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Abstract 

 Transition metal oxides have applications into energy storage devices such as 

electrochemical supercapacitors. We deposited nickel oxide (NiO) thin films using 

electrodeposition under direct and pulse potentiometry. Effects of the pulse 

electrodeposition conditions are systematically investigated. Results show that the pulse 

time clearly influences the morphology of the deposited thin films. The nanostructured 

thin film that was deposited under 1 sec on-time condition proved to be a suitable 

electrode material since its 1000 Fg-1 at 0.5 Ag-1 specific capacitance is large enough to 

fulfil the needed requirement. In addition, the thin film at hand shows 90.1% capacity 

retention during 800 galvanostatic charge–discharge cycles under 5 Ag−1 current density. 

Moreover, nanostructured NiO films prepared by pulse electrodeposition demonstrate 

high power performance, excellent rate as well as long term cycling stability, which 

make them promising electrode materials for supercapacitor applications. 

 

Keywords: NiO; Thin film; Electrodeposition; Supercapacitor; Chronopotentiometry; 

Pulse potentiometry. 

 

 

 



 

1. Introduction 

 Owing to their remarkable technical features, supercapacitors embody what is 

known nowadays as next generation energy storage, which is required in many 

technological sectors including power supply devices. The important role of 

supercapacitors in power source applications is not only due to their ability to supply 

short-term power to mobile electronic devices, but also to supply auxiliary power for 

hybrid electric vehicles similar devices [1-6]. Thus, batteries and fuel cells are being 

more and more overcome and replaced by electrochemical supercapacitors (Ecs) as 

smart energy storage devices in high energy density and power applications [7-13].  

Based of charge storage mechanisms, Ecs are divided into two primary 

categories: electrical double layer capacitors (EDLCs) and pseudocapacitors. The former 

i.e. EDLCs store charge electrostatically through adsorption at the electrode/electrolyte 

interface by means of the large surface areas conductive electrodes [2]. Pseudocapacitors 

store charges following simultaneous faradic reactions at the electrode surface and 

within the bulk. As a result, pseudocapacitors have higher specific capacitance (SC) than 

EDLCs [9,14]. Structure of the electrode materials plays an important role in the 

determination of the electrolyte accessibility and stability in pseudocapacitors [15]. 

Thus, textured porous electrode materials with large surface area are preferred [16]. 

Porous nanostructures can be synthesized by cathodic electrodeposition [7,17]. 

Research on transition metal oxides as electrode materials for supercapacitors is 

still under way [18-21]. Nickel oxide (NiO) for instance is one valuable alternative due 

to its activity as electrode materials, large theoretical specific capacitance, low cost and 

low environmental impact [22]. However, it also suffers low electrical conductivity that 

may generate high internal resistance and poor performance in electrochemical devices 

[23].  



The importance and complexity of the issue requires elaborated and well adapted 

methods to improve the electrical conductivity of the metal oxide electrodes. 

Electrochemical deposition synthesis is much simpler and economical [24-28] than 

conventional elaboration like molecular beam epitaxy [30], cathodic sputtering [31], 

laser ablation [32] or chemical vapor deposition [33]. Among the electrodeposition 

operational factors (temperature, electrolyte concentration), the most effective one in 

controlling composition and properties of the coatings is the pulse current (PC). 

Compared to direct current (DC), PC has proved to be an interesting alternative for 

improving/modifying coating quality [34,35]. In the pulse current method, the 

operational variables under control are peak current density (Ip), average current density 

(Ia), on-time (ton), off-time (toff), pulse frequency (f) and duty cycle (q). The peak current 

is the current during on-time. The duty cycle in the 1–100% range is calculated according 

to Eq. (1) 

θ = (ton/(ton+toff)) * 100     (1) 

 
Frequency is given by Eq (2): 
 

f = 1/(ton+toff)      (2) 
 

Whereas in DC electrodeposition the current density (Dk) is the sole free parameter, in 

PC technique Ip, ton and toff can be adjusted independently. Subsequent changes in charge 

and mass transfer affect the morphology, chemical composition and properties of the 

coating. 

In this work, we investigated the thin film deposition upon imposing deposition 

time ton through pulse electrodeposition, compared to direct electrodeposition in a nickel 

sulphanate bath without additives to minimize contamination sources. Processing 

parameters were then modified in order to refine the NiO nanoparticles morphology. The 

elaboration was carried out through chronoamperometry in continuous and pulse 



regimes. Coatings were characterized by microstructural analysis: SEM, DRX and MET. 

