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H I G H L I G H T S  
 

A B S T R A C T  

 The measured refractive indexes of the Ni 

and Ag-doped thin films were negative. 

 Lower scan rates enhance the 

electrochemical properties of the Ni-doped 

thin film. 

 There is a reduction in agglomeration of the 

grains owing to the presence of Ni2+. 

 The over-dependence on fossil fuels for energy generation, especially in 

developing countries like Nigeria, is a major setback to the economy. There is a 

hike in its price, hence the need to commercialize a renewable form of energy 

such as solar energy. Solar energy's intermittent nature is a barrier, requiring an 

efficient, affordable, clean energy storage mechanism such as a supercapacitor. 

Electrodes are a supercapacitor's basic components, and optimizing an electrode 

material leads to wide electrochemical applications. In this study, Ni-doped 

                thin films were synthesized by electrochemical deposition, 

and the optical, morphological, and electrochemical properties were investigated 

through different characterization techniques. The optical properties were 

analyzed using a UV-Vis spectrophotometer, a decrease in absorbance (25%), 

absorption coefficient (             ), extinction coefficient ( 
          ), real dielectric constant (  ) and energy band gap (1.8 eV) of the 

film with the highest concentration of Ni was observed. The SEM result shows 

the films densely adhered to the substrate but unevenly distributed with 

imperfections (cracks and voids) as the concentration of Ni increases. The 

specific capacitance of the film (        ) was measured to be 410.8 F/g, 235.7 

F/g, and 184.2 F/g in the presence of 6M KOH electrolyte at a scan rate of 10 

mV/s, 20 mV/s, 50 mV/s, respectively at the same current density of 0.3 A/g 

with the highest electrical conductivity of                  .These results 

indicate the promising features of Ni-doped                 thin films are 

used as electrode material for supercapacitor applications. 

A R T I C L E  I N F O  

Handling editor: Akram R. Jabur 

Keywords:  

Reduced graphene oxide (rGO) 

ZnO 

Ni dopant 

Electrode material 

Supercapacitor applications 

1. Introduction 

The growing world population and technological advancements, such as the Internet of Things (IoT), 5G networks, etc., 

have increased the global demand for sustainable energy applications ranging from small-scale domestic to large-scale 

industrial applications. 

Energy is vital for a nation's sustainable development and economic growth, hence the need for more abundant, reliable, 

non-depletable, cheap, and renewable energy sources in developing countries like Nigeria [1]. Globally, the efficiency of 

electrical power systems and constant power supply is a great concern to both the energy sector and the consumers of energy 

even though there is a global census to increase the share of renewable energy-based generation in the overall energy mix, 

transition to more environmental-friendly transportation with electric vehicles, and the liberalization of the electricity markets 

to ensure stability and sustainability in power network [2]. Solar energy has been used domestically and industrially for various 

purposes, such as electrification, heating, cooling, cooking, and space technology. Still, the consumption of solar energy and 

other renewable energy is minimal compared to fossil fuel consumption, as shown in Figure 1, the global primary energy 

consumption diagram [3]. This is due to the intermittent nature of renewable energy sources, hence the need for an efficient,  

reliable, durable, economical, and environmentally friendly renewable energy storage device such as a supercapacitor. 
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Figure 1: Statistical Review of Global Energy Consumption [3] 

Electrodes are the main components of supercapacitors, and the ability to feasibly mass produce low-cost but high-energy 

density supercapacitor electrodes without compromising the micro/nanostructures of the material caused by restacking or 

aggregation is a hindrance to the deployment of supercapacitors into the national grid. Recently, many researchers have 

focused on hybridizing graphene with metal oxide nanoparticles to overcome irreversible agglomeration and other obstacles in 

obtaining stable reduced graphene oxide (rGO) sheets via the present reduction methods [4,5].  

