized IrO2 on FTO glass plates 

were used as the working electrodes, an Ag/AgCl electrode (3 M KCl) as reference 

electrode, and a platinum wire as counter electrode to obtain cyclic voltammograms. 
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The electrolyte solutions were 0.1 M KOH or 1 M KOH aqueous solution and all the 

potentials reported in this paper were versus RHE (reversible hydrogen electrode), 

with the potential of RHE defined as ERHE = -0.059pH. Hence the potentials in 

solution are according to the formula: E = Eapplied + EAg/AgCl + 0.059pH, where Eapplied 

is the applied potential vs Ag/AgCl and EAg/AgCl =0.21 V in 3 M KCl.42 All the cyclic 

voltammograms were measured at 5 mV/s. There were iR compensations and no 

stirring for the CV tests. 

Bulk electrolysis and chronopotentiometry: The NiCo2O4 nanoflakes and nanowires 

on FTO glass plates were used as the working electrodes in a 40 mL 0.1 M or 1 M 

KOH aqueous solution for bulk electrolysis (Eapplied =0.8 V). For chronopotentiometry, 

the NiCo2O4 nanowires on FTO plates were used as the working electrode with a 

fixed current density of 10 mA/cm2 or 20 mA/cm2 in a 40 mL 1 M KOH solution. For 

comparison, the IrO2 catalyst mixed with Nafion and ethonal was dropped onto the 

FTO plates as the working electrode and all other conditions are the same as those for 

NiCo2O4 nanowires. 

Tafel plot: The Tafel plot was obtained by performing bulk electrolysis in solution at a 

variety of anodic potentials until a steady current density was achieved. The potentials 

were varied from 1.24 V to 2.54 V and the intervals were 50 mV or 25 mV for each 

test. Prior to the experiment, the solution resistance was measured using the iR 

function. 

The Faradaic efficiency: A fluorescence-based oxygen sensor (Ocean Optics) was 

used for quantitative detection of O2. The experiment was performed in a gas-tight 
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electrochemical cell. The solution of 1 M KOH was degassed by bubbling with high 

purity N2 for 20 minutes with vigorous stirring. The reference electrode was 

positioned 3-5 millimeter from the NiCo2O4 working electrode. The O2 on the FOXY 

probe, recorded at 2s intervals, was converted into the partial pressure of O2 in the 

headspace. After calibration, bulk electrolysis was initiated at 1.83 V vs. RHE. 

X-ray diffraction (XRD): The crystal phase analysis of the NiCo2O4 electrocatalysts 

and the NiCo2O4 nanowires after bulk electrolysis at 1.78 V in 0.1 M KOH or 1.83 V 

in 1 M KOH was measured by X-ray diffraction (XRD, D/max-TTR III) via graphite 

monochromatized Cu Ka radiation of 1.5417 Å, operating at 40 kV and 200 mA. The 

scanning rate was 5˚ min-1 from 10˚ to 70˚ in 2θ. 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM): 

SEM images were obtained with a SIRION200 Schottky field emission scanning 

electron microscope (SFE-SEM). The detected NiCo2O4 nanowires on FTO plate were 

coated with Pt to make the samples conductive before loading into the instrument. 

Images were obtained with an acceleration voltage of 5 kV or 10 kV. The 

morphologies of NiCo2O4 samples were further analyzed by TEM. TEM images were 

obtained on a JEM-2011 electron microscope, operated at an acceleration voltage of 

200 kV. 

High resolution transmission electron microscopy (HRTEM), electron diffraction 

(ED), and energy-dispersive X-ray analysis (EDX): The morphologies of the 

NiCo2O4 nanowires were also determined by high-resolution transmission electron 

microscopy (HRTEM) equipped with an electron diffraction (ED) attachment with an 
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acceleration voltage of 200 kV, and equipped with a Rontec EDX system. 

X-ray photoelectron spectroscopy (XPS): The elemental composition of the NiCo2O4 

samples on FTO plates and the valence states of the metal elements were probed with 

the ESCALAB 250 X-ray photoelectron spectroscopy (XPS) instrument. The survey 

scan, high resolution Co 2p, and high resolution Ni 2p spectra were obtained. The 

spectra are referenced to the C 1s peak (285.0 eV). 

