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A B S T R A C T   

Owing to easy recycling and the pollution-free nature of hydrogen fuel, electrochemical hydrogen production is 
attracting increasing attention. In this work, 3D NiCo2O4 nanoneedle arrays are prepared on porous nickel foam 
(NF) coated with a cobalt oxide nanofilm (CNF) produced by atomic layer deposition (ALD) to form a stable and 
robust catalyst for the hydrogen evolution reaction (HER). As a result, the optimized NiCo2O4@C12NF electrode 
exhibits excellent catalytic activity with a low overpotential of 96 mV versus RHE at a current density of 10 mA 
cm− 2, small Tafel slope of 50.6 mV dec− 1, and outstanding stability for over 25 h in 1 M KOH. The excellent 
characteristics stem from synergistic effects of the unique nanoneedle arrays, abundant active sites, and short 
channels at the electrode–electrolyte interface. ALD is demonstrated to be a desirable technique to produce 
highly efficient HER electrocatalysts for commercial water electrolysis.   

1. Introduction 

In the context of the energy crisis, hydrogen energy plays a huge role 
in replacing fossil energy to mitigate environmental pollution and ach
ieve sustainable development. It can be generated from water by elec
trolysis [1–3], but with the hydrogen evolution reaction in water 
splitting, high-efficiency catalysts are needed in the hydrogen produc
tion process [4,5]. Pt-based precious metals are considered the bench
mark HER catalysts due to its excellent performance. However, high 
prices and scarcity of reserves have restricted large-scale application 
[6,7] and there is an urgent need to develop alternative HER electro
catalysts with higher natural abundance and lower costs. Hence, the 
non-precious metal HER electrocatalyst has become a hot research topic 
and has made great progress. Especially transition metal modified cat
alysts, like the first row of transition metal oxides, hydroxides, sulfides, 
nitrides, selenides, phosphides, and polymetallic compounds have 
attracted much attention [8–16]. Catalysts with a variety of shapes 
including zero-dimensional (0D) nano-atom clusters, one-dimensional 

(1D) nanotubes, two-dimensional (2D) nano-films, and other three- 
dimensional (3D) nanocrystals [17–21] have also been proposed. 
NiCo2O4 with spinel structure is a promising candidate material due to 
its abundant valence changes and strong electron coupling ability. The 
synergistic effect of the unique nanoarray and the short channel at the 
electrode - electrolyte interface makes NiCo2O4 get more and more 
attention. 

The HER exists in the contour of the catalyst, so the surface structure 
and interfacial reactions acted as an important role in the catalytic 
performance. Fan et al. [22] have prepared MoS2 and NiS2 fixed in 3D 
nitrogen-doped graphene foam (MoS2-NiS2/NGF), which showed good 
catalytic activity with low overpotential (172 mV at a current density of 
10 mA cm− 2) in HER. Shao et al. have proposed heterostructures con
sisting of (Ni, Fe)S2 nano-boxes and MoS2 nanoarrays with improved 
activity and durability [23]. Although studies have been proposed to 
improve the catalytic performance of NiCo2O4 by regulating the 
morphology of NiCo2O4, according to current reports, the manipulation 
of atomic layer deposition (ALD) to form CoO nanofilms as a buffer layer 
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between the electrocatalyst and the substrate are very few. By opti
mizing the interface between the electrocatalyst and substrate, the 
electrocatalytic activity, stability, and toughness can be improved. 
Therefore, to find stable and efficient nano-thin film materials with 
NiCo2O4 as co-catalyst, It is of great significance to improve the catalytic 
activity [46–49]. 