Several metal oxides (fe2O3, SnO2, Co3O4, MnO2, NiO, and WO3) are supercapacitor electrodes for reversible redox 

reactions between electrolyte and electroactive materials. Still, most of them suffer from poor cycling performance, which 

means achieving overall high rate capability for high power performance is difficult due to their low electrical conductivity 

properties [5-7]. ZnO (semiconductors) based composite electrode materials can provide good electrochemical reversibility, 

high specific capacitance, high power density, high energy density, and good cycling stability, which make them promising 

materials for advanced supercapacitors [5-7]. Despite these desirable features of ZnO, it should be noted that the fabrication of 

p-type ZnO is rather difficult because of the low solubility of acceptor dopants, self-compensation effect, fast recombination of 

the electron-hole pairs, absorption of hydrogen impurities from the air which may act as a shallow donor, large band gap of 

3.37 eV [6,8]. The control of these limitations led to the choice of the dopant and composite materials used in this study. 

Several studies on electrode materials highlighted the coupling mechanism between ZnO and rGO to facilitate better electronic 

transport; however, the synthesis of electrode material for supercapacitor application by electrochemical deposition technique 

is not commonly found in the literature. More so, studies regarding the relationship of                     as electrode 

materials for application in energy storage devices does not exist in literature. This study aims to synthesize and characterize 

novel electrode material (Ni-doped                ) suitable for energy storage devices (supercapacitors). Thus, a 

comprehensive study of Ni-doped                 was done to optimize synthesis parameters (i.e., dopant concentration, 

thickness, and reaction time) to obtain the desired composite thin films that can be used as electrode material in 

supercapacitors. 

2.  Materials and methods  

2.1 Materials used  

Table 1 shows the materials and analytical reagents used in this study. The reagents were used as received since they are of 

analytical grade. 
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Table 1: Materials and analytical reagents used in this study 

S/N Materials Used Place of Purchase/ Manufacturer 

1 Weighing Balance FIN Lab Nigeria LTD 

2 Beakers (different sizes) FIN Lab Nigeria LTD 

3 Spatula FIN Lab Nigeria LTD 

4 PH meter FIN Lab Nigeria LTD 

5 Detergent FIN Lab Nigeria LTD 

6 Magnetic Stirrer FIN Lab Nigeria LTD 

7 Deionized Water FIN Lab Nigeria LTD 

8 Microwave oven FIN Lab Nigeria LTD 

9 Fluorine-doped Tin Oxide FTO (substrate) FIN Lab Nigeria LTD 

 Reagents MERCK (SIGMA –ALDRICH) 

 1. Zinc sulphate heptahydrate (ZnSO4 

 2. Alumium Choride 6-hydrate  (AlCl2) 

3. Sodium hydroxide (NaOH) 

4. Nickel (ii) acetate 4-hydrate (NaOH) 

5. Reduced graphene oxide (rGO) 

6. Calcium sulphate (CaSO4) 

7. Potassium hydroxide (KOH) as electrolyte 

 

2.2 Synthesis of                 

An already green synthesized graphene oxide (GO) was reduced following the procedures of another study [9]. The 

nanocomposite of GO was first mashed in a mortar before being thermally reduced at 400 °C for 4 hrs to reduce the GO into 

rGO. 0.2043g of thermally reduced graphene oxide (rGO) (x = 0.001 M) was dispersed in 20 ml of distilled water and stirred 

for 10mins yielding a stable rGO suspension which turned black without any observed precipitation. 2.875g of Zinc sulphate 

heptahydrate (ZnSO4).6H20 was mixed in 30 ml of de-ionized (DI) water and stirred for 45 min before adding to the rGO 

suspension. Also, 3.42 g of Aluminum chloride (VI) hydrate and 1.3614 g of calcium sulphate were dispersed separately in 10 

ml of sodium hydroxide (0.1 M NaOH) to produce Al2O3 and CaO. Then, 10 ml of as-produced     and       the suspension 

was added to ZnO/rGO. Then 1.3613 g of Nickel (ii) acetate tetrahydrate (C4H14NiO8) was dispersed separately in 10 ml of 

sodium hydroxide (0.1 M NaOH) to produce the NiO dopant. 

