
Highlights: 

 Ultra-thin Co, Fe-doped Ni(OH)2 nanosheet arrays were grown onto nickel foam. 

 A water electrolyser cell was assembled of asymmetric electrodes of 

Co/Fe-Ni(OH)2. 

 A cell voltage of 1.59 V was achieved at a current density of 10 mA cm
-2

.  
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Abstract 

Hydrogen is an “ideal” clean sustainable energy source if it is produced via water 

electrolyser using power generated by renewable energy systems (RES) such as solar 

panels and wind turbines. In this study, cobalt (Co) and iron (Fe) doped nickel (Ni) 

hydroxide nanosheets directly formed onto the surface of Ni foam are synthesized and 

developed for use as hydrogen evolution reaction (HER) and oxygen evolution reaction 

(OER) catalysts. When Co-doped nickel hydroxide is used as HER catalyst, it exhibited 

a high HER activity with a durability better than Pt/C. The as-prepared Fe-doped nickel 

hydroxide show an OER activity, which is even higher than that of RuO2. When Fe-

doped nickel hydroxide and Co-doped nickel hydroxide are both used as HER and OER 

catalysts in a water electrolyser cell, a current density of 10 mA cm-2 at a cell voltage 

of 1.59 V is observed, a similar value than that obtained for a water electrolyser based 

on state-of-the-art RuO2 and Pt/C catalysts. Moreover, the as-prepared Fe, Co doped 

nickel hydroxide also exhibit a good durability when compared to RuO2 and Pt/C under 

water electrolyser conditions. 

 

Keywords: Fe-doped nickel hydroxide; Co-doped nickel hydroxide; array electrode; 

electrocatalyst; water splitting. 
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1. Introduction 

Hydrogen (H2) is an “ideal” sustainable energy carrier for mobile and stationary 

power applications, as it can be produced by using power generated by solar panels and 

wind turbines by simply splitting water.[1-4] Two reactions, namely the hydrogen 

evolution reaction (HER) and the oxygen evolution reaction (OER), are two important 

electrochemical processes occurring during water electrolysis.[5-8] Platinum-group-

metal (PGM) based materials are usually regarded as efficient catalysts for the HER 

and OER owing to clearly reduce the large HER and OER overpotentials ([9-11] 

which severely impede the deployment of large-scale water electrolysers due to the 

high-cost and scarcity of PGM catalyst. Recently, earth-abundant and low-cost 

transitional metal based (TMB) catalysts, such as transitional metal hydroxides and 

oxides,[12-14] have attracted much research attention and have been intensively 

explored due to their high electrocatalytic performance and long-term stability.[15-17] 

Among these TMB catalysts, Ni(OH)2 is one of the most promising HER and OER 

electrocatalysts due to its low-cost and high electrocatalytic activity.[5, 18, 19] 

Evidence showed that the edge of Ni(OH)2 promotes water dissociation and the 

production of hydrogen intermediates[20, 21], Although fast advances have been made 

in the development of Ni(OH)2 catalysts for HER and OER. However, the traditional 

method of synthesizing Ni(OH)2 under alkaline conditions actually results in the 

thickening of the nanosheets due to the rapid and non-subjective hydrolysis of nickel 

salts, which inevitably leads to a reduction in the contact area between the catalyst and 

the electrolyte, [22] their electrocatalytic activity and durability still cannot match PGM 
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catalysts.  

Recent development has shown that designing and tuning the nanostructure and 

chemical composition of the catalysts can efficiently enhance the HER and OER 

activity. For example, it was shown that electrodes made of hydrotalcite-like Ni(OH)2 

nanosheets directly grown on Ni foam support through hydrothermal process, could 

deliver an overpotential of 172 mV at a current density of 20 mA cm-2 towards the HER 

and an overpotential of 330 mV at 50 mA cm-2 towards the OER in 1.0 M KOH 

electrolyte.[5] Ni(OH)2 nanosheets grown onto Ni3S2 reported by Zhao et al. could 

achieve high OER activity with a low overpotential of 270 mV at a current density of 

