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In this work, high efficient Ni-SnO2 electrodes were prepared for the alkaline hydrogen evolution 

reaction (HER) by a simple composite electroplating method from sulphamate bath containing SnO2 

nano-particles. The Ni-SnO2 electrode was physically characterized by scanning electron microscopy 

(SEM), energy dispersive analysis of X-ray (EDAX), and X-ray diffraction (XRD). These physical 

characterization results revealed that the homemade SnO2 particles (about 170 nm) were successfully 

co-deposited in coatings. The composited SnO2 changed the surface morphology and phase structure 

of Ni matrix. The electrochemical activities and stabilities for HER were monitored by steady-state 

polarization, Tafel plots, electrochemical impedance spectroscopy (EIS) and chronopotentiometry 

technique. The activity was confirmed via the quantification of H2 gases that evolved during 

chronopotentiometry study. The Ni-SnO2 showed a higher catalytic activity for H2 evolution, 

compared with Ni. The OHads on SnO2 surface was benefit to the formation of adsorbed Hads which is 

the rate-determining step for HER.  
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1. INTRODUCTION 

 

With the economic development and progress of industry, the energy crisis and environmental 

pollution have caused the global concern [1]. Driven by the growing concern, efforts have been made 

to develop new environmentally friendly energy sources. Hydrogen (H2) is identified as the 

most potential energy carrier in future for its clean, renewable and high efficient characters [2,3]. Water 

is the cheapest and most rich resources of hydrogen, and water electrolysis is a sustainable and 

promising method for hydrogen production [4,5]. The development of the higher activity electrode 

materials is particularly important for water electrolysis. Nickel-based materials, such as Ni and Ni-M 

alloys, are prominent non-noble metal catalysts for their good electro-catalytic activity for HER and 
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sufficient corrosion resistance in alkaline solution [6-10]. Recently, Ni-based metallic oxide composite 

material has received considerable attention because it exhibits a number of advantages. For example, 

Zheng et. al. [11] investigated the effect of CeO2 particles in Ni coatings on the activity of HER. The 

results show that the Ni based CeO2 electrodes show higher HER activity and better stability than pure 

Ni. Hads can easily adsorb on Ce atoms due to the presence of several half-filled and empty d orbitals. 

Kullaiah et. al. [12] prepared Ni-TiO2 electrode by composite electroplating method. The addition of 

TiO2 is benefit to the formation of tiny nickel grains and increased the number of active site. Besides 

CeO2 and TiO2, a lot of metallic oxides such as ZnO [13], Cu2O [14], and MoO2
 [15] have been used 

as co-catalyst to enhance the activity of HER on Ni based materials. However, the effects of SnO2 

nano particles addition on the performance of HER have not been fully investigated yet. SnO2 is 

considered to be an excellent co-catalyst for methanol oxidation, ethanol oxidation and O2 reduction in 

fuel cells [16-18]. It is very stable in alkaline solutions, and can support sufficient OHads species. The 

OHads is benefit to the formation of adsorbed Hads [19]. The catalytic activity can be enhanced when the 

formation of adsorbed Hads is the rate-determining step for HER (Volmer step). According to the well 

known “volcano” curve, the strength of Ni-H bond is relatively weak, and the formation of Hads is 

always the rate-determining step for HER (Volmer step) on Ni electrode [20]. In this study, the aim of 

work is to utilize SnO2 to enhance the HER activity of Ni coating electrode. We first synthesized SnO2 

nano-particles by hydrolysis method. And then, these SnO2 particles were suspended in nickel plating 

solution. The Ni-SnO2 composite coating was prepared by composite electrodeposited method. 

Multiple physical and electrochemical tests were employed to investigate the effect of SnO2 particles 

embed in Ni coating on the activity of HER. 

 

 

 

2. EXPERIMENTAL 

2.1. Preparation of Ni-SnO2 electrode 

Preparation of SnO2 Nanoparticles: 5-hydrated tin tetrachloride (SnCl4·5H2O), sodium 

hydroxide, and ethanol were used as received without further purification. A sample of 17.53 g of 

SnCl4·5H2O was dissolved in 50 ml ultrapure water (18.2 M Ω cm, Mill-Q Corp.). The pH value of the 

solution was adjusted to 7 with NaOH solution. Then, the solution was transferred into a stainless steel 

reactor (100 ml). The reactor was put in an electric oven and kept at 160 ℃ for 2 h. After cooling to 

room temperature, the obtained product was separated by centrifugation. The resulting powders were 

washed in sequence with ethanoic acid - ammonium acetate solution and pure ethanol, and then dried 

at 80 ℃ for 12 h in vacuum. The particle size of homemade SnO2 was about 200 nm. 