Facet notation for high Miller index surfaces: For a fcc crystal, a high Miller index 

(hkl) of a surface with (htktlt) terraces, (hsksls) steps, and a step-to-terrace atom ratio of 

�������
�� :�������

��  can be written as:43 

	ℎ��
 =
�������
��

��
	ℎ�����
 +

�������
��

��
	ℎ�����
 

Where ht, kt, lt, must be an irreducible set of integers; hs, ks, ls must also be an 

irreducible set of integers. Pt=4 as ht, kt, lt are all odd; Pt=2 as ht, kt, lt are not all odd. 

Ps=4 as hs, ks, ls are all odd; Ps=2 as hs, ks, ls are not all odd. Therefore, we are able to 

identify the curved surfaces as long as we have the terrace and step facet information. 

 

Results and discussion 

The two-step synthetic process of porous NiCo2O4 nanowire arrays (NWAs) on 

fluorine-doped tin oxide (FTO) started from a hydrothermal process at 120 ºC for a 

certain time (2-15 hours), followed by calcining at 350 ºC in flowing argon for 2 

hours. Figure 1 shows the scanning electron microscopy (SEM) images of the 

as-synthesized NiCo2O4 on FTO. After 10 hours of the hydrothermal process, the 

image showed a large number of NiCo2O4 nanowires with a mean diameter of ∼70 
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nm, as calculated from 30 nanowires randomly selected from the SEM images (Figure 

1a-b). The lengths of the nanowires varied from 2-5 micrometers. The thickness of the 

nanowires is 3-4 µM on FTO (Figure 1c). The morphologies of NiCo2O4 can be 

controlled by the operation time for the hydrothermal process, as shown in Figure S1. 

After 2 hours of the hydrothermal process, the materials show obvious nanoflake 

structures. As the hydrothermal process continues, nanowires gradually grow during 

the crystallization process. The morphology of NiCo2O4 after 4 hours of hydrothermal 

process clearly exhibits this transition process from nanoflakes to nanowires (Figure 

S1b). The morphologies show more nanowires on FTO after a longer hydrothermal 

time (Figure 1c-e). The elements of Ni and Co in nanowires of NiCo2O4 were 

investigated by energy dispersive X-ray spectroscopy (EDX) analysis (Figure S2). 

The results show the elemental molar concentrations of Ni and Co in NiCo2O4 

nanowires are 10.83% and 23.64%, corresponding to a ~1:2 atomic ratio of Ni:Co. 

The elemental Cu is from the copper substrate.  

Figure 1d shows the X-ray diffraction (XRD) patterns of the nanowires. All the 

synthesized samples exhibit very similar diffraction features. The peaks at 2θ = 31.1, 

36.5, 44.6, 59.1, and 64.9 ° correspond to the diffractions from the (220), (311), (400), 

(511), and (440) planes of spinel NiCo2O4 (JCPDS card no. 73-1702). No other peaks 

were observed in the X-ray diffraction pattern, indicating the pure-phase nature of the 

nanowires.  

In addition, the NiCo2O4 nanowires on FTO substrate were analyzed by X-ray 

photoelectron spectroscopy (XPS) (Figure 2). The XPS spectra indicate the presence 
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of Ni, Co, and O elements (Figure 2a), consistent with the results obtained by EDX. 

The XPS analysis of NiCo2O4 shows that the surface composition percentages of Ni, 

Co and O are 11.1%, 15.2% and 43.6%, indicating that Ni is enriched on the surface 

of NiCo2O4 nanowires. The high resolution Ni 2p and Co 2p XPS peaks are shown in 

Figure 2b and 2c. In Ni 2p spectra, two sets of broad signals corresponding to Ni 2p3/2 

(855.4 eV) and Ni 2p1/2 (872.9 eV) are observed, showing that the elemental Ni is in a 

range of typical Ni2+ or Ni3+ bound to oxygen.44 The intense satellite peaks indicate 

that the majority of nickel elements in the crystal lattice are Ni2+ cations.45 In Co 2p 

region of the sample, two sets of broad signals consistent with Co 2p3/2 (779.8 eV) 

and Co 2p1/2 (794.9 eV) are observed, implying a fundamental oxidation state of Co3+ 

ions in NiCo2O4 nanowires.42,45-47 The O 1s signal is located at 529.4 eV and 531.1 eV, 

showing that the peak at 529.4 eV is typical of metal-oxygen bonds in NiCo2O4 

nanowires (Figure 2d).48 The spectra are referenced to the adventitious C 1s located at 

285.0 eV. The results are consistent with the valence states of NiCo2O4 material. 

