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Abstract— The silicon nanowires (SiNWs) modified with cobalt 

oxide were prepared by electrodeposition. Surface characteristics 

and electrochemical properties of anodically electrodeposited 

cobalt on SiNWs were investigated by scanning electron 

microscope and electrochemical impedance spectroscopy. The 

impedance spectroscopic responses of cobalt coated silicon 

nanowires were characterized by three time relaxation processes 

related to three distinct capacitance peaks. When the potential 

was increased for oxygen evolution reaction (OER), the Rct values 

of the cobalt oxide coated SiNWs decreases gradually from 10  to 

 kΩ. The cobalt oxide nanosheets could serve as a site for 

oxygen evolution electrocatalysts with improved property compared 

to unmodified SiNWs. 
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I. INTRODUCTION 

Silicon is an attractive material for splitting reaction by 
oxidation or reduction of water which imply the oxygen and 

the hydrogen evolution, respectively [1]. Recently, silicon 

nanowires have received a great deal attention in reason of 
their volume/surface ratio that allows to have a high specific 

surface which leads to the high water splitting reaction 

efficiency. Indeed, it is reported that water oxidation on 

SiNWs photoanode, on which a thin layer of TiO2 was 

deposited by atomic layer deposition (ALD), exhibits a high 

photocurrent (2.5 times greater than planar Si/TiO2) [2]. Also, 

significant photoelectrochemical reactivity on Ir/TiO2/ Si 

nanocomposites  was observed  [3].   In addition, it is    shown 

that the silicon/hematite core/shell nanowire array decorated 

with Au nanoparticles offers a great promise for water 

oxidation without external bias voltage [4]. Huang et al. 
reported the spin coated of reduced graphene oxide (rGo) on 

top of SiNWs exhibits an enhanced properties of hydrogen 
evolution reaction (HER) compared to that of planar rGO/Si 

composite [5].The enhanced properties of HER of the 

SiNWs@MoS3 composite [6] and SiNWs@Co [7, 8] also  

were reported in the literature. 

It is well known that precious metals oxides such as IrO2, 

RuO2 and Nb2O2 are the best electrocatalysts in neutral or 
weakly acidic solutions for oxygen evolution reaction (OER) 

[9-13]. Unfortunately,  these  materials  are very expensive. 
However, Cobalt oxides in particular the nanocrystalline 

spinel are highly active electrocatalysts and chemical stable in 
alkaline electrolytes [14-20]. These two properties made that 
these materials are commode for oxygen evolution reaction 

(OER), given that the Co oxide dissolves in acidic media [21]. 
Consequently, it is very important to realize an 

electrocatalyst anode based on SiNWs and CoOx in order to 

combine   their   interesting   properties   to   provide   a    best 

performance as anode electrode. 
In this paper, we study the electrochemical behavior of n- 

SiNWs modified by cobalt oxide in neutral or slightly basic 

media by impedance spectroscopy. 
 

II. EXPERIMENTAL 
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Silicon nanowires (SiNWs) were fabricated via two-step 
metal-catalyzed electroless etching (MACE) [22-24]. First, the 
n-Si (100) wafers were degreased by sonication in acetone and 

ethanol, rinsed with deionized water, and then cleaned in a 

piranha solution (3:1 concentrated H2SO4/30% H2O2) for 10 

min, followed by copious rinsing with deionized water. The 

thin oxide layer formed on the surface was then etched in a 
10% HF solution for 5 min. After, these samples were dipped 

for 1min into an aqueous solution composed of 4.8 M HF  and 

0.05 M AgNO3 to electroless deposit of Ag nanoparticles 
(AgNPs). Subsequently, these coated samples were immersed 
for 1 h, in etching solution composed of 4.8 M HF and 0.4 
H2O2. After the etching, the SiNWs samples were  covered 
with Ag dendrites and nanoparticles, which were removed by 
immersion into aqueous HNO3 solution (65%) during 5 min. 
Finally, the samples were rinsed with deionized water and 
dried under a gentle stream of nitrogen. 