Preparation of Ni-SnO2 composite electrode: The Ni-SnO2 composite electrode was 

electrodeposited on 4×5 cm copper sheet by composite electrodeposition method. The plating 

electrolyte was composed of 350 g·L-1 Ni (NH2SO3)2·4H2O, 10 g·L-1 NiCl2·6H2O, 30 g·L-1 NH4Cl and 

various different content of SnO2 nanoparticles. These composite electrodes were named as Ni/SnO2-1, 

Ni/SnO2-2, Ni/SnO2-3, Ni/SnO2-4, which were obtained from the above electrolyte with 1 g·L-1, 2 g·L-

1, 3 g·L-1, 4 g·L-1 SnO2 nanoparticles, respectively. The composite electrodeposition was carried out at 
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a current density of 3 A/dm2, a temperature of 35 ℃ with a magnetic stirring at 850 rpm for 30 min. 

 

2.2. Physical characterization 

The morphology, crystal structure and the composition of the composite coatings were 

determined by SEM (Quanta 400, FEI), XRD (D8 Advance, Bruker) and EDAX, respectively. 

 

2.3. Electrochemical measurements 

Electrochemical studies including steady-state polarization, tafel plots, EIS and amperometric 

current density-time curves of the composite electrodes were conducted using electrochemical working 

station (PARSTAT 4000) in a standard three-electrode cell in 1 M NaOH solution. The composite 

electrodes were used as working electrode and 1 cm2 platinum foil was served as counter electrode. 

Hg/HgO electrode was used as the reference electrode. The scan rate of steady-state polarization test 

was 5 mV·s-1. The EIS was measured at -0.125 V (vs. SCE) in a frequency range from 100 kHz to 0.01 

Hz with 6 – 12 points per decade. The amplitude of the AC-voltage was 0.005 V. All the 

electrochemical measurements were carried out at 25 oC. 

 

 

 

3. RESULTS AND DISCUSSION 

Fig. 1 is the IR spectra of homemade SnO2 nanoparticles. The characteristic peak in the range 

of 500-750 cm-1, 1600 cm-1, and 3430 cm-1 are assigned to Sn-O vibration, O-H bending vibration and 

O-H stretching vibration [16]. SnO2 in composite electrodes can support abundant OHads species which 

are benefit to the formation of adsorbed Hads during HER [21]. Fig. 2 is XRD patterns of SnO2 

nanoparticles. The SnO2 nanoparticles show the major diffraction peaks of (110), (101), (111), (211), 

(301) and (321) [22]. The average size of SnO2 particles were calculated from the most intense peak 

(110) according to Sherrer's Equation [23]. The particle size of SnO2 was about 170 nm . 
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Figure 1. FTIR plot of homemade SnO2 particles after dehydration treatment at 200 oC under vacuum 

condition. 
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Figure 2. XRD analysis of SnO2 nanoparticles. 

 

 

The XRD patterns of Ni and Ni/SnO2-3 electrodes are shown in Fig.3. The diffraction peaks for 

the two electrodes at 2θ about 44.5°, 51.8° and 76.4° can be attributed to Ni (111), Ni (200) and Ni 

(220). The peaks for Ni/SnO2-3 electrode at about 26.6°, 33.8°, 38.7°, 51.7° and 54.3° can be well 

indexed to SnO2 (JCPDS:41-1445). SnO2 particles were successfully co-deposited in Ni matrix. The 

preferential orientation of Ni electrode is (200) crystal plane. The preferential orientation of Ni/SnO2-3 

electrode has been greatly changed to (111) crystal plane. Ni (111) plane was more benefit to the 

enhancement of electrocatalytic performance for HER than other planes [24,25]. The full width of half 

maximum values of Ni (111) and Ni (200) for pure Ni electrode is 0.193° and 0.233°, respectively. 

The two values for Ni/SnO2-3 electrode are 0.204°and 0.303°, respectively. The diffraction peaks of 

Ni/SnO2-3 electrode are broader than Ni. According to Sherrer's Equation, the crystallite size of 

composite electrode is smaller than that of Ni. The co-deposition of SnO2 particles in Ni matrix has the 

effect of grain refinement. 
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Figure 3. XRD patterns of Ni and Ni/SnO2-3 electrodes. 

 

 

SEM images of Ni and Ni/SnO2 electrodes are shown in Fig.4. As shown in Fig.4(a) and (b), 

The Ni electrode shows a relatively bulky microstructure. The co-deposition of SnO2 nano-particles 

makes the coating crystallization more meticulous and porous, which is benefit to increase of surface 

area. The white spherical particles in Fig.4(b) are SnO2. The mean size of SnO2 nano-particles is about 
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200 nm, which is consistent with the above XRD results. The presence of SnO2 nano-particles in the 

composite electrode is confirmed via EDAX analysis. The amount of SnO2 nano-particles incorporated 

in Ni/SnO2-3 is approximately 4.7 wt%. 