20 mA cm-2 towards the OER.[23] It was also reported that doping different ions, such 

as Fe, Co into the Co or Ni oxides and hydroxides can efficiently improve the 

electrocatalytic activity via tuning the electronic structure.[12, 24, 25] In this case, Fe 

doped Ni hydroxide films delivered higher electrocatalytic activities towards the OER 

than those found with Ni hydroxide, and the obtained catalytic activity could be tuned 

by adjusting the amount of doped Fe.[26] It was found that the Fe-O bond with short 

length yielded improved adsorption energy of intermediates formed during the 

electrocatalytic reaction, in turn resulting in low overpotential values towards the 

OER.[27] Apart from Fe ion, it was also found that Co could be used as a doping agent 

for nickel-based compound in order to improve catalytic properties. Recently, 

developed Co-doped NiSe nanoparticles on Ti plate achieved a low overpotential of 

320 mV at 100 mA cm-2 towards the OER in 1.0 M KOH electrolyte.[6] The 

homogeneous Co-doped MoSe2 shows excellent hydrogen evolution performance in 
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alkaline medium. Co-doping not only improves the hydrogen adsorption free energy, 

but also improves the water adsorption and dissociation ability.[25] Here, it is worth 

noting that a literature survey revealed that Co-doped nickel hydroxide as 

electrocatalyst has never been used for water splitting.  

It is now well-accepted in the field that, for water electrolysis, the HER and OER are 

better suited to acidic and alkaline media respectively, as experimentally observed by 

the low HER and OER overpotentials.[28] The incompatibility of HER and OER for 

water electrolysis significantly affects the operating efficiency and thus results in high 

energy consumption. Therefore, developing HER and OER catalysts with similar 

synthetic procedures (to lower manufacturing costs and environmental waste) and 

compositions as asymmetric electrodes could avoid this problem, reduce the synthetic 

cost and simplify as well as lower the water electrolyser system´s cost (i.e. BoP – 

balance of plant).  

Herein, Fe, Co doped nickel hydroxide nanosheets, directly formed onto the surface 

of Ni foam, were developed as non-PGM catalysts for the HER and OER. The Co-

doped nickel hydroxide (denoted as Co-Ni(OH)2) and Fe-doped nickel hydroxide 

(denoted as Fe-Ni(OH)2) were synthesized via a similar synthetic procedure and used 

as HER and OER catalysts for water electrolysis respectively. In such an asymmetric 

water electrolyser, it was found that the water splitting cell could deliver a cell voltage 

of 1.59 V at a current density of 10 mA cm-2, a value similar to that obtained water 

electrolysers containing Pt/C as HER and RuO2 as OER catalysts.  

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



6 

 

2. Experimental methods 

Binder-free M-doped Ni(OH)2 (M = Fe or Co) ultra-thin nanosheet arrays were 

prepared by a facile one-pot method. The detailed synthesis process is as follows: 

before synthesizing Ni(OH)2 onto Ni foam, the Ni foam with a size of 2 cm × 3 cm was 

immersed and ultrasonicated in a 1.0 M HCl solution for 10 minutes to remove any 

surface oxides. The treated Ni foam (NF) was washed with ultrapure water and ethanol 

sequentially, and then vacuum dried at 60°C. The dried NF was placed into 20 mL of 

3.6 mM hydrochloric acid (HCl) solution containing X mmol of Co(NO3)2·6H2O (X = 

0.01, 0.03, 0.05 mmol), and then heated at 100°C for 20 h. The obtained NF was rinsed 

with ultrapure water and vacuum dried at 60°C. The dried sample was labelled as Co-

Ni(OH)2-X (X is the amount of Co(NO3)2·6H2O used in the precursor). Other samples 

were also prepared by replacing the above Co(NO3)2·6H2O with Fe(NO3)3·9H2O, and 

the rest of the above procedure remained the same. The obtained samples were denoted 

as Fe-Ni(OH)2-X (X is the molar mass of Fe(NO3)3·9H2O in 3.6 mM hydrochloric acid 

(HCl) solution). For comparison purposes, Ni(OH)2 nanosheets grown on NF without 

introducing Co or Fe were prepared under similar experimental conditions. The product 

was denoted as Ni(OH)2.  

The physical characterization and electrochemical measurements are detailed in the 

Supporting Information section. 

 

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



7 

 

3. Results and discussion 

 

Figure1. (a) Schematic illustration of the synthesis of M-Ni(OH)2; (b, c) SEM image 

of Co-Ni(OH)2; (d, e) SEM image of Fe-Ni(OH)2; (f) TEM; (g) SAED patterns and (h) 

HRTEM images of Co-Ni(OH)2; (i-l) STEM and EELS elemental mappings of Ni, Co 

and O elements. 