The obtained SiNWs serve as a substrate on which we 

deposit the cobalt oxide by anodic deposition in the electrolyte 

of 0. 001 M CoCl2.(H2O)6, 0.001 M KCl and 0.01 M   H3BO3. 
The deposition was carried out at room temperature, in a three 
electrode cell. A platinum foil was used as counter electrode 

and an Ag/AgCl electrode as reference. The anodic 

electrodeposition was performed by varying the potential from 

0.5 to 1.6 V vs. Ag/AgCl. All EIS and linear sweep  

voltametry (LSV) experiments were carried out by using an 

aqueous 0.1 M Na2SO4 solution at 25 °C. 
The  EIS measurements  were  performed  using an Autolab 

potentiostat/galvanostat in the frequency range100 mHz–100 

kHz. The measurement potential range was between open 

circuit potential (OCP) and 1.60 V (Ag/AgCl). A10 mV 

amplitude of sinusoidal potential perturbation was employed. 

SEM images and EDX spectra of the films were obtained 

using a Philips SEM 505 microscope. 

III. RESULTS AND DISCUSSION 

 

A. MORPHOLOGY 

 

The most conducted experiments for water oxidation 

catalysis were in acidic and alkaline solutions. However, 

substrate and nanowires of Si degrade rapidly in alkaline 

solutions, for that reason the experiments were conducted in 

neutral sulfate solution. 

The morphology of MACE fabricated SiNWs were 

illustrated in Fig. 1. From Fig.1a, it is can be seen that the Si is 

uniformly covered with nanowires after etching for 1 h. Also, 

it can be observed that the nanowires tips stick together, 

forming bundles. The initial bending could be due to surface 

tensional forces which are effective during the drying process. 

Subsequently, the van der Waals forces hold the nanowires 

together [22, 23]. The length of nanowires is about 30 µm 

measured  from cross-sectional view SEM  image  (not shown 

 

here). From the Fig. 1b, one can observe that the length of 

SiNWs decreases to about 9 µm after EIS and linear sweep 

voltametry (LSV) experiments in 0.1 M Na2SO4. This means 

that the nanowires were etched from their tips. 

 
 

 
Fig. 1 Plan (a) and cross-sectional (b) view SEM images of SiNWs: (a) 

just as synthesized and (b) after LSV and electrochemical impedance 

measurement in 0.1 M Na2SO4. 

 
The morphology of CoOx electrodeposited on SiNWs was 

characterized by SEM, as shown in Figs. 2a and  b.  They 

show that the CoOx deposit on SiNWs layer in the shape of 

nanosheets. This shape prevents the deeper penetration which 
is limited at about 5 µm. It can be noted that the SiNWs length 
decreases of a manner not significative compared to the 
previous case. This means that the Co oxide acts as protector 
against the dissolution of SiNWs tips. 

The chemical composition of the CoOx modified SiNWs 
were examined using energy dispersive X-ray analysis (Fig. 
2c). The results show that the analysed layer was composed of 
only Si, O, and Co, suggesting that the CoOx was deposited 
onto SiNWs. 

 

B. ELECTROCHEMICAL CHARACTERIZATION 

 
The electrochemical impedance spectra were illustrated in 

Fig. 3. The Nyquist diagrams and Bode plots of SiNWs at 

various applied anodic potentials in 0.1 M Na2SO4 were  

shown in Fig. 3 (a and b). 
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Nyquist plots and first peak in Bode plots. The same results 

were reported by Sari et al. [25]. The combined R2 in parallel 

with the capacitance C2 represent the interface SiO2/CoOx 

which correspond to second semi-circle in Nyquist plots and 

the second peak in Bode plots as illustrated in Figs. 3 and 4. 
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Fig. 2 : Cross-sectional view SEM images at low (a) and high (c) 
magnification of n-SiNWs modified with CoOx. (c) is an  energy-dispersive 

X-ray spectrum of CoOx deposited onto silicon nanowires. 
 
 

The first pseudo semi-circle  appeared at high    frequencies 

~10
5 

Hz as it can be seen in the inset of the Fig. 3a. This can  
be attributed to the junction Si/SiO2. The same behavior was 
observed by Sari et al. [25]. The second semi-circle appeared 

at frequencies about 10
3 

Hz regions which is related to the 
bulk resistance. The last one appears at low frequencies ~ 10 
Hz which can be ascribed to the charge transfer and strongly 
depends on the applied bias voltage. 