In this work, CoO nanofilms are coated on porous nickel foam (NF) 
by ALD and then self-supporting NiCo2O4 nanoneedle arrays are fabri
cated hydrothermally on the surface. The advantage of this structure is 
that the CoO layer enhances the contact between the NiCo2O4 nano
needle arrays and conductive substrate. The CoO buffer layer reduces 
the contact resistance while preserving the large specific surface area of 
the 3D nanoneedle structure together with the low energy barrier be
tween the active materials and conductive layer. The NiCo2O4@C12NF 
electrode with CoO as the buffer layer shows excellent characteristics in 
HER. Such as a low Tafel slope of 50.6 mV dec-1 at the current density of 
10 mA cm− 2 and overpotential of 96 mV vs RHE in 1 M KOH electrolyte. 
The strategy to introduce an oxide buffer layer between the electro
catalytic material and the base material can be extended to improve the 
performance of other types of HER catalysts. 

2. Experimental details 

2.1. Chemicals and substrate 

Cobalt nitrate hexahydrate (Co(NO3)2 6H2O), nickel(II) nitrate 
hexahydrate (Ni(NO3)2 6H2O), urea (CO(NH2)2) and potassium hy
droxide (KOH, ≥99.5 wt%) were purchased from Sinopharm Group 
Chemical Reagents. All the chemicals used were analytically pure and 
without further purification. The Solvents were formulated with 18 MΩ 
deionized water at room temperature and NF was clipped into size of 1 
cm × 2 cm. 

2.2. Atomic layer deposition of CoO films 

The NF substrate was washed ultrasonically with 1.5 M H2SO4 so
lution (20 mL), and deionized (DI) water for 20 min sequentially. Atomic 
layer deposition is a special kind of chemical vapor deposition, which is 
a technique of chemical adsorption and reaction of the vapor precursor 
on the substrate to form a deposition film by alternating pulse into the 
reactor. There’s only one precursor at a time, independent of each other. 
Each precursor saturates the surface of the substrate to form a single 
molecular layer. CoO films of different thicknesses (6, 9, 12 and 15 nm) 
were deposited on the cleaned NF substrate under a self-made ALD 
system, and the reaction chamber was preheated to 220 ◦C before 
deposition. The pulsed gas (N2) with a flow rate of 20 sccm was used as 
the carrier gas for depositing the CoO film. The precursors of bis 
(cyclopentadienyl)cobalt ((η5-C5H5)2Co) and the ozone (O3 from an 
ozone generator) at a flow rate of 100 sccm were introduced as gas- 
phase precursors. Meanwhile the cobalt source is stored in a vacuum 
tank with a controlled temperature of 110 ◦C. The pulse time of (η5- 
C5H5)2Co and O3 was adjusted by vacuum solenoid valves to be 10 s and 
1.2 s per pulse, respectively. After setting the sample formula parame
ters that need to be deposited, the cobalt source and ozone channel are 
opened. Under the control of the electromagnetic valve, the carrier gas 
carries the alternating deposition of the two precursors. A layer of CoO 
nanofilm with uniform texture was deposited on Ni foam and and the 
color gradually changed from silver-white to brown–red with the in
crease of thickness. The process was repeated at a deposition rate of 
about 0.3 Å ALD cycle− 1, layers with thicknesses of 6, 9, 12, and 15 nm 
were deposited using 200, 300, 400, and 500 cycles (samples denoted as 
C6NF, C9NF, C12NF, and C15NF). 

2.3. Synthesis of NiCo2O4 nanoneedle arrays 

The solution containing 1.5 mM cobalt nitrate and 0.75 mM nickel 

nitrate were added to 50 mL of DI water and mixed with 7.5 mM urea as 
the reducing agent and stirred well to form a purple mixture. The so
lution was then transferred to a Teflon-lined reactor and the hydro
thermal temperature was set at 150 ◦C for 3 h together with the sample 
after ALD (C6NF, C9NF, C12NF, and C15NF) for in situ catalyst growth. 
After the reaction, the uniform NiCo2O4 nanoneedle arrays on CoO/NF 
were taken out, rinsed with ethanol and DI water, and dried in a vacuum 
oven at 80 ◦C degrees for 6 h. The samples were labeled as NiC
o2O4@C6NF, NiCo2O4@C9NF, NiCo2O4@C12NF, and NiC
o2O4@C15NF, respectively, according to the thickness of the 
intermediate CoO layer. 