M-Ni(OH)2 formed onto NF was performed via a facile one-pot method, in which 

the formation of Ni(OH)2 nanosheets and M doping into Ni(OH)2 occurred 

simultaneously. The formation of M-Ni(OH)2 is schematically illustrated in Figure 1(a). 

In this method, the NF was used as nickel to form nickel hydroxide onto the surface of 
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NF via controlling the solution pH. We found that different concentrations of 

hydrochloric acid have a significant effect on the morphology of the nanoarrays(Figure 

S2). In the 3.6 mM HCl solution, the Ni(OH)2 nanosheets are densely grown and the 

thickness is moderate. NF reacted with HCl to form Ni2+ via chemical etching. These 

new formed Ni2+ ions also reacted with OH- in the same solution and formed Ni(OH)2 

onto the surface of NF. When Co2+ or Fe3+ ions were present in the same solution, these 

ions were able to penetrate into the crystal structure of Ni(OH)2 during the formation 

of Ni(OH)2 nanosheets. The obtained Ni(OH)2, Co-Ni(OH)2 and Fe-Ni(OH)2 pictures 

are shown in Figure S1. Through this method, the formation of Ni(OH)2 nanosheets and 

hetero-atom doping could occur simultaneously, which greatly simplified the synthetic 

procedure and thus could make them economically viable for large-scale applications. 

SEM analyses were performed for revealing the morphology of the obtained M-

Ni(OH)2; their SEM images were displayed in Figure 1(b-e). It was observed that the 

pH and the concentration of the dopant solution had a critical impact on the morphology 

and structure of Ni(OH)2 nanosheets. It was found that 3.6×10-3 M HCl was the 

optimised acid concentration for forming uniform and dense Ni(OH)2 nanosheets onto 

NF. As shown in Figure 1(b) and 1(d), three-dimensional (3-D) and interconnected 

nanosheets were evenly formed onto the surface of NF. The thickness of these 

nanosheets were found to be ca. 32-38 nm (Figure 1(c) and 1(e)). These SEM images 

also clearly demonstrate that introducing moderate Co or Fe salts into the precursor 

does not have any obvious impacts on the obtained morphology. It was also observed 

that uniform and interconnected nanosheets were obtained as indicated from the SEM 
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images of both Co-Ni(OH)2 and Fe-Ni(OH)2. Compared to Co-Ni(OH)2, the average 

sizes and thicknesses of Fe-Ni(OH)2 nanosheets were slightly larger than those found 

for Co-Ni(OH)2. Moreover, the quantities of Co(NO3)2 and Fe(NO3)3 in the precursor 

affected the morphology of Co-Ni(OH)2 and Fe-Ni(OH)2. For quantities of Co(NO3)2 

and Fe(NO3)3 lower than 0.01 mmol, the produced interconnected nanosheets of rough 

surfaces were observed as shown in Figure S3(a) and S3(b). For Fe-Ni(OH)2-0.01, 

winding nanosheets containing rough surfaces were formed onto NF. When the amount 

of Co(NO3)2 and Fe(NO3)3 was 0.03 mmol, straight nanosheets of smooth surfaces were 

obtained (Figure 2(b) and 2(d)). However, the nanosheet structure disappeared and 

irregular particles were formed when the amount of Co(NO3)2 and Fe(NO3)3 further 

increased to 0.05 mmol. This finding indicates that the amount of Co(NO3)2 and 

Fe(NO3)3 makes a great effect on the morphology of the obtained Co-Ni(OH)2 and Fe-

Ni(OH)2 materials. 