The results of the fitted electrochemical impedance spectra 

were showed in TABLE I. The R1 represents the bulk 

resistance combined with capacitance C1 of the interface 

SiO2/Si   which  corresponds  to  first  pseudo   semi-circle   in 

Fig. 3 Electrochemical impedance spectra of SiNWs at different applied 

potential, a) Nyquist plot, b) bode plot in 0.1 M Na2SO4. The scatters show 

the experimental data, and lines show the results of fitting to the equivalent 

circuit in Fig. 5. The inset in figure 1a is an enlarged of the origin. 
 

 

 
 

The last elements R3 and C3 represent the charge transfer 

resistance and the capacitance of CoOx modified SiNWs, 

respectively. The latter depend on the voltage bias over 0.5 V 
as illustrated in the table 1. It is very difficult to explain this 

behavior which needs more detailed studies. The CPE element 
is used to describe the non-homogeneity of the electrode 

surface. The impedance of the CPE is defined as: 
 

ZCPE=[Y0(jw)
n
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Where Y0 is the CPE constant phase element, n is the CPE 

power and w is the angular frequency. The Fig.5 shows the 

equivalent circuit. 
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Fig. 4 Equivalent circuit used to simulate the electrochemical impedance 

spectra of SiNWs and CoOx  modified SiNWs. 
 

 

The TABLE I indicates that the charge transfer resistance 

decreases by increasing of the bias voltage and it is related to 

the oxygen evolution reaction.   The values of this    resistance 

drastically decrease when SiNWs are modified with CoOx. 

This decrease can be related to the oxidation of the Co
2+ 

and 
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as reported recently in the literature [26, 27]. 

To better understand the OER process on silicon substrate and 

CoOx modified SiNWs, we performed LSV measurements. The 

figure 6 shows LSV spectra CoOx  modified SiNWs for 

different voltage scanning rate. The apparent pic which its 

intensity increases with voltage scanning rate is probably 

attributed to a combination of the formation of a passivating 

film of Co(OH)2  and /or CoO as reported by Lyons et al. [28]. 
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Fig. 4 Electrochemical impedance spectra of CoOxmodified SiNWs at 
different applied potential, a) Nyquist plots, b) bode plots in 0.1 M Na2SO4. 
The scatters show the experimental data, and lines show the results of fitting 

to the equivalent circuit in Fig. 5. 
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Fig. 5   Linear sweep voltametry of CoOx modified SiNWs at different 
scanning rate. 
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A combination of scanning electron microscopy, linear 

sweep voltammetry, Electrochemical impedance was used to 

investigate the oxygen evolution reaction (OER) occurring on 

the surface of cobalt oxide deposited on SiNWs. 

It is found that the electrodeposited CoOx film can provide 

best performances and can act as anode with high catalytic 
performance. In addition, it protects the SiNWs tips from the 
dissolution and increases the conductibility of SiNWs. 
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TABLE. 1 Summary of fitted EIS data of CoOx decorated SiNWs at various applied potentials 

 

Element nSiNWs SiNWs/CoOx 

Potential ( V vsAg/AgCl) OCP 0,5 1,1 1,6 OCP 0.5 1.1 1.6 

R1 (Ω) 144 143 142 140 79,3 139 134 135 

CPE1(µMho) 0.00147 1.51 1.56 1.66 50,4 2,04 1.21 4,11 

n1 1 1 1 1 0,753 - 1 - 

C2 (µF) 1,5 1,23 1,21 1,17 0.00429 0.00431 1,76 1,69 

R2 297 338 512 244 134 136 154 196 

C3 (µ F) 0.009 0.009 3,79 15 0.009 0.009 15,6 20,2 

R3 (K Ω ) 10,374 7,96 5,45 5,73 6,39 5,19 3,69 2,53 

CPE3 (µMho) 27,869 31,4 36,4 26,5 43,2 48,8 47,3 141 

n3 0,892 0,898 0,878 0,72 0,885 0,874 0,669 0,351 
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