Supercapacitive performance of the prepared NiO was evaluated by cyclic voltammetry 

(CV) and galvanostatic charge–discharge (GCD) tests, confirming its potential as 

supercapacity. 

 

2. Experimental 

All products used in this work were analytical reagent grade and used without further 

purification. FTO/NiO films were prepared electrochemically from a solution of 0.1M 

NiSO4 (Sigma-Aldrich), 0.1M Na2SO4 (Sigma-Aldrich) and 0.1M CH3COONa (Sigma-

Aldrich) in deionized water at 65 °C with pH=5.5 by applying a constant cathodic 

potential of 0.91 V vs SCE using both methods: direct electrodeposition (DE) and pulse 

electrodeposition (PE). The NiO deposition processes was carried by DE, PE (ton=1s) 

and PE (ton=3s) to obtain three different samples labelled as N1, N2, and N3 respectively. 

 Direct electrodeposition is achieved by chronoamperometry in which the 

working electrode potential is stepped at 0.91 V vs SCE for 900 s and the resulting 

faradic current is monitored as a function of time [26,36-38]. Nickel oxide pulse 

electrodeposition is carried out potentiostatically using different cathodic square wave 

pulses with complete current cut-off in between pulses [15,35]. Optimized pulse plating 

parameters lead to acceptable deposition as shown in Table 1. 

 

Table 1: Pulse electrodeposition parameters. 

Parameter ton toff 
Eon 

(V/SCE) 

Eoff 

(V/SCE) 

Cycle 

number 

Frequency 

(f) 

Duty 

cycle (q) 

FTO/NiO-(N2) 1s 100ms 0.91 0.13 900 0.90 90.90 

FTO/NiO-(N3) 3s 100ms 0.91 0.13 300 0.32 96.77 

 



-e- OH- e- 

kT 

Electrodeposition was carried in the presence of water. H2O can be 

electrochemically reduced, which can lead to nickel hydroxide and oxide formation 

[24,26]. 

2H2O + 2e- ⇆ 2OH- + H2     (3) 

The reaction mechanism proposed in the literature for anodic electrodeposition 

is [39]: 

    Ni2+                 Ni3+                 NiOOH                   Ni(OH)2   (4) 

 

Hydroxide films were heated till 100°C for 10 min to yield NiO. The Ni2+ ions 

originating from nickel sulphate dissolve into the deposition bath. They undergo 

oxidation following the application of an anode potential or current to transform into 

Ni3+ ions, which come into contact with the OH- aqueous medium to give nickel 

oxyhydroxide (NiOOH). Nickel oxide is obtained following heat treatment: 

 

Ni(OH)2                        NiO + H2O     (5) 

 

 

 

 



 

  

Figure 1. (A) FTO/NiO-(N1) chronoamperogram (direct current), (B) FTO/NiO-(N2) 

and (C) FTO/NiO-(N3) pulse electrodeposition. 

Electrochemical tests were carried out at normal environment temperature inside 

a single compartment cell using a PGZ-301 Voltalab potentiostat connected to a 

computer with voltamaster 4 operating software. The latter enables control of the aimed 

electrochemical parameters. Electrochemical measurements were operated in a three-

electrode cell using fluorine doped tin oxide glass substrate (FTO) as working electrode, 

a saturated calomel electrode (SCE) as a reference and a graphite rod as the auxiliary 

electrode. 

NiO films were examined by different methods. X-ray analysis was carried out 

with a Rigaku model RINT 2100 powder X-ray diffractometer with a 1.54 Å CuKα-



source. Micrographs were taken from a Neo Scope JEOL JCM-5000 scanning electron 

microscope (SEM). Transmission electron microscopy (TEM) images were taken from 

a Hitachi H-7000 operated at 75 kV-accelerating voltage. 

3. Results and discussions: 

Figure 2 shows the XRD patterns of NiO thin films grown by DE and PE at 

different ton. X-ray spectra are presented after subtraction of the JCPDS 00-001-0657 

FTO conductive glass peaks. Results show peaks at 2θ = 37°, 43° and 62°. Peaks values 

nearly resemble the cubic NiO, which is in very good agreement with the standard 

JCPDS 01-073-1519 values [36, 37]. It can be seen that crystallinity and preferential 

orientation depend on the deposition time. The (200) thin film diffraction intensity 

increases with ton -decrease. 

 

Figure2. XRD spectra of (a) FTO, (b) FTO/NiO-(N1), (c) FTO/NiO-(N3) and (d) 

FTO/NiO-(N2). 