2.4. Materials characterization 

The electrode physical characterization was used scanning electron 
microscopy (SEM) and EDS by the Zeiss Gemini 450 field-emission SEM. 
Transmission electron microscopy (TEM) was performed on the JEOL 
JEM-2010. Atomic force microscopy (AFM) was observed by Dimension 
ICON. X-ray diffraction (XRD) was determined on the Rigaku RINR2000 
with Cu Kα radiation (λ = 1.5406 Å). X-ray photoelectron spectroscopy 
(XPS) were carried out on AXIS ULTRA DLD XPS with Mg Kα X-ray. The 
Raman scattering spectra were acquired on the T6400 Jobin Yvon triple 
monochromator with a 514 nm laser source. 

2.5. Electrochemical measurements 

A three-electrode system was carried out for electrochemical mea
surements. Saturated calomel electrode (SCE) was used as the reference 
electrode, carbon rod was used as the counter electrode, and the com
posite was prepared as the working electrode on an electrochemical 
workstation (VMP-3, Biologic SAS) in 1 M KOH at room temperature. 
The cyclic voltammograms (CV) was collected from − 0.45 to 1.85 V vs 
RHE. The current density was based on the electrode area and CV was 
carried out to calculate the capacitance (Cdl) [24]. The linear sweep 
voltammetry (LSV) curves were acquired with a scan rate of 5 mV s− 1 

and the potentials were iR- compensated, relative to the ohmic resis
tance of the solution. Electrochemical impedance spectroscopy (EIS) 
was conducted with unbiased potential while the frequency ranged from 
1 MHz to 100 mHz. 

3. Results and discussion 

3.1. Materials characterization 

The strategy to synthesize NiCo2O4 nanoneedle arrays on nickel 
foam coated with CoO nanofilms is schematically shown in Fig. 1. CoO 
nanolayers with four different thicknesses are prepared on NF pretreated 
by ALD (denoted as C6NF, C9NF, C12NF, and C15NF). The sample is 
placed in the Triton X-100 solution for 2 min and the solution and 
sample react hydrothermally at 150 ℃ for 3 h to produce the NiCo2O4 
nanoneedle arrays uniformly on CoO/NF. The unique nano-arrays in
crease the active sites and specific surface area. At the same time, the 
CoO nanolayer deposited by ALD modulates the interface between the 
nickel foam substrate and NiCo2O4 to produce desirable effects such as 
shorter channels at the electrode–electrolyte interface. Fig. 2(a-f) depict 
the SEM images of NiCo2O4 with different morphologies. Fig. 2(c, d) 
shows the urchin-like nano-structure of NiCo2O4@C12NF, consists of 
nanoneedles with a length of about 2 μm and diameter of about 100 nm. 
For comparison, the SEM images of NiCo2O4@C9NF (Fig. 2a and b) 
show that the nanoneedle array grows on the substrate. As the thickness 
of CoO increases, the nanoneedles on CoO increase and a few urchin-like 
nano-structure of NiCo2O4@C15NF was observed from Fig. 2(e-f). Ni, 
Co, and O are detected from NiCo2O4@C12NF, the uniform distributions 
across the surface were confirmed by EDS and the corresponding 
elemental maps (Fig. 2g). To find out the exact thickness of the sample, 
we use the Atomic force microscopy (AFM) to characterize the growth 
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morphology of CoO nanolayer, and silicon wafers were placed next to 
the sample preparation to verify the precise growth of CoO. As shown in 
the Fig. S2, cobalt oxide of different thickness was grown on silicon 
wafers at the same time. Special membrane tests by AFM showed that 
CoO of 6, 9, 12, and 15 nm thicknesses accurately grew on the samples. 