The detailed structures of Co-Ni(OH)2 and Fe-Ni(OH)2 (X = 0.03 mmol) were also 

evaluated by transmission electron microscopy (TEM). Figure 1(f) shows that the 

surface of the nanosheets was filled with many nano-sized dark dots. Well-defined 

lattice fringes are clearly shown in the high-resolution TEM image (Figure 1(h)), 

indicating its crystal structure. The interplanar distance was found to be ca. 0.28 nm, 

which corresponded to the (110) plane of Ni(OH)2. The TEM image of Fe-Ni(OH)2 

(Figure S4(a)) is similar-ish to that of Co-Ni(OH)2. Well-defined lattice fringes with an 

interplanar distance of ca. 0.28 nm can be ascribed to the (110) plane of Ni(OH)2 as 

shown in Figure S4(b). The SAEM patterns of Co-Ni(OH)2 exhibited a set of well-
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defined dots due to its high crystallinity and monocrystal structure (Figure 1(g)). SAEM 

patterns of Fe-Ni(OH)2 (Figure S4(c)) also indicated high crystal and monocrystal 

features. The elemental mappings of Ni, Co and O elements were investigated by 

HAADF-STEM (Figure 1(i-l)), showing that Ni, Co and O elements were evenly 

distributed onto the selected particle, and the amount of Co element was obviously 

lower than that of the other two elements. For Fe-Ni(OH)2, the STEM and EELS 

elemental mapping demonstrated that the Ni, Fe and O elements were uniformly 

dispersed (Figure S4(d-g)).  

 

Figure 2. XRD patterns of the Co-Ni(OH)2 and Fe-Ni(OH)2 (a,b); the deconvoluted 

high-resolution XPS spectra of Co 2p (c) and Fe 2p (d). 

X-ray diffraction (XRD) analysis was further carried out to evaluate the crystal 

structures of Co-Ni(OH)2 and Fe-Ni(OH)2 (Figure 2(a) and 2(b)). Apart from the major 

diffraction peaks of Ni foam at 44.2, 51.6 and 76.2°, the characteristic diffraction peaks 
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of Ni(OH)2 (Joint Committee on Powder Diffraction Standards Card (JCPDS) No.14-

0117) are clearly shown in the XRD pattern of Co-Ni(OH)2 (Figure 2(a)). It was found 

that, by increasing the amount of Co(NO3)2 in the precursor, the diffraction peaks 

continuously shifted to the low angle region since more and more Co ions penetrated 

into the crystal structure of Ni(OH)2. Except for the NF and Ni(OH)2 diffraction peaks, 

no other peaks related to cobalt oxides and hydroxides were found in the XRD pattern, 

suggesting that Co ions were present in the structure of Ni(OH)2. In the XRD pattern 

of Fe-Ni(OH)2 (Figure 2(b)), it can be observed that the diffraction peaks also shifted 

to the low angle region due to the presence of Fe(OH)3, suggesting that Fe ions were 

intercalated into the Ni(OH)2. Moreover, it was observed that no crystal forms of Fe 

species were detected in the Fe-Ni(OH)2 samples. These XRD results indicated that Co 

and Fe doped Ni(OH)2 were formed by this simple one-pot synthetic method. 

The chemical state and composition on the surface of Co-Ni(OH)2 and Fe-Ni(OH)2 

were analysed by X-ray photoelectron spectroscopy (XPS). The Ni, Co, Fe and O 

elements were detected in their corresponding survey spectra of Co-Ni(OH)2 and Fe-

Ni(OH)2 (Figure S5(a) and S5(d)). The Co and Fe atom content in the surface was 11.67% 

and 10.66% of the Co-Ni(OH)2 and Fe-Ni(OH)2 catalysts respectively. The high-

resolution Ni 2p XPS spectra of Co-Ni(OH)2 and Fe-Ni(OH)2 (Figure S5(b) and S5(e)) 

can be deconvoluted into two doublet accompanied with two satellite peaks, which can 

be ascribed to the Ni2+ in Ni(OH)2[29]. The peaks at 529.1 eV, 530.2 eV and 530.9 eV 

attributed to O2-, OH and H2Oab respectively [30] were observed in the high-resolution 

O 1s spectra of Co-Ni(OH)2 and Fe-Ni(OH)2 (Figure S5(c) and S5(f)). The XPS spectra 
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confirmed that Ni(OH)2 was formed in both Co-Ni(OH)2 and Fe-Ni(OH)2 samples. The 