The electrochemical experiment was conducted in an electrochemical workstation (Autolab PGSTAT 204) under ambient 

conditions. The setup for the synthesis of these composite thin films was a conventional three-electrode configuration; the 

FTO, Ag/AgCl, and Carbon rod were the working, reference, and counter electrodes, respectively. The three electrodes were 

connected to a potentiostat at a deposition voltage of 5V for 60 s, and the deposition electrolyte consisted of 0.6 M KOH 

solution. FTO and stainless steel substrate were then immersed at different times in the prepared composite solutions for the 

absorption of the single-layer                 (control sample named CZ1). 5 ml of NiO made of different molar 

concentrations (x = 0.02, 0.04, 0.06 M) was added to the controlled sample, forming three different thin films labeled CZ 2, CZ 

3, and CZ 4. 

2.3  Characterization of thin film 

The prepared samples were subjected to different characterization techniques such as optical analysis using UV 

spectrometer UV 3600 plus model, surface morphology using SEM, chemical composition using EDX, structural analysis 

using XRD, and electrochemical properties using CV, GCD, EIS, etc. 

2.3.1 Optical characterization 

The wavelength and absorbance of the films were read from the UV-Vis spectrometer. Transmittance refers to the amount 

of light that completely passes the sample and strikes the detector. The transmittance T for each deposited sample was deduced 

from the absorbance data for the same sample using the following relation given in Equation 1 [10]. 

          (1) 

where T = Transmittance and A = Absorbance. 

The refractive index measures the bending of a light ray when passing from one medium to another. According to the 

research of Nwofe &Agbo [11], it has been established that optical reflectance is related to the refractive index n as seen in 

Equation 2: 

   
   √ 

    √ 
    (2) 

where n = refractive index and R = optical reflectance. 

Reflectance is the ratio of collected reflected radiant power to incident radiant power. Its value ranges from 0 to 1 due to 

laws of energy conservation. 
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       (   )  (3) 

where R =Reflectance, A =Absorbance and T = Transmittance  

The absorption coefficient is a measure of the rate of decrease in the intensity of electromagnetic radiation as light passes 

through a given substance. It was evaluated from the optical absorbance data using the relation in Equation 4 [12]. 

         
 ⁄    (4) 

where A = Absorbance and t = film thickness 

The Extinction Coefficient k is described in Equation 5 as: 

    
  

  
    (5) 

where α = optical absorption coefficient and λ= wavelength [13, 14]. 

The dielectric constant refers to the ratio of the material's electric permeability to free space's electric permeability. The 

complex dielectric constant             is a foundational intrinsic property of the material. The real part (  ) of the 

dielectric constant is associated with the term that shows how much it will slow down the speed of light in the material and the 

imaginary part (  ) shows how a dielectric absorbs energy from an electric field due to dipole motion [15]. The dielectric 

constant (real and imaginary) can be evaluated from refractive index (n) and extinction coefficient (k) using the following 

relations in Equations 6 and 7 [16, 17]: For the real part; 

    =        (6) 

For imaginary part;           

          (7) 

Energy band gap refers to the energy difference between the top of the valence band and the bottom of the conduction 

band. The energy gap (Eg) will be estimated by assuming a direct transition between valence and conduction bands from the 

expression in Equation 8 [18] 

 (   )    (     )   (8) 

where r=2 (direct allowed transitions), Equation 8 yields Equation 9 

 (   )    (     )  (9)      

Optical conductivity (  ) is the optical response of a transparent solid [19]. Equation 10 gives the mathematical formula. 

     
   

  
  (10) 

where c = speed of light, α = absorption coefficient and n = refractive index. 

3. Results and discussion 

3.1 Surface morphology and elemental composition 

Figure 2a shows an agglomerated, densely packed, non-uniform grains of the undoped sample due to the presence of 

graphene. The presence of agglomeration could inhibit the diffusion of electrolyte ions inside the pores, thereby reducing the 

specific capacitance of the material [20]. Figures 2b-d show a reduction in grain agglomeration due to the presence of     . 

The films densely adhered to the substrate, forming grain boundaries as the concentration of Ni increased, increasing grain 

sizes. This is contrary to the findings of another study [21] but agrees with other literatures [20, 22, and 23]; an increase in 

grain size promotes the capacitance of the film due to increased surface area, hence suitable for use as an electrode material for 

supercapacitor applications. At 4%     doped thin film, uniform small granules exist, indicating its unique morphological 

features and suggesting the possibility of obtaining reduced graphene thin films with metal oxides and semiconductors suitable 

for. 