 

 

 
 

Figure 4. Low and high-magnification SEM images of electrode: (a) magnified Ni; (b) magnified 

Ni/SnO2-3; (c) Ni/SnO2-1; (d) Ni/SnO2-2; (e) Ni/SnO2-3; (f) Ni/SnO2-4. 

 

 

 
 

Figure 5. EDAX patterns of Ni/SnO2-3 composite electrode and its quantitative analysis. 

 

The electrocatalytic activity for HER on Ni/SnO2 composite electrodes are tested by a series of 

electrochemical measures including cathode polarization curves, Tafel plots, and EIS. The 

corresponding parameters obtained from above electrochemical measurements are listed in Table 1. 
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Fig.6 (a) shows the cathode polarization curves of different electrodes. It is apparent that Ni/SnO2-3 

shows the highest catalytic activity, which demand the lowest overpotential of 427 mV to drive current 

densities of 10 mA cm-2.  

To further understand the mechanism of the HER, the Tafel plots in Fig.6 (b) are fitted to the 

classic Tafel equation (Eq. 1). The values of R2 are greater than 0.99, which indicate that the calculated 

kinetic parameters listed in Table 1 adjust well to Tafel equation. 

                     η = b log(j/j0)                         (1) 

Here η is the cathode overpotential, b is the Tafel slope, j is current density and j0 is the 

exchange current density. The j0 in Table 1 represents the HER catalytic activity of the electrodes. As 

shown in Table 1, the j0 values of these Ni/SnO2 electrodes are all higher than that of pure Ni electrode. 

With the increase of the SnO2 content in coatings, the values of j0 for Ni/SnO2 electrodes are first 

enhanced and then tend to decline. The catalytic activity of Ni/SnO2-3 obtained from electrolyte with 3 

g·L-1 SnO2 nano-particles is the highest. The co-deposition of SnO2 particles makes the grain size of 

the composite coating much finer than that of pure nickel. This fining effect is beneficial for HER. Too 

much SnO2 co-deposit in the composite electrode may affect the electrode activity for its low electron 

conductivity. Tafel slope b is a significant parameter which can indicate the dominant HER mechanism 

on electrodes. As shown in Fig. 6(b) and Table 1, the b of the Ni and these Ni/SnO2 composite 

electrodes are 120, 204, 199, 187 and 205 mV·dec-1, respectively. According to the reported literature 

[26-29], the rate-determining steps of HER on above studied electrodes are Volmer reaction. The 

formation of Hads determines Volmer reaction rate. SnO2 in composite electrodes can support abundant 

OHads species. These OHads species can promote H2O decomposition and Hads formation by weakening 

the oxophilicity of the active site [30,31]. The SnO2 and Ni interface benefits for the Hads adsorption, 

but suppress the competitive H2Oads and OHads adsorption [32]. Hence, the Ni-SnO2 showed a higher 

catalytic activity for H2 evolution, compared with Ni. 

The EIS measurements are carried out on Ni and Ni/SnO2 electrodes at cathode potential of -

0.125 V (vs. SCE) under HER operating conditions. The Nyquist diagrams are illustrated in Fig.6 (c). 

A widely used equivalent circuit is used to describe the HER process and the fitting results of the 

resistance elements are listed in Table1. The ohmic resistances (Rs) of these composite electrodes are 

all higher than that of Ni. SnO2 co-deposit in the composite electrodes decrease the electron 

conductivity of electrode. The electrochemical reaction resistance (Rct) of Ni/SnO2-3 electrode is the 

lowest among all of studied electrodes. The bode phase angle plot obtained for these composite 

electrodes are presented in Fig.6 (d). All these plots abide by one-time-constant behavior, which is in 

good agreement with above mentioned equivalent circuits model given in Fig.6 (c). Also, the Ni/SnO2-

3 electrode has the lowest phase angle and impedance value, which confirms the enhanced HER rate. 

The SnO2 co-deposit in Ni electrodes can accelerate the HER process. Excessive SnO2 in the 

composite electrodes decrease HER activity for the low electron conductivity of electrode. The 

Ni/SnO2-3 with the optimal addition of SnO2 in Ni shows the highest catalytic activity, which is 

coincident with the results of steady-state polarization in Fig.6 (a) and Tafel plots in Fig. 6 (b). Cdl is 

double layer capacitance which is associated with surface area of electrode [33,34]. The addition of 

SnO2 raises the value of Cdl, which indicates that surface area of composite electrode has been 

increased. SnO2 makes the Ni coating crystallization more tiny. The increase of active surface area 
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benefits for the formation of Hads. This experimental finding is consistent with above SEM results. 
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Figure 6. Electrochemical properties for HER on Ni and Ni/SnO2 composite electrodes in 1 M NaOH. 