Fig. 3 was exhibited TEM and HR-TEM images of NiCo2O4 in 
different forms. The urchin-like NiCo2O4 nanostructure consists of a 
series of closely connected nanoneedles with a diameter of 80 nm and 
length of 2 μm (Fig. 3(a, b)) in good agreement with SEM (Fig. 2(c,d)). 
The HR-TEM images in Fig. 3(c, d) reveal lattice spacings of 0.24 nm and 
0.28 nm corresponding to the of spinel NiCo2O4 ((311) and (220) 

planes, espectively) [25], while the spacing of 0.22 nm is ascribed to the 
CoO ((200) plane). Fig. 4a shows Raman scattering peaks at 484.0, 
526.56, and 691.67 cm− 1 for the Eg, F2g, and A1g modes of NiCo2O4 
nanoneedles and that at 621.44 cm− 1 arises from CoO [26]. The peak 
from the 12 nm CoO film is quite intense suggesting better effects. The 
surface chemical states of NiCo2O4@C12/NF have been analyzed by X- 
ray photoelectron spectroscopy (XPS). Fig. 4(c-f) shows the high- 
resolution XPS spectra of Ni 2p, Co 2p, C 1 s and O 1 s of the sample, 
respectively. The Co 2p spectrum discloses the two spin–orbit double 
peaks of Co 2p1/2 and Co 2p3/2 (Fig. 4d). The fitted peaks at 780.4/ 
795.9 eV and 781.8/797.3 eV suggested Co3+ and Co2+, respectively 

Fig. 1. Demonstration diagram showing the preparation of NiCo2O4 nanowires on Ni foam deposited with CoO nanofilms.  

Fig. 2. SEM images of (a) and (b) NiCo2O4@C12NF;(c) and (d) NiCo2O4@C12NF; (e) (f) SEM image of NiCo2O4@C15NF; (g) EDS elemental maps of 
NiCo2O4@C12NF. 
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[27] and two satellite peaks were shown at 788.2 eV and 803.7 eV. The 
Ni 2p spectrum (Fig. 4e) exhibits two spin–orbit double peaks and two 
satellite peaks marked the existence of Ni2+ and Ni3+ [28]. And then the 
O 1 s spectrum shown in Fig. 4f (the peaks at 528.9, 531.4, and 532.8 eV) 
related to metal–oxygen bond, and adsorbed oxygen, respectively [27]. 
After CoO is combined with NiCo2O4, the characteristic peaks of Ni 2p 
and Co 2p gradually shift to the position of higher binding energy. In 
general, the increase of binding energy means that the decrease of 
electron number density leads to the weakening of electron shielding 
effect. The results show that there is a robust bond between CoO and 
NiCo2O4, which promotes the interfacial charge transfer between them. 
The XRD pattern as shown in Fig. 4b, the representative diffraction 
peaks of NiCo2O4 and NF were clearly displayed. And the small 
diffraction peaks of NiCo2O4 and CoO in the XRD spectra was caused by 
the strong diffraction peaks of the nickel substrate and small amounts of 
active materials. The XRD signature peaks of NiCo204 were shielded due 
to the influence of the substrate materials. We conducted XRD tests by 
collecting the products in the reactor during sample preparation, as 
shown in Fig. S4. The characteristic peaks of NiCo2O4 are clearly dis
played (PFD# 73–1072), and the xrd data fully prove the successful 
synthesis of NiCo2O4. 

3.2. Electrocatalytic properties in HER 

Fig. 5a compares the CV curves of NF, C6NF, C9NF, C12NF, and 
C15NF, NiCo2O4@C9NF, NiCo2O4@C12NF, and NiCo2O4@C15NF at a 
scanning rate of 5 mV s− 1. The inset in Fig. 5a appears the A1 and C1 
peaks of NiCo2O4@C9NF, NiCo2O4@C12NF, and NiCo2O4@C15NF 
were located at 1.56 V and 1.38 V, whereas the A1 and C1 peaks of C9NF, 
C12NF, and C15NF were at 1.5 V and 1.34 V vs RHE, separately. In 
addition, the A1 and C1 peaks of NF and C6NF are at 1.45 and 1.29 V vs 
RHE. Fig. 5b displays the CV curves of NiCo2O4@C12NF (vs RHE) at 
scanning rates from 5 to 100 mV s− 1. The CV curve exhibits two pairs of 
distinct redox peaks, indicating that its properties are mainly controlled 
by the Faraday redox mechanism and a pair of peaks is based on the 