 



Morphology of the different products was examined by scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). Figure 3 shows the 

surface morphology of nickel oxide films deposited in the DE and PE modes. The nickel 

oxide films show a significantly different surface morphology depending on the 

parameters used. They exhibit a compact and quite homogeneous surface morphology. 

ton increase to 1s changes the film surface morphology to a porous texture with nanoscale 

pore size leading to large cavities. 

Such morphology may result in large surface area for the electrode/electrolyte interface 

[15,25,26], large volume/space for the active electrode material and shortened path for 

electrolyte penetration. These characteristics might enhance electrolyte diffusion and 

wettability of the electrode material for enhanced super-capacitive performances. 

Wu et al. [40] used nickel sulphate as a nickel precursor to anodically deposit NiOOH 

at two different potentials 0.9 V / Ag / AgCl and 1.05 V / Ag / AgCl. The resulting 

porous morphology consisted into interconnected nanopoints. Pore size depended on the 

applied potential during electrodeposition, the lower the potential, the larger the pores. 

 

TEM images illustrate the formation of NiO nanowires as synthesised under high-

frequency pulse mode as compared to DE synthesised NiO material. These nanowires 

insure a contact between NiO grains. 

 



 

 

 

Figure 3 FTO/NiO SEM (left) and TEM (right) images: (A, B)-N1, (C, D)-N3 and (E, F)-N2. 
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FT-IR analysis of the synthesized samples helps understand the composition of 

the products. Figure 4 shows the FT-IR transmission spectra of the samples of NiO (N1, 

N2 and N3). Metal oxides such as NiO generally give absorption bands below 800 cm−1 

arising from inter-atomic vibrations [41,42]. The peak at 520 cm−1 shows Ni–O 

stretching vibration and is clear evidence of the presence of the crystalline NiO [43,44]. 

The band at approximately 3460 is due to the (O–H) stretching vibration of the adsorbed 

water. The peak at about 1054 cm−1 in both samples is attributed to the carbonate groups, 

which originate from the reaction of the samples with CO2 from air during the analysis 

procedure. 

 

 

Figure 4. FTIR spectrum of the samples of NiO (N1, N2 and N3). 
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The electrochemical performance of NiO films was tested by cyclic voltammetry 

in a three-electrode configuration using 1M KOH [45] in the potential range 0 to 0.55 V 

vs. SCE at different scan rates: 5, 10, 20, 30, 50 mVs-1.  

Cyclic voltammograms of the deposited nickel oxide films at different scan rates 

are shown in Figure 5. All samples show a typical redox peaks pair, suggesting a battery-

type electrochemical behaviour. It is attributed to the faradaic redox reaction of 

NiO/NiOOH [24,37] as follows: 

NiO + OH-↔ NiOOH + e−      (6) 
 

FTO/NiO-(N2) shows the largest enclosed CV area and the highest peak current 

among pristine NiO and other samples, demonstrating the largest charge-storage 

capacity. We see that increasing the PE mode frequency increases the specific capacity 

of NiO samples as compared with the DC mode. The linear relationship between v1/2 and 

the cathodic peak current of NiO films indicates the good reversibility and the presence 

of diffusion-controlled reactions in NiO. In other words, NiO behaves as 

pseudocapacitive or battery-like material. 

 

 



 

 

  

Figure 5. (A-C) Nickel oxide voltammograms at different scan rates in 1M KOH 

electrolyte, and (D) specific capacitances of the samples at different scan rates. 

 

The specific capacitance in Figure 5c is calculated on the basis of the following equation 

(7): 

CS  =
∫ "($)	'
!"

!#
$

(	($#)$")	*+
     (7) 



In which SC is the specific capacitance, E2-E1 is the potential in cyclic voltammetry window, 

∫ 𝑖(𝐸)𝑑𝐸
!!

!"
 is the voltammetric charge obtained by integration of the CV curve, m is the 

weight of deposited materiel on the working electrode and n is the scan rate. 

Electrochemical impedance spectroscopy (EIS) was carried out at different 

applied potentials in the 100 KHz to 50 mHz frequency range. Figure 6 presents the 

impedance spectra of the NiO samples in KOH electrolyte. Spectra consist in one 

semicircle at high frequency followed by a straight line at low frequency. The solution 

resistance Rs and charge transfer resistance Rct can be obtained from the Nyquist plot,  

Electrochemical impedance spectra demonstrate that PE-mode NiO films present a 

much-enhanced conductivity than DC-synthesised ones. 