(a) Steady-state polarization curves, (b) Corresponding Tafel plots, (c) Nyquist diagrams (dots) 

and fitting diagrams (lines) based on possible equivalent circuits, (d) Bode plots. 

 

 

Table 1. Electrocatalytic parameters obtained from above electrochemical measurements in 1 M 

NaOH solution. 

 

 
jo 

( uA·cm-2) 

b 

(mV·dec-1) 

η10 

(mV) 

Rs 

(Ω) 

Rct 

(Ω) 

Cdl 

(10-5 F·cm-2) 

Ni 0.673 120 501 14.7 652.7 8.17 

Ni/SnO2-1 22.57 204 540  14.8 240.5 14.32 

Ni/SnO2-2 37.51 199 483  15.4 149.7 21.73 

Ni/SnO2-3 52.29 187 427  15.8 100.6 26.31 

Ni/SnO2-4 39.21 205 493  16.6 168.8 19.77 



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220530 

  

8 

0

4

8

12

16

N
i/

S
n
O

2
-4

N
i/

S
n
O

2
-3

N
i/

S
n
O

2
-2

 

 

V
o
lu

m
e
 o

f 
H

2
/m

L

N
i 

c
o
a
ti

n
g

N
i/

S
n
O

2
-1

 
 

Figure 7. The volume of H2 evolved on each studied electrode at cathode current density of 300 

mA·cm-2 for 300 s 

 

 

Fig. 7 shows the volume of H2 gas evolved on each studied electrode for 300 s at a constant 

cathode current density of 300 mA·cm-2. The Ni/SnO2-3 electrode obtained from the electrolyte with 3 

g·L-1 SnO2 particles produces the maximum amount of H2 (17.9 mL) compared to the other coatings. 

This result confirms that the Ni/SnO2-3 shows the best activity for HER. 
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Figure 8. Stability tests of the composite electrodes. (a) The chronopotentiometry study at cathode 

current density of 100 mA·cm-2, (b) Polarization curves of Ni/SnO2-3 before and after 10 h 

chronopotentiometry test in 1 M NaOH solution. 

 

The behavior of the electrode potential as a function of time at cathode current density of 100 

mA·cm-2 is shown in Fig.8. The decrease of electrode potential for Ni, Ni/SnO2-1, Ni/SnO2-2, Ni/SnO2-

3, and Ni/SnO2-4 is 323 mV, 54 mV, 101 mV, 34 mV and 49 mV, respectively. The HER stability of the 

composite electrode are all higher than pure Ni. The polarization curves of Ni/SnO2-3 before and after 

10 h stability test show negligible changes. The Ni/SnO2-3 electrode demonstrates excellent stability. 

The electrochemical properties of Ni/SnO2 are compared with other composite materials 

reported in literatures. The comparison of these works is listed in Table 2. As shown in Table 2, the 

Ni/SnO2 exhibits lower over potential [35-37] and higher exchange current density [38,39]. The 
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performance of hydrogen evolution with Ni/SnO2 electrode catalyst is obvious higher than other 

reported composited materials. 

 

 

Table 2. The activity of HER on different composite electrodes reported in literatures and this work 

 

Electrode 
Alkaline 

solution 

b 

(mV·dec-1) 

η 

(mV) 

j0 

(uA·cm-2) 
Reference 

Ni/SnO2 1 M NaOH 187 427 (η10) 52.29 this work 

Ni-Sn@C PNs 1 M NaOH 145 1230 (η4) - [35] 

(Ni-MoS2)1000 
2mM HClO4/ 

0.1 M NaClO4 
120 680 (η0.35) 8×10-4 [36] 

Cu/Cu2O/ Ni 

NP 
0.1 M H2SO4 50 456 (η10) - [37] 

Ni-PAni 4 M KOH - - 3.47 [38] 

Ni/WO3 1 M KOH 124.7 - 5.88 [39] 

Ni/Bi2O3 1 M KOH 128.8 - 2.29 [39] 

Ni/SC 1 M KOH 116.9 - 2.43 [39] 

 

 

4. CONCLUSIONS 

The high efficient Ni-SnO2 electrodes are fabricated by a simple low-cost composite 

electroplating method. Compared with pure Ni, the Ni/SnO2 catalyst gives a higher catalytic activity 

and stability for HER. The co-deposition of SnO2 in Ni coating makes metal crystallization finer and 

tinier, which increase the active surface area of electrode. The co-deposition of SnO2 changes the 

preferential orientation of Ni to (111) crystal plane which is more benefit to the activity of HER. The 

OHads on SnO2 surface facilitates the formation of adsorbed Hads which is the rate-determining step for 

HER. SnO2 is a promising co-catalyst to enhance the activity of HER on Ni based materials. 
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