The structural characteristics of the NiCo2O4 NWAs were further studied by 

transmission electron microscopy (TEM) and high resolution transmission electron 

microscopy (HRTEM). The TEM images (Figure 3a and 3b) confirm that the samples 

consist of NiCo2O4 nanowires and the average width of a single NiCo2O4 nanowire is 

~70 nm. Obviously, large quantities of pore detects are distributed on the surface of 

NiCo2O4 nanowires (Figure S3, Figure 3a and 3b). Based on the XRD analysis, these 

nanowires were highly crystalline and showed good uniformity. Figure S4 shows the 

nitrogen adsorption-desorption isotherms measured at liquid nitrogen temperature. 
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The Brunauer-Emmett-Teller (BET) surface area is around 125.5 m2/g, which is 

higher than previous reported results,36,41 On the basis of selected-area electron 

diffraction (SAED) analysis (Figure 3c), these nanowires were consistently found to 

be single-crystalline. The set of diffraction spots can be indexed as (440), (220), and 

(400) facets. From the HRTEM image (Figure 3d), the spacing of the lattice fringes is 

calculated to be 2.45 Å and 2.87 Å, which can be indexed as the (311) and (220) 

planes of NiCo2O4 and is consistent with the diffraction peaks of the XRD patterns. 

The success in controlling the growth of crystalline NiCo2O4 nanowires allowed 

systematic study of their catalytic performance. The electrocatalytic OER activity of 

the material was investigated in a standard three-electrode system in alkaline solutions. 

Besides giving good control over structural features, the direct synthesis of NiCo2O4 

nanowires on conductive electrodes has several advantages over ex-situ catalyst film 

fabrication. For instance, it allows robust mechanical adhesion without an external 

binder and facilitates interfacial electron transfer between the catalysts and the 

electrodes, which could subsequently enhance the catalytic efficiency. Figure 4a 

shows the curves of cyclic voltammograms (CVs) and bulk electrolysis of the 

NiCo2O4 NWAs in a 1 M KOH solution. All the NiCo2O4 NWAs exhibit obvious 

catalytic currents at a potential > 1.52 V (vs. RHE, all the potentials in this paper are 

versus RHE). However, the NiCo2O4 flakes prepared with a hydrothermal process at 

120 ºC for 2 hours show a much higher onset potential at > 1.65 V, indicating that the 

NiCo2O4 nanowires are more active for catalytic water oxidation than NiCo2O4 

nanoflakes. The CVs data indicate that NiCo2O4 nanowires prepared with a 
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hydrothermal process at 120 ºC for 10 hours (~1.0 mg/cm2 of the catalysts on FTO) 

have the best catalytic activity for catalytic water oxidation (Figure 4a). The catalytic 

current density is as high as ~47 mA/cm2 with an overpotential of 1.0 V.  

The apparent catalytic currents for water oxidation impelled us to examine bulk 

electrolysis catalyzed by the as-prepared NiCo2O4 NWAs. The catalytic water 

oxidation experiments were carried out with a fixed potential at 1.83 V (an 

overpotential of 0.60 V) in a 1 M KOH electrolyte, as shown in Figure 4b. The results 

exhibit that all the current densities using NiCo2O4 nanoflakes/nanowires are more 

than 10 mA/cm2. Impressively, the NiCo2O4 nanowires prepared with a hydrothermal 

process at 120 ºC for 10 hours could achieve current densities as high as 16 mA/cm2, 

which is a very high catalytic current density among those materials for water 

oxidation reported in the literature.17,19,35,49 The catalytic activity has no significant 

decrease even after 4 hours of electrolysis. The results show that NiCo2O4 nanowires 

can effectively catalyze water oxidation in alkaline solutions.  