 

 

Figure 6. Nyquist plots of FTO/NiO (a)-(N2), (b)-(N3) and (c)-(N1) in 1M KOH electrolyte. 



The electrode materials were subjected to galvanostatic charge–discharge (GCD) 

experiments. Figure 7 shows the GCD curves of FTO/NiO films at different current 

densities of 0.5, 1, 2, 3, and 5 Ag-1 with voltages between 0.1 and 0.4 V. Typical 

charge−discharge curves show that the charge–discharge potential exhibits a linear 

response with time. This indicates a good reversibility during the charge and discharge 

processes, thus demonstrating potentially useful capacitive behavior. All electrode 

materials showed two stages of voltage drop, with a rapid discharge in the initial 

potential region and a relative delay in the second potential region, signifying superior 

electrochemical performances. It is also found that with increasing current density, the 

discharge times of all electrode materials decrease. 

FTO/NiO-(N2) nanoparticles achieved the highest discharge time among the 

materials tested, showing the best specific capacitance as demonstrated with CV and EIS 

analyses. Specific capacitances at different current densities of the electrode materials 

were calculated using equation (8). 

  SC = it /	𝑚𝛥	𝑣      (8) 

where i/m is the current density used, Δn is the potential window, and t is the 

discharge time in seconds. The FTO/NiO-(N2) nanoparticles achieved the highest 

specific capacitance of 1000 Fg-1 at a current density of 0.5 Ag-1. On the other hand, 

FTO/NiO-(N3) and FTO/NiO-(N1) attained specific capacitance values of 350 and 230 

F/g at the same current density, respectively. The specific capacitance plot at different 

current densities is shown in Figure 7. It is seen that with increasing current density, the 

specific capacitances of all electrode materials decreased. Fewer electrolyte ions can 

indeed contact the inner electrode space for energy storage at high current density.  

 



 

 

 

Figure 7. (A-C) discharging time versus current density in 1M KOH electrolyte, (D) specific 

capacitance variation of the samples as a function of current density. 

 

The GCD cycling performance of the fabricated electrode was monitored in 1 M 

KOH electrolyte. The NiO electrode was cycled 800 times at 5 Ag−1. SC values of the 

GCD cycle were calculated using Eq (8). The capacity retention during cycling at the 

applied current load was obtained from subtraction of the continuous cycle SC values. 

Figure 8 displays the capacity retention curves of the NiO electrodes during 800 cycles 



at constant current load of 5 Ag−1. The GCD cycling performance of the NiO electrode 

under the applied current load are as follows: SC reduces from 285 Fg−1to 255 Fg−1 after 

800 cycling at 5 Ag−1, which is equivalent to a capacity retention of 90.1% for the 

FTO/NiO-N1 electrode. This confirms that the prepared porous NiO has a large cycle 

lifetime and therefore may be a proper material for long-term capacitive applications.  

 

Figure 8: Charge–discharge curves of the fabricated NiO electrodes at the applied 
current load 5 Ag-1 in 1 M KOH electrolyte. 

 

The energy (E) and power density (P) of the fabricated NiO electrodes were also 

calculated using Eqs. (9) and (10): 

 
E = ½CV      (9) 

P = E/t     (10) 

The fabricated electrodes are capable of delivering significant energies (E) and power 

densities (P) at 0.5 Ag−1 as illustrated in Table 2. Data confirm the high-performance 

characters of the prepared porous NiO structures. 



 

Table 2 Energy and power density of NiO electrodes prepared at 0.5 Ag−1. 

Electrode FTO/NiO-(N1) FTO/NiO-(N3) FTO/NiO-(N2) 

E (WhKg-1) 7.2 11.7 45 

P (WKg-1) 192 198.67 275.04 

 

4. Conclusion 

NiO films were electrosynthesized on FTO electrode by chronoamperometry and pulse 

potentiometry. Electrochemical preparation parameters affect the oxide morphology and 

capacitive performance of the film. Larger specific capacitance is obtained for high 

frequency pulse electrodeposited (PE) NiO than for conventional electrodeposition 

(DE). 

NiO electrode capacitive performance was evaluated by CV and charge–discharge. It 

shows that electrodes prepared at on-time ton = 1s exhibit SC value of 1000 Fg-1 at 0.5 

Ag-1 current loads, as well as 90.1% capacity retention after 800 GCD cycles at 5 Ag-1. 

Results demonstrate that the as prepared porous NiO electrode is a promising material 

for long-term capacitive applications. 
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