reversible redox reaction of Ni2+ ↔ Ni3+ +e− [28]. The other weak peak 
at 1.26 V vs RHE is associated with Co2+ / Co3+. The CV curves of 
NiCo2O4@C9NF, NiCo2O4@C15NF, and other samples are shown for 
comparison in Fig. S4. The electrochemical capacitance of NiC
o2O4@C12NF is owe to the fast and reversible electron transfer process, 
which involves mainly the Co2+ / Co3+ and Ni2+ / Ni3+ redox couples 
and is most likely to be dominated by OH ions in the alkaline electrolyte 
[29]. Therefore, the reactions on the surface of the electrodes can be 
recapitulated as follows [28]: 

AO+OH − ↔ MOOH + e− and  

AOOH +OH− ↔ MO2 +H2O+ e− ,

where A represents the Co or Ni cation. To study the process quantita
tively, the curves of log V vs log J are plotted in Fig. 5c, where V is the 
sweeping rate (mV/s) and J is the current density (mA cm− 2). The log V 
vs log J curves exhibit a good linear relationship, suggesting that the 
redox reaction on NF and C6NF are determined by ion diffusion because 
the slopes of curves are 0.4 and 0.5 and a value of 0.5 represents a fully 
diffusion controlled process [30]. However, the redox reaction on C9NF, 
C12NF, and C15NF, NiCo2O4@C9NF, NiCo2O4@C12NF, and NiC
o2O4@C15NF are controlled by mixed diffusion and adsorption, as 
indicated by the slopes of 0.73, 0.61, 0.69, 0.74, 0.76, and 0.69 because 
a slope approaching 1 indicates a fully adsorption controlled process 
[31]. The results show that the electrode under adsorption control has a 
bigger specific surface area and the reaction rate can be improved. A 
bigger surface area in contact with the solution increases the electrical 
double layer capacitance and probability of redox reactions enabling 
more ions and electrons to participate in the reaction. 

To investigate the practicality of NiCo2O4@C12NF in water elec
trolysis, the HER characteristics are monitored at a scanning rate of 5 
mV s− 1 in 1.0 M KOH. For contrast, the HER properties of NF, C6NF, 
C9NF, C12NF, and C15NF, NiCo2O4@C9NF, and NiCo2O4@C15NF are 
also determined based on the same measurement conditions. Fig. 5d 
exhibits the linear sweeping voltammetry (LSV) polarization curves and 

Fig. 3. (a) and (b) TEM images of NiCo2O4@C12NF; (c) and (d) HR-TEM images of NiCo2O4@C12NF.  
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Fig. 4. (a) Raman scattering spectra of the different samples; (b) XRD patterns of the different samples; XPS patterns of (c) NiCo2O4@C12NF (d) Ni 2p, (e) Co 2p, (f) 
O 1 s. 
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as shown in Fig. 5e, NiCo2O4@C12NF shows a noticeably small over
potential of η10 = 96 mV at 10 mA cm− 2, implying high HER catalytic 
activity in the alkaline solution. The η10 value is fewer than those of NF 
(278 mV), C6NF (226 mV), C9NF (205 mV), C12NF (200 mV), C15NF 
(214 mV), NiCo2O4@C9NF (114 mV), and NiCo2O4@C15NF (105 mV) 
under the same conditions. The overpotential shows the same tendency 
at large current densities of 20 mA cm− 2. The Tafel slope of NiC
o2O4@C12NF (50.6 mV dec− 1) is also less than those of NF (127.7 mV 
dec− 1), C6NF (109.6 mV dec− 1), C9NF (85.4 mV dec− 1), C12NF (75.9 
mV dec− 1), C15NF (110.4 mV dec− 1), NiCo2O4@C9NF (82.8 mV dec− 1), 
and NiCo2O4@C15NF (71.1 mV dec− 1) (Fig. 5f), suggesting a higher 
HER catalytic rate and the Volmer-Heyrovsky step [33,34]. Therefore, 
HER proceeds by the following two steps [29–31]:  

(1) Volmer:H2O(l)+e− →Hads +OH− (aq) and  
(2) Heyrovsky: H2O(l) + Hads + e− →H2(g) + OH− (aq), 

where Hads denotes one H atom is coupled and adsorbed on the 
surface on the active site of catalyst. To study the influence of interface 
engineering on HER, NiCo2O4/NF with different CoO nanofilms are 
evaluated. As shown in Fig. 5(d-f), the HER activity increases with the 

CoO thickness from 0 to 12 nm, but decreases when the CoO nanofilms is 
increased to 15 nm. 