Figure 4c-d shows the curves of cyclic voltammograms (CVs) and bulk 

electrolysis of the NiCo2O4 NWAs in a 0.1 M KOH solution. The NiCo2O4 NWAs 

exhibit the same tendency as the experiments run in a 1 M KOH solution, i.e. the 

NiCo2O4 nanowires are more active for catalytic water oxidation than NiCo2O4 

nanoflakes. The NiCo2O4 nanowires prepared with a hydrothermal process at 120 ºC 

for 10 hours had the best activity (Figure 4c). At an applied overpotential of 0.94 V, 

the CV data show that catalytic current density could reach 20 mA/cm2. Obvious 

catalytic currents were observed at an applied overpotential > 0.29 V for all NiCo2O4 
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nanowires. The catalytic current densities of bulk electrolysis at a fixed overpotential 

of 0.55 V show NiCo2O4 nanowires prepared with a hydrothermal process at 120 ºC 

for 10 hours could achieve > 6.5 mA/cm2, and these activities showed no significant 

decrease even after 4 hours of electrolysis (Figure 4d). All the results of bulk 

electrolysis exhibited good durability of NiCo2O4 nanowires for efficient catalytic 

water oxidation in alkaline solutions. 

For comparison, nanosized iridium oxide (IrO2) catalyst (SEM image, see Figure 

S5) loaded on FTO electrode (~1.0 mg/cm2 loading) was measured for catalytic water 

oxidation. In a 1 M KOH aqueous solution, the CV curves show that the NiCo2O4 

nanowires perform much better than IrO2 catalyst under the same conditions (Figure 

5a). IrO2 can catalyze water oxidation with a sharp onset overpotential of ~1.75 V, 

while the NiCo2O4 nanowires exhibit an onset overpotential of only ~1.52 V, which is 

~0.23 V lower than the nanosized IrO2 catalyst. The low performance of IrO2 in the 

present study is probably due to ex-situ catalyst film fabrication.49 It needs an external 

binder (for example, Nafion), which may result in worse contact between the catalyst 

and the electrode than the direct growth method in facilitating interfacial electron 

transfer. At a fixed potential, the current density of NiCo2O4 NWAs is much higher 

than IrO2 catalyst under the same potential, confirming that NiCo2O4 nanowires 

catalyst is more active for water oxidation. The OER onset potential for the optimal 

NiCo2O4 nanowires was even lower than the performance of other reported OER 

catalysts in the literature, including Co3O4/N-graphene (1.63 V vs. RHE, pH 14),50 

Mn3O4/CoSe2 catalyst (1.68 V vs. RHE, pH 13),51 NixCo3-xO4 catalyst (1.62 V vs. 
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RHE, pH 14, table S1),41 ZnxCo3-xO4 catalyst (1.55 V vs. RHE, pH 14, table S1),36 

Nitrogen doped graphene-NixCo3-xO4 catalyst (1.54 V vs. RHE, pH 14, table S1),40 

N/C–NiOx catalyst (1.7 V vs. RHE, pH 13),49 and the metal free N/C nanomaterials.49 

Therefore, the present NiCo2O4 nanowires electrocatalyst is among the known highly 

active non-precious metal oxide or mixed metal oxide electrocatalysts in alkaline 

solutions. 

The chronopotentiometric curves of the NiCo2O4 nanowires and the IrO2 catalyst 

under current densities of 10 and 20 mA/cm2 for water oxidation were further 

investigated (Figure 5b). The results show that the required overpotential of NiCo2O4 

nanowires under current density of 20 mA/cm2 is ~0.72 V, while the potentials of IrO2 

under same current density requires ~0.91 V, ~26% higher than NiCo2O4 nanowires. 