Co 2p XPS spectrum of Co-Ni(OH)2 shows two peaks corresponding to Co 2p3/2 and 

Co 2p1/2 at 780.5 and 795.6 eV respectively (Figure 2(c)), However, the extremely low 

intensity of the two satellites (at ca. 785.5 and 803.4 eV) is attributed to the partial 

oxidation of the Co2+ ions, which stimulates charge transfer in the electrochemical 

process.[6, 31] For Fe-Ni(OH)2, Two sets of typical 2p peaks of Fe3+ (712.0 and 724.7 

eV) and Fe2+ (706.9 and 722.3 eV) ions of the Fe–Ni(OH)2 sample further verify the 

successful incorporation and partial reduction of Fe3+ ions. (Figure 2(d)).[17, 32]  

 

Figure 3. (a) HER LSVs of Co-Ni(OH)2-X samples, Ni(OH)2/NF, Pt/C/NF electrodes 

in 1.0 M KOH at a scan rate of 5 mV s-1; (b) their Tafel plots; (c) Nyquist plots at -0.17 

V vs. RHE; (d) HER LSVs of the Initial and the one after 12 hour cycle on Co-

Ni(OH)2/NF-0.03 mmol in 1.0 M KOH at a scan rate of 5 mV s-1 (Inset: long-term 

chronopotentiometry of Co-Ni(OH)2/NF-0.03 at 10 mA cm-2 for 12 h).  
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The HER behaviour of Co-Ni(OH)2-0.03 was determined by linear sweep 

voltammetry (LSV), carried out in 1.0 M KOH electrolyte at a scan rate of 5 mV s-1 

(Figure 3(a)). Figure 3(a) shows that Pt/C/NF exhibited the highest activity towards the 

HER. Compared to NF and Ni(OH)2, the LSV curves of Co-Ni(OH)2-X samples 

presented much lower onset potentials and lower overpotentials at the employed current 

density range, indicating that doping Co ions into the structure of Ni(OH)2 can 

significantly improve the HER activity. The overpotential at 10 mA cm-2 was also 

compared with many representative TMB HER catalysts (Figure S6(b) and Table S3), 

showing that the Co-Ni(OH)2-0.03 is one of the best in class. The HER mechanism on 

Co-Ni(OH)2-X was investigated by the Tafel slope method (Figure 3(b)). The Tafel 

slopes of Co-Ni(OH)2-0.01, Co-Ni(OH)2-0.03 and Co-Ni(OH)2-0.05 were 103, 93 and 

97 mV dec-1 respectively; values which were much lower than the Tafel slope values 

of NF and Ni(OH)2/NF, demonstrating that moderate Co doping could efficiently 

improve the HER kinetics and thus the hydrogen generation rate. The result could be 

ascribed to the fact that Co-Ni(OH)2-0.03 has a more dense nanosheet array with a 

moderate thickness, which display many advantages, including large exposer , more 

active sites, thus facilitating the electrochemical process between the ionic and electron 

transport of active materials and substrates.[33] Here, the HER could be divided into 

three possible steps, namely the Tafel reaction (Had + Had → H2), the Heyrovsky 

reaction (H3O
+ + e-1 + Had → H2 + H2O) and the Volmer reaction (H3O

+ + e-1 → Had + 

H2O).[34] Based upon the Tafel slope values, it can be stated that the HER occurring 

onto the Co-Ni(OH)2-X samples involved the Volmer-Heyrovsky steps, where the 
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electrochemical desorption is the rate-determining step (rds). The charge transfer 

resistance of HER on Co-Ni(OH)2-X samples was further studied by generating Nyquist 

plots via electrochemical impedance spectroscopy (EIS). Usually in EIS, lower Nyquist 

plot radii represent lower charge transfer resistance. As shown in Figure 3(c), the 

Nyquist plot for Co-Ni(OH)2-0.03 has the smallest radius among all the tested samples, 

and the fitting values for the electrochemical components in Nyquist plots in Table S1 

indicate that Co-Ni(OH)2-0.03 has a low charge transfer resistance. The durability of 

Co-Ni(OH)2-X samples towards the HER were measured by continuous linear sweep 

voltammetry (LSV) cycling and by chronopotentionmetry at 10 mA cm-2 (Figure 3(d)). 