The EDX result reveals the elements in the composite films, as seen in Figure 3a,b. It shows the abundance of different 

elements in the samples extracted from energy-dispersive X-ray spectroscopy (EDX). As observed, Oxygen (O) is the most 

abundant element in all composites with an atomic ratio of 40.5 compared to Zn, and the absence of hydrogen is due to the fact 

that it does not emit X-rays. The presence of 0.2 and 0.6 % Ni can be seen in the Figures 3a and 3b respectively, which mainly 

shows the lower boundary of a typical EDX system. The non appearance of Ca in the EDX results was observed and this could 

be attributed to the film thicknesa and the oxidation of the surface of calcium (Ca).  
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2: Morphological Analysis of Ni-doped                 films  (a) CZ 1 b) CZ 2 (c) CZ 3 (d) CZ 4 

 
(a) 

 
(b) 

Figure 3: (a,b) Elemental composition of Ni-doped                 films by EDX Technique 
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3.2 Optical analysis 

3.2.1 Transmittance and absorbance spectra  

The absorbance A decreased at higher wavelengths for all samples, with a distinctive decrease for the sample with the 

highest concentration of Nickel between 850 nm and 1000 nm, as shown in Figure 4a. This result contradicts the findings in 

some literatures [22-24], where only the optical properties of Ni-doped ZnO were investigated. Therefore, this decrease in 

absorbance at the highest concentration of Ni within the UV region of the electromagnetic spectrum could be attributed to the 

plasmon effect of the C–C bond in graphitic structure and of the sp
2
 bonding of C=C from benzene ring in rGO materials 

respectively [23] and the concentration quenching effect between the neighboring atoms of     and      [25]. The absorption 

peak of ZnO–rGO occurred at 380 nm [23], similar to the results obtained for all samples in this present study.  

According to Figure 4b, 60% transmittance was recorded within the ultraviolet-visible region for the highest concentration 

of Nickel, but persistent transmittance within the wavelength range of 850 to 1000 nm was reported in another study of doped 

ZnO. This was attributed to increased surface roughness caused by the dopant, which reduces the dispersion of light and 

improves transmittance [26]. Unlike other samples, the undoped and Nix=0.04 doped thin films have smooth curves and presence 

of interference pattern, which indicates the films' homogeneity and thickness above 100 nm [27]. Spikes in the absorption edge 

from blue shift to red shift can be observed between 700 and 900 nm for the sample with the highest concentration of Ni 

dopant; it could be due to enhanced oxygen sites in ZnO thin films [20]. 

 
(a) 

 
(b) 

Figure 4: a) Absorbance spectra b) Transmittance spectra for CZ 1, CZ 2, CZ 3, CZ 4 

3.2.2 Refractive index and reflectance 

The refractive index (n) is an important factor in fabricating devices with good optical properties because dispersion 

energy depends on the material's optical transition and optical conductivity [28]. Figure 5a shows that the measured refractive 

indexes of the Ni and Ag-doped thin films were negative and decreased for the undoped and Nix=0.04 doped thin films as the 

photon energy increased. This is attributed to the decrease in absorbance and the scattering of light [29]. The film is useful for 

supercapacitor applications due to its reduced refractive index. 

The reflectance of Ni-doped thin films increased to 20% at 0.06M of      and 15% at 0.02M of     with a decrease for 

the 0.04M of      between 300nm-400nm, as shown in Figure 5b. This is an indication of an increase in the number of 

isolated centers and substitution defects located in the                 host matrix, which was truncated at 0.04M of Ni
2+

 

due to the structure of the matrix and the synthesis technique employed; this could cause an inhomogeneous distribution of 

cations with segregation within the layers of the same source [25]. This is contrary to another report [23]. 
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(a) 

 
(b) 

Figure 5: a) Refractive index, b) reflectance spectra for CZ 1, CZ 2, CZ 3, CZ 4 

3.2.3 Absorption coefficient and extinction coefficient  

The highest concentration of Ni (0.06M) has the lowest absorption and extinction coefficients as shown in Figures 6a and 