Similarly, for the current density of 10 mA/cm2, the required overpotentials for 

NiCo2O4 nanowires and IrO2 catalysts are ~0.54 V and ~0.63 V, respectively. The 

chronopotentiometric data also confirm great stability and high activity of the 

as-synthesized NiCo2O4 nanowires during catalytic water oxidation reaction. The 

turnover frequencies (TOFs) are 0.0028 s-1 and 0.0047 s-1 for NiCo2O4 nanoflakes and 

nanowires, respectively, under the overpotential of 0.55 V in 0.1 M KOH. Under the 

overpotential of 0.60 V in 1 M KOH, the TOFs are 0.0082 s-1 and 0.0123 s-1 for 

NiCo2O4 nanoflakes and nanowires, respectively. The result shows that the NiCo2O4 

nanowires have better electrocatalytic activity than that of NiCo2O4 nanoflakes. 

To investigate the mechanism of the high catalytic performance of the NiCo2O4 

nanowires, spherical-aberration-corrected TEM were utilized to characterize the 
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microstructure of the material. Figure 6a and 6b reveal that the surface of the NiCo2O4 

nanowires is composed of atomic steps. By indexing the rough features, high index  

	48�6�
 facets were observed on the surface of the NiCo2O4 nanowires. While the 

NiCo2O4 nanoflakes consist of smooth surfaces and there is no high index facet 

exposed on those smooth surfaces (Figure 6c and 6d). In general, the high index facet 

possesses high surface energy, resulting in instability when exposed to the surface of 

the crystal. However, the surface energy can be modified at atomic steps because of 

the irregularity, compared to perfect surface. As a result, the high index facets can be 

highly exposed to the surface in the presence of atomic steps.52 In addition, the high 

density of atomic steps on the surface introduces new features in potential field, which 

in turn reduces the chemical reaction potential barriers. The adsorbant molecules can 

be feasibly decomposed at the surface with atomic steps as active sites while in the 

absence of the atomic steps, the decomposition reaction of the absorbant molecules 

has to meet the requirement of the potential barrier in chemical reactions. In terms of 

surface reactivity in OER, the high index facets provide more active sites for O-H 

chemical bond breaking and give rise to more catalytic active behavior.53  

Tafel plot can show the electrochemical kinetics relating the rate of water 

oxidation reaction to the overpotential. The plot of current density vs potential was 

obtained by using NiCo2O4 nanowires prepared at 120 ºC for 10 hours as the working 

electrode in a 1 M KOH aqueous solution at a variety of the potentials (Figure 7a). 

When a steady current density was achieved, the potentials varied from 1.24 V to 2.54 

V. The sharp onset potential of NiCo2O4 catalyst appears at ~1.52 V (> 1 × 10-4 
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mA/cm2) and the slope of the line at higher potential is 90 mV per decade in a 1 M 

KOH solution, indicating that NiCo2O4 nanowires electrocatalyst is highly active for 

water oxidation. 

The Faradaic efficiency of the NiCo2O4 nanowires catalyst was further measured 

by a fluorescence-based oxygen sensor. Bulk electrolysis was performed with an 

overpotential of 0.60 V in a 1 M KOH electrolyte in a gas-tight electrochemical cell 

under nitrogen. Oxygen bubbles were rapidly produced on the working electrode and 

the fluorescence sensor showed the rapid rise of the oxygen percentage in the 

headspace. The theoretical amount of oxygen evolution was calculated by assuming 

that the total charge was from 4e- oxidation of water according to Faraday's law. The 

amount of produced oxygen matched well with the theoretical amount of oxygen 

under the total charge during the process of the electrolysis, corresponding to a 

Faradaic efficiency of nearly 100% (Figure 7b). 

In order to further confirm the stability of the catalyst during the OER, the 

structure and morphology of the NiCo2O4 nanowires catalyst was further examined by 

XRD and SEM. After a long process (> 10 hours) of bulk electrolysis in a 1 M KOH 

aqueous solution at an applied overpotential of 0.60 V, no significant difference in the 

morphology of the nanowires was observed before and after the bulk electrolysis 

(Figure 8a), presenting a very similar diameter of ~70 nm. After the catalysis, no 

significant changes of diffraction patterns could be detected by XRD measurement, 

indicating that the nanowires are not substantially dissolved into the solution from the 

FTO support (Figure 8b). 
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Conclusions 