The electrochemical surface areas (ECSA) of these electrodes were evaluated by their 

corresponding electrochemical double-layer capacitances (EDLC), which were 

measured by cyclic voltammetry (Figure S7). The capacitance of Co-Ni(OH)2-0.03 was 

found to be 1.2 mF cm-2, a value much higher than that of Co-Ni(OH)2-0.01, Co-

Ni(OH)2-0.05 and Ni(OH)2. This finding suggests that more electrocatalytic active sites 

are available on the surface of Co-Ni(OH)2-0.03. The overpotential at 50 mA cm-2 

shifted ca. 30 mV negatively after 12 hours of continuous LSV, indicating that Co-

Ni(OH)2-0.03 is more stable than the state-of-the-art HER catalyst, Pt/C (Figure S8). 
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Figure 4. (a) OER LSVs of Fe-Ni(OH)2-X (X = 0.01, 0.03 and 0.05 mmol) samples, 

Ni(OH)2, RuO2/NF electrodes in 1.0 M KOH at a scan rate of 5 mV s-1; (b) their Tafel 

plots; (c) Nyquist plots at +1.52 V vs. RHE; (d) HER LSVs of the initial curve and the 

one after 12 h cycle on Fe-Ni(OH)2-0.03 in 1.0 M KOH at a scan rate of 5 mV s-1 (Inset: 

long-term chronopotentiometry of Fe-Ni(OH)2-0.03 at 10 mA cm-2 for 12 hours) 

The electrocatalytic activity towards the OER was also evaluated by LSV in 1.0 M 

KOH electrolyte (Figure 4(a) and Figure S5(a)). From the figures, it is evident that the 

OER activity of Fe doped Ni(OH)2 sample greatly surpasses of the Ni(OH)2 and NF 

samples, suggesting that the OER activity can be enhanced by doping Fe ions into 

Ni(OH)2. The OER activity of Fe-Ni(OH)2-0.03 and Fe-Ni(OH)2-0.05 samples were 

even higher than that of RuO2. At a current density of 50 mA cm-2, the OER 

overpotential for Fe-Ni(OH)2 was also compared with the values reported in the 

literature (Figure S6(c) and Table S4). The OER kinetics of these electrodes were 
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further investigated by the Tafel plot method (Figure 5(c)). The Tafel slopes of Fe-

Ni(OH)2-0.03, RuO2/NF, Ni(OH)2/NF and NF were found to be 81, 76, 110 and 136 

mV dec-1 respectively. The Fe-Ni(OH)2-0.03 exhibited the lowest Tafel slope value 

among all the samples. The OER charge resistance on these materials was further 

studied by EIS analysis. In the high frequency region, the semi-circles of their Nyquist 

plots show that Fe-Ni(OH)2-0.03 had the lowest charge transfer resistance during the 

OER process(Table S2). The durability of these as-prepared samples towards the OER 

were also performed by both continuous OER LSV cycling and chronopotentionmetry 

at 50 mA cm-2. After 12 hours of continuous OER LSV cycling, the overpotential at 

100 mA cm-2 only increased by 10 mV. As shown in the long-term chronopotentiometry 

measurement for Fe-Ni(OH)2-0.03, no obvious decay in overpotential was observed, 

further indicating its excellent durability towards the OER.  
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Figures 5. Gas volume versus time and corresponding faradaic efficiency (a); two-

electrode configuration for water splitting (b); gases generated on the anode and 

cathode respectively (c,e); (d,f) collected H2 and O2.  

The electrochemical performance of Co-Ni(OH)2-0.03 and Fe-Ni(OH)2-0.03 as HER 

and OER catalysts respectively was evaluated in “real world” water splitting conditions, 

in which two graduated cylinders were used to collect the generated oxygen (anode) 

and hydrogen (cathode) (Figure 5). It was found that the water splitting (1.0 M KOH) 

occurred on these electrodes at an impressive cell voltage of 1.59 V. In our conditions, 

the current density reached 50 mA cm-2 when the cell voltage was ca. 1.70 V, and the 

generated oxygen and hydrogen gases were constantly kept at stoichiometric ratio of 

1:2 as shown in Figures 5(d) and 5(f). The assembled water splitting cell using the 

cathode and anode with a size of 1 cm ×1 cm generated 10 ml H2 within 29 min of 

electrolysis, together with a faradaic efficiency closed to 100 %. 