The electrochemical active surface area (ECSA) is positively corre
lated with the electrochemical double layer capacitance (Cdl) [32] and 
can be used to estimate the electrocatalytic activity. To obtain Cdl, CV 
curves are measured with different scanning rates as illustrated in 
Fig. S5. Fig. 5g displays a linear correlation between the current density 
(ΔJ = Ja - Jc) for NF, C6NF, C9NF, C12NF, and C15NF, NiCo2O4@C9NF, 
NiCo2O4@C12NF, and NiCo2O4@C15NF versus scanning rates at 
0.1–0.2 V vs RHE. NiCo2O4@C12NF has the highest Cdl of 28.9 m F⋅cm− 2 

compared to NF, C6NF, C9NF, C12NF, and C15NF, NiCo2O4@C9NF, and 
NiCo2O4@C15NF. The calculated ECSA values for the other electrodes 
are 244.92, 51.27, and 7.20 cm− 2, respectively. The results reveal 
improved ECSA and more active site exposure on NiCo2O4@C12NF. 

To elucidate the mechanism, EIS is performed under the opening 
circuit potential. The charge-transfer resistance (Rct) acquired from the 
semicircle is interrelated to the phenomenon at the electrode/electrolyte 
interface region [35]. Fig. 5h shows that NiCo2O4@C12NF has an Rct of 
only 65 Ω, which is smaller than those of NF, C6NF, C9NF, C12NF, and 
C15NF, NiCo2O4@C9NF, and NiCo2O4@C15NF. And this result suggests 
a high-speed electron transfer rate at the catalyst-electrolyte interface. 

Fig. 5. (a) CV curves of NF, C6NF, C9NF, C12NF, and C15NF, NiCo2O4@C9NF, NiCo2O4@C12N,F and NiCo2O4@C15NF at 10 mV s− 1; (b) CV curves of NiC
o2O4@C12NF at different scanning rates; (c) Current densities as a function of scanning rates with different electrodes; (d) HER polarization curves of different 
electrodes at a scanning rate of 5 mV s− 1; (e) Required overpotential to achieve a current density of 10 mA cm− 2 and 20 mA cm− 2; (f) Corresponding Tafel plots for 
HER; (g) Relationship between the anode current densities and scanning rates in the CV curves; (h) Nyquist plots of the samples; (i) Nyquist plots of NiCo2O4@C12NF 
at different potentials in the range from − 0.4 to 0.1 V vs RHE. 
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In order to explore more accurately the impedance changes of the 
electrodes during the reaction, EIS is performed at potentials from − 0.4 
to 0.2 V (Fig. 5i and Fig. S6). low frequency region, medium frequency 
region and high frequency region. The intercept between the curve and 
the X-axis is called the solution contact resistance, which is generally 
represented by RS. The semicircle size of the curve depends on the 
charge transfer efficiency, and the charge transfer resistance is generally 
represented by Rct. In the end, the linear part of the curve represents the 
diffusion efficiency, and the CPE capacitor is called a constant phase 
element. (Fig. S10) the resistance of the system can be divided into three 

parts, namely the overall internal resistance of the electrode and the 
electrolyte (RS), the mass transfer resistance to the electrode due to the 
concentration difference (Zf), as well as charge transfer resistance of the 
double layer at the interface (Rct) [36]. The Rs and the Zf are remained 
basically unchanged at different potentials. However, Rct decreases 
drastically with increasing polarization potentials, which can be used to 
indicate the activity of catalysts. Hence, the fast transport of electron at 
the interface between NiCo2O4@C12NF and electrolyte at high polari
zation potentials. In order to better explore the electrode performance in 
the acid solution, three samples of NF, C12/NF and NiCo2O4@C12/NF 