In conclusion, we utilized a simple two-step method to synthesize porous 

crystalline NiCo2O4 NWAs on FTO substrates as a highly active electrocatalyst for 

catalytic water oxidation. The NiCo2O4 NWAs catalyst exhibits quite low 

overpotential and high activity, which is comparable to the nanosized IrO2 catalyst 

and other reported non-precious metal-based water oxidation catalysts under the same 

condition. A Faradaic efficiency of nearly 100% for water oxidation was achieved in 

the present system. In addition, great structural and chemical stability was observed 

during the catalytic water oxidation reaction. The atomic-scale analysis of the 

NiCo2O4 nanowires was conducted by spherical-aberration-corrected TEM. The high 

density of surface atomic steps in the present NiCo2O4 nanowires could contribute to 

the low overpotential and high catalytic activity for water oxidation. Therefore, we 

believe that the direct synthesis of crystalline NiCo2O4 NWAs on conductive 

electrodes represents a good approach to preparing an electrocatalyst for 

high-performance catalytic water oxidation without precious metals. 
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Figure 1. (a, b) SEM images of the NiCo2O4 after calcining at 350 ºC for 2 hours in 

flowing argon with 10 hours in hydrothermal synthesis at 120 ºC. (c) fracture surface 

of NiCo2O4 nanowire arrays. (d) XRD patterns of the NiCo2O4 obtained with different 

times in hydrothermal synthesis at 120 ºC. 
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Figure 2. (a) XPS survey spectrum of the NiCo2O4 obtained by hydrothermal 

synthesis at 120 ºC for 10 hours; High resolution XPS spectra of (b) Ni 2p, (c) Co 2p, 

and (d) O 1s. 
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Figure 3. (a, b) TEM images of the NiCo2O4 nanowire arrays. (c) SAED analysis. (d) 

HRTEM images. 
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Figure 4. Electrochemical performance of NiCo2O4 nanoflakes and nanowires for 

different times in hydrothermal synthesis at 120 ºC as the working electrode in 1 M 

KOH or 0.1 M KOH. (a,c) CV curves, at 5 mV/s and with iR compensation in 1 M 

KOH or 0.1 M KOH. (b) Current density curves for bulk electrolysis at 1.83 V (an 

overpotential of 0.60 V) in 1 M KOH. (d) Current density curves for bulk electrolysis 

at 1.78 V (an overpotential of 0.55 V) in 0.1 M KOH. 
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Figure 5. Electrochemical performance of NiCo2O4 NWAs at 120 ºC for 10 hours and 

IrO2 (~1.0 mg/cm2), as the working electrode in 1 M KOH. (a) CV curves of NiCo2O4 

nanowires and IrO2, at 5 mV/s and with iR compensation. (b) Chronopotentiometry 

curves of NiCo2O4 nanowires and IrO2 under current densities of 10 and 20 mA/cm2. 
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Figure 6. The HRTEM of the NiCo2O4 nanowires and nanoflakes. (a) The nanowire 

surface is composed of atomic steps. The inset of the (a) is the FFT pattern. The zone 

axis is along [210] direction. (b) The high-index facet 	24�6�
 was observed on the 

surface, which plays important role on the catalytic performance. (c) and (d) The 

smooth surface of the nanoflakes. The inset of the (c) is the FFT pattern. The zone 

axis is along [210] direction. The scale bar is 5 nm in (a), (c) and 2.5 nm in (b), (d). 
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Figure 7. (a) Dependence of the current density on the potential in a 1 M KOH 

aqueous solution. The slope of the line is 90 mV per decade. (b) O2 production 

measured by a fluorescence-based oxygen sensor and the theoretical amount of O2 

produced by electric charge transferred to water at 1.83 V in a 1 M KOH, 

corresponding to a Faradic efficiency of nearly 100%. 
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Figure 8. (a) SEM image of NiCo2O4 NWAs after >10 hours of electrolysis at 1.83 V 

in 1 M KOH. (b) XRD patterns of the NiCo2O4 NWAs after >10 hours of electrolysis 

at 1.78 V in 0.1 M KOH or at 1.83 V in 1 M KOH. 
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