6b. However, a slight increase in extinction coefficient can be observed within the wavelength range of 600-1000 nm, 

according to Figure 6a. A decrease in absorption coefficient occurred in all samples within the UV region. While the reverse is 

the case for the extinction coefficients, notably the increase in extinction coefficient along wavelength of 500-1000 nm for the 

4% Ni-doped thin film. The intensity of the absorption coefficient decreases abruptly due to the presence of nickel ion 

(    )This means more oxygen ions would be attracted to     to form NiO interstitial sites [22, 25]. A thicker emitter layer is 

necessary to reduce the effect of spectra overlap on the electrode’s performance. This overlap could be due to the complexity 

of the thin film materials used in this study. 

 
(a) 

 
(b) 

Figure 6: a) Absorption coefficient, b) Extinction coefficient for CZ 1, CZ 2, CZ 3, CZ 4 

3.2.4 Dielectric constant  

Figures 7a and b shows the spectra of the real and imaginary dielectric constant, the imaginary values of Ni-doped 

                thin films increased mostly with the highest concentration of Ni, but a drop across higher wavelengths 

was observed in Figure 7a. This increase will promote the capacitance of the deposited material, thereby increasing the energy 

density. On the contrary, the real values of the dielectric constant decreased drastically in the presence of Ni dopant across 

higher wavelengths except for 0.04 M of Ni as seen in Figure 7b; a decrease in both the real and imaginary values of the 
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dielectric constant along higher wavelengths as the doping ratio increases was observed [30] This could be attributed to strong 

interaction between electrons and photons at this concentration of Ni and these low values reveal the composite thin film is a 

good material for tunable capacitor applications [31]. 

 
(a) 

 
(b) 

Figure 7: a) Imaginary dielectric constant, b) Real dielectric constants for CZ 1, CZ 2, CZ 3, CZ 4 

3.2.5 Energy band gap (Eg)   

For allowed direct transitions, where   = absorption coefficient, h = Planck’s constant, v = frequency, Eg = energy band 

gap, and A = constant, which depends on the materials. Where A is a constant, the exponent r equals 2 and 1/2 for direct and 

indirect allowed transitions, respectively. Since ZnO is known to be a direct semiconductor, we have chosen the exponent r = 2 

[32]. The energy band gap decreased from        for undoped                 thin films to                            

for Ni-doped                 thin films, as shown in Figure 8, show there is an interaction of     on entering the crystal 

lattice of                 [25]. This indicates improvement in the conductivity and crystalline nature of the material [33], 

making it a suitable electrode material.  

 

Figure 8: Tauc’s plot of CZ 1, CZ 2, CZ 3, and CZ 4 
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3.2.6 Optical conductivity 

The optical conductivity of Ni-doped                 thin films increased with an increase in Ni concentration and 

remained constant at higher photon energy values, as seen in Figure 9, though an intermediate drop exists. The implication is 

that the incorporation of    into the reaction medium influences the optical conductivity of the deposited thin film. An 

increase in the density of localized states in the energy band could cause an increase in the optical conductivity of the films 

[34]. Low absorption coefficient and refractive index values imply a decrease in optical conductivity. As Ni content rises to 

6%. Optical conductivity rises with increasing Ni doping levels and is invariant along the energy band. 

 

Figure 9: Optical conductivity versus Photon energy of CZ 1, CZ 2, CZ 3, CZ 4 

3.3 Electrochemical analysis 

The electrochemical properties of the Ni-doped                 thin films were analyzed using a three-electrode cell 

configuration with a 0.6 M KOH electrolyte within the potential range of -0.4 to 0.4 V at scan rates of 10 mV/s, 20 mV/s, 50 

mV/s, the cyclic voltammograms (CV) of the electrode samples are shown in Figures 10. The films show rectangular shapes at 

low scan rates. The specific capacitance of the Ni x=0.06 doped thin films (CZ 3) was evaluated using Equation 11 because it has 

the best shape without redox peaks compared to other samples. 