Fig. 6. (a) Polarization curves of NiCo2O4@C12NF before and after CV; (b) Corresponding Tafel plots; (c) and (d) Polarization curves of NiCo2O4@C9NF and 
NiCo2O4@C15NF before and after CV; (e) Corresponding Nyquist plots; (f) Time-dependent current density curves of NiCo2O4@C9NF, NiCo2O4@C12NF, and 
NiCo2O4@C15NF in HER at a static potential of − 0.15 V versus RHE. 
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were selected for comparison experiment in 0.5 M H2So4. To investigate 
the effect of acidic solutions on HER, three representative samples (NF, 
C12NF, and NiCo2O4@C12NF) were evaluated. As can be seen from 
Fig. S4, HER activity of the three samples in acidic solution is relatively 
unsatisfactory, with Tafel slopes of 117.7, 339.6 and 316.1 mV dec-1, 
respectively, which may be related to the direct reaction of foam nickel 
substrate in acidic solution. By obtaining Cdl, the electrochemically 
active surface area of the sample can be assessed. Compared with the 
alkaline solution test, the Cdl of NF was the highest at 2.3 m F⋅cm− 2. 
Compared with C12NF (2.04 m F⋅cm− 2) and NiCo2O4@C12NF (0.9 m 
F⋅cm− 2), the full reaction with NF may expose relatively more active 
sites in acidic solutions. To elucidate the mechanism, EIS were per
formed at open circuit potential. The charge transfer resistance (RCTS) 
derived from the semicircle is related to the phenomenon at the elec
trode/electrolyte interface. As can be seen from Fig. 5h, the RCTS of NF 
are only 45 Ω, smaller than C12NF and NiCo2O4@C12NF. The results 
show that the charge transfer resistance increases as the nickel substrate 
reacts with the solution. To assess stability, long-term cyclic voltam
metry was performed for NF, C12NF and NiCo2O4@C12NF. Fig. 5f 
shows the stability of the three samples when circulated in solution for 
more than 10 h. As can be seen from the figure, NF has poor stability in 
acidic solution and is in a state of constant decay, while CoO/NF 
maintains good stability for a period of time after declining. Similarly, 
NiCo2O4@C12NF has excellent performance under a long-term cycle of 
more than 25 h. It fully reflects that the heterojunction active materials 
can maintain excellent stability in both acidic and alkaline 
environments. 

To evaluate the stability, long-term cyclic voltammetry is carried out 
on NiCo2O4@C12NF, NiCo2O4@C9NF, and NiCo2O4@C15NF. Fig. 6a 
shows the LSV curves of the initial cycle, after 2,000 CV cycles, and after 
5,000 CV cycles of NiCo2O4@C12NF in 1 M KOH. The corresponding 
overpotentials are 184, 201, and 227 mV and the overpotentials 
decrease only slightly for a current density of 150 mA cm− 2, which 
suggesting that NiCo2O4@C12NF has excellent stability. As illustrated in 
Fig. 6(c, d), for the same current density, the potentials of NiC
o2O4@C9NF and NiCo2O4@C15NF decrease to around 86 and 105 mV 
after 5,000 cycles, respectively. The Tafel slopes of NiCo2O4@C12NF, 
NiCo2O4@C9NF, and NiCo2O4@C15NF are presented in Fig. 6b and 
Fig. S7. The decrease observed from NiCo2O4@C12NF is minimal and 
the corresponding EIS changes of the three samples are presented in the 
Fig. 6e and Fig. S8. The Nyquist curves indicate that the impendence of 
NiCo2O4@C12NF remains stable after 5,000 cycles but those of NiC
o2O4@C9NF and NiCo2O4@C15NF are smaller implying catalyst fall-off 
during the 5,000 cycles test. 