 

Figure 6. (a) LSV curves obtained for water electrolysis on Fe-Ni(OH)2//Co-Ni(OH)2, 
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NF//NF, and RuO2/NF//Pt/C/NF immersed in 1.0 M KOH electrolyte, in a two-

electrode configuration at a scan rate of 5 mV s-1; (b,c) Using wind and solar energy as 

renewable energy to drive the in-house built water electrolyser, respectively； (d) 

Comparison of cell voltages of different dual-function electrodes to achieve 10 mA cm-

2 among various water alkaline electrolyser catalysts；(e) chronopotentiometry curve 

obtained for water electrolysis on Fe-Ni(OH)2//Co-Ni(OH)2 in a two-electrode 

configuration and at a constant current density of 10 mA cm-2. 

As shown in Figure 6(a), the electrodes made of Fe-Ni(OH)2//Co-Ni(OH)2, NF//NF, 

and RuO2/NF//Pt/C/NF immersed in 1.0 M KOH, could deliver a current density of 10 

mA cm-2 at a cell voltage of 1.59, 1.77 and 1.59 V respectively, further confirming that 

the Fe-Ni(OH)2 and Co-Ni(OH)2 are highly electrocatalytically active towards the OER 

and HER respectively in an asymmetric water splitting cell. When the current density 

was further increased to 50 mA cm-2, the cell voltages for the electrodes made of Fe-

Ni(OH)2//Co-Ni(OH)2, NF//NF, and RuO2/NF//Pt/C/NF were 1.70, 1.98 and 1.62 V 

respectively. Although the cell voltage of Fe-Ni(OH)2//Co-Ni(OH)2 at 50 mA cm-2 is 

lower than that of RuO2/NF//Pt/C/NF, it is higher than most of the transitional metal 

based bifunctional water electrolysers reported in the literature (Figure 6(d) and Table 

S5).  

The Fe-Ni(OH)2//Co-Ni(OH)2 electrodes immersed in 1.0 M KOH were connected 

to a portable wind turbine and a solar panel as external power sources. As shown in 

Figure 6, plenty of bubbles were generated on the surface of both electrodes when the 
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portable renewable energy systems (RES) were working, demonstrating the great 

potential of both the as-prepared electrodes for use in water splitting to produce 

hydrogen from RES. The Fe-Ni(OH)2//Co-Ni(OH)2 water splitting cell also exhibited a 

good stability for water splitting, whereby an operating cell voltage only increased by 

80 mV after the cell operated at a current density of 10 mA cm-2 for 24 hours (Figure 

6(e)). After this 24 h testing, the morphology of Fe-Ni(OH)2 and Co-Ni(OH)2 was 

further analysed by SEM, and no changes were noticeable. The above findings 

demonstrate that the as-prepared Co-Ni(OH)2 and Fe-Ni(OH)2 have highly 

electrocatalytic activity towards the HER and OER respectively. Due to the facile one-

pot synthetic procedure, these bind-free electrodes for the HER and OER are promising 

electrocatalysts for water splitting.   

4. Conclusions 

Fe and Co doped nickel hydroxides can be easily and directly produced onto the surface 

of Ni foam via controlling the pH value without using any nickel salt as precursor. 

Using this method, the formation of nano-sized nickel hydroxide and hetero-atom 

doping could occur simultaneously, which significantly simplifies the synthetic 

procedure. The SEM results showed that three-dimensional and interconnected 

nanosheets were evenly formed onto the surface of the nickel foam. HER experiments 

showed that doping Co ions into the structure of Ni(OH)2 could significantly improve 

the HER activity. The OER activity of the Fe doped Ni(OH)2 revealed that OER activity 

could also be enhanced by doping Fe ions into Ni(OH)2. When Fe-Ni(OH)2 and Co-

Ni(OH)2 were used as HER and OER in a two-electrode water electrolyser set-up, the 
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Fe-Ni(OH)2//Co-Ni(OH)2 water splitting cell delivered a current density of 10 mA cm-

2 at a cell voltage of 1.59 V. The cell voltage of the Fe-Ni(OH)2//Co-Ni(OH)2 electrodes 

immersed in 1.0 M KOH at 10 mA cm-2 was the same than that of a cell made 

RuO2/NF//Pt/C/NF electrodes. Since the Fe-Ni(OH)2 and Co-Ni(OH)2 can be produced 

via a facile one-pot method without using any additional nickel salt as precursor, these 

Fe-Ni(OH)2 and Co-Ni(OH)2 are thought to be promising HER and OER catalysts for 

highly-efficient water splitting applications.  
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