    
 

      (     )
 (11) 

Here, A is the integrated area of the curve, m is the mass of the film, k is the scan rate, and V is the potential window. The 

specific capacitance of Ni-doped (6%) thin films (CZ 3) at the same current density of 0.3 A/g are 410.8 F/g, 235.7 F/g, and 

184.2 F/g at scan rates of 10 mV/s, 20 mV/s, 50 mV/s respectively. 

 

Figure 10: Cyclic voltammograms (CV) of Ni-doped                 thin film 
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The electrical properties of the undoped and Ni-doped thin films are seen in Table 2. It can be seen that the film with the 

highest concentration of Ni has the lhighest values of conductivity (9.41E+04 Ω¯¹m¯¹). This shows the effect of concentration 

on the electrical properties of the doped films. 

Table 2: Electrical Properties of Ni-doped                 thin film 

 

Considering Tables 3 and 4, the potential varied linearly at different speeds of 10, 20, and 50 per second (scan rates), the 

galvanostatic charge and discharge values, energy density, and power density of the undoped and doped films are presented. 

Improving the properties of the film can be seen when comparing the doped and undoped values. Lower scan rates favor the 

electrochemical properties of this Ni-doped film; at 10 mV/s, the Nix=0.06 doped                 thin film has the highest 

energy density of 131.46 Wh/Kg and power density of 15.7754386 KW/Kg. 

Table 3: Electrochemical Properties of                 thin film obtained at different scan rates 

Table 4: Electrochemical Properties of Nix=0.06 doped                 thin film (CZ3) obtained at different can rates 

4. Conclusion 

This study employed an electrochemical deposition technique to synthesize hexagonal Ca efficiently              

thin film doped with Ni as an electrode material for supercapacitor application. The films were then characterized using 

various methods such as UV-Vis, Cyclic Voltametry, GCD, EDX, and SEM. Results show that the peak of the transmittance 

spectra was 60 % at          and optical energy band gap (Eg) of 1.8 eV for the film with the highest concentration of Ni 

dopant (0.06 M) w, suggesting its suitability for supercapacitor application. The surface morphology shows the films densely 

adhered to the substrate but unevenly distributed with grain boundaries. The higher concentration of Ni reduces agglomeration 

caused by the presence of graphene but enlarges the grain sizes. A specific capacitance of 410.8 F/g, 235.7 F/g and 184.2 F/g at 

a scan rate of 10 mV/s, 20 mV/s, 50 mV/s respectively were evaluated. The results presented imply Ni-doped         
        thin film could be a new electrode material for supercapacitor application and may be optimized for the 

commercialization of supercapacitors into the national grid. A novel method of synthesis, increased dopant concentration, 

lower can rates, and different electrolytes could be used in the future to study Ni-doped                 thin film. Also, 

peak fitting residual spectrum analysis can be used in further studies for accurate elemental detection. 
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Samples Resistance (Ω) Sheet Resistance (Ω) Resistivity (Ωm) Conductivity (Ω¯¹m¯¹) 

                

Undoped 9.11E+00 

 

4.12E+01 

 

8.75E-06 

 

1.14E+05  

Ni@0.02M -5.59E+00 -2.53E+01 -5.33E-06 -1.88E+05 

Ni@0.04M -2.09E+02 -9.46E+02 -1.98E-04 -5.05E+03 

Ni@0.06 M 1.13E+01 5.09E+01 1.06E-05 9.41E+04 

Scan rate Qc (mAhKg¯¹) Qd (mAh g¯¹) Energy density W h Kg¯¹ Power density KW Kg¯¹ 

10 mV/s 60.19417476 7.223300971 2166.990291 541.7476 

20 mV/s 50.48543689 6.058252427 1817.475728 454.3689 

50 mV/s 39.61165049 4.753398058 1426.019417 356.5049 

Scan rate Qc (mAh Kg¯¹) Qd (mAh g¯¹) Energy density W hKg¯¹ Power density KW Kg¯¹ 

10 mV/s 4732.631579 1183.158 131.4619883 15.7754386 

20 mV/s 2715.789474 678.9474 75.43859649 9.052631579 

50 mV/s 2122.105263 530.5263 58.94736842 7.073684211 

mailto:Ni@0.06
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