The long-term electrochemical stability of NiCo2O4@C9NF, 

NiCo2O4@C12NF, and NiCo2O4@C15NF at the voltage of − 0.15 V is 
assessed in 1 M KOH displayed in Fig. 6f. There is no obvious decline in 
the current density further verifying the outstanding stability of NiC
o2O4@C9NF, NiCo2O4@C12NF, and NiCo2O4@C15NF. In fact, NiC
o2O4@C12NF shows a slight decrease in current density from 33.8 to 
32.5 mA cm− 2 after 25 h, proving hardly reduced electrochemical ac
tivity in HER. In comparison, NiCo2O4@C9NF shows a current density 
diminish from 23.8 to 22.1 mA cm− 2 and that of NiCo2O4@C15NF de
creases from 27.7 to 26.2 mA cm− 2. NiCo2O4@C12NF exhibited the 
highest polarization current density and maintained a catalytic activity 
of 97.3 % at a fixed overpotential of 150 mV after 25 h, compared to 
NiCo2O4@C9NF (92.9 %), and NiCo2O4@C15NF (94.6 %). Moreover, 
the morphology of NiCo2O4@C12NF is preserved after long-term 
manipulation. The small overpotential and Tafel slope of NiC
o2O4@C12NF stem from the unique 3D urchin-like nanostructure, 
abundant electrochemical active sites, large surface area, and special 
heterojunction with CoO as the buffer layer. Furthermore, the electro
chemical characteristics compare well with those of similar catalysts 
reported in the literature (Fig. 7a) [33–40] and stability is excellent as 
well (Fig. 7b and Table 1) [41–46,48–56]. 

4. Conclusion 

CoO nanofilms are deposited on NF by atomic layer deposition and 
then the self-supporting NiCo2O4 nanoneedles are fabricated hydro
thermally on the CoO nanofilms. The composite has a wide surface area, 
porous nanoarray structure, plentiful active sites, and low reaction 
barrier. The NiCo2O4@C12NF nanoneedle array delivers superior HER 
performance, such as a small overpotential of 96 mV and low Tafel slope 
of 50.6 mV dec-1 at a current density of 10 mA cm− 2. Furthermore, the 
electrode shows outstanding stability in HER for more than 25 h without 
attenuation in 1 M KOH. The superior HER activity can be attributed to 
the CoO buffer layer deposited by ALD between the NF substrate and 
NiCO2O4 nanoneedle array to reduce the reaction barrier. Our results 
reveal that ALD is a desirable technique to produce intermediate layers 
to ameliorate the catalytic characteristics of nanostructured catalysts for 
HER. 
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Fig. S1. EDS spectrum of NiCo2O4@C12NF. 
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Fig. S2. (a-d) AFM images of 6, 9, 12 and15 nm CoO Nanometer layer. 
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Fig. S3.XRD patterns of the NiCo2O4 samples 
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Fig. S4. CV curves of different samples. 
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Fig. S5. (a) HER polarization curves of different electrodes at a scanning rate of 5 mV 

s−1; (b) Corresponding Tafel plots for HER; (c) Required overpotential to achieve a 

current density of 10 mA cm−2; (d) Relationship between the anode current densities 

and scanning rates in the CV curves; (e) Nyquist plots of the samples; (f) Time-

dependent current density curves of NF, C12NF, and NiCo2O4@C12NF in HER at a 

static potential of -0.45 V versus RHE. 
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Fig. S6. CV curves of different samples in the range of -0.3~0.2 V vs. RHE and in 

0.5M H2SO4. Solution. 
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Fig. S7. CV curves of different samples in the range of 0.1~0.2 V vs. RHE. 
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Fig. S8. Nyquist plots of NiCo2O4@C9NF and NiCo2O4@C15NF in the potential range 

between -0.4 and 0.2 V vs. RHE. 
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Fig. S9. Tafel plots. 

 

  



11 

 

 

 

 

Fig. S10. Nyquist plots of NiCo2O4@C9NF and NiCo2O4@C15NF before and after CV. 
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Fig S11  Fitting circuit in EIS map 
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