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Abstract 

In this study, flowers-like interconnected nanoflakes NiCo2O4 thin films were 

synthesized by the SILAR method for the fabrication of supercapacitor application. X-ray 

diffraction analysis revealed that the synthesized NiCo2O4 thin films exhibit polycrystalline 

nature, and FE-SEM images confirmed their highly porous-like surface area. The analysis of 

structural, elemental, and compositional properties of the NiCo2O4 thin films were confirmed, 

that the thin films were used as electrode material for supercapacitor applications used as 

electrode material for supercapacitor testing. As expected, the prepared NiCo2O4 thin films 

showed high stability and served as efficient materials for use in supercapacitors application. The 

NiCo2O4 thin films exhibited excellent cycling charge-discharge with a specific capacitance (CS) 

of 1936 F g
1

 at a scan rate of 5 mV s
1

 in a 3 M KOH electrolyte. Cycling stability results 

revealed that NiCo2O4 thin films exhibit highly stable performance with a 94.5% retention. 

Symmetric supercapacitor performance presenting an energy density of 294.54 kWh kg
-1

 and 

power density 7.8 W kg
-1

, it indicates the NiCo2O4 based electrode is applicable for the practical 

applications in device fabrication of asymmetric and symmetric supercapacitor. The high 

performance of the NiCo2O4 thin films is possibly related to the presence of a highly porous 

surface morphology and stepwise effects of the SILAR cycle. 

Keywords: Chemical synthesis, NiCo2O4 thin film, Nanoflower, Different nanostructures, 

Electrochemical study.  
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1. Introduction 

Supercapacitors have demonstrated promise as electronic devices for energy storage 

applications and challenges over last several years due to their compact size, higher electrical 

conductive nature along with excellent charging-discharging rate and long-term stability 

compared to capacitors and batteries [1-4]. Currently, various binary metal oxide and sulfide 

electrodes have been utilized in applications of energy storage devices like supercapacitors [5] 

due to their extraordinary properties such as high energy density as well as power density, 

lightweight nature, small size, and long-term cycling stability. To enhance the electrochemical 

performance compared to binary metal oxides or sulfides, ternary composites of NiCo2O4 thin 

films are considered as superior for the supercapacitor application.  

Recently, various ternary metal oxides/sulfides have been prepared by different methods 

for supercapacitor applications, including MnCo2O4 [6], CoFe2O4 [7], NiCoO4 [8], FeCoO/ 

polyaniline [9], (Co0.5Fe0.5)3O4 [10], and NiCo2S4 [11]. Of these metal oxides/sulfides. The 

selected NiCo2O4 thin films have been utilized for various applications due to their higher 

electrical conductivity as well as higher performance and long-term stability. Synthesized 

NiCo2O4 thin films have been utilized in various applications, including solar cells [12], Li-ion 

batteries [13], supercapacitor capacitor [14, 15], water spitting [16], hydrogen evolution [17], gas 

sensing [18], oxygen evolution [19], non-enzyme glucose detection [20], and electrocatalyst 

[21], using different methods reported previously. Previously, various NiCo2O4 nanostructures 

have been prepared by different methods for supercapacitor applications. For example, nanorods 

(980 F g
1

 at a current density of 2 A g
1

) [22], nanowires (1242 F g
1

 at a current density of 10 

mA cm
2

) [23], nanoflakes (1811 F g
1

 at a current density of 0.5 mA cm
2

) [24], nanosheets 
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(199.74 F cm
−3 

at a current density of 0.2 mA cm
2

) [25], nanosheets (790 F cm
−3

 at 1.43 g cm
3

) 

[26], nanotube/wire (693.6 F g
1

 at a current density of 6.66 A g
1

) [27], nanotubes (828 F g
1

 at 

1 A g
 1

) [28], blooming flowers (1545 F g
−1 

at a current density of 5 A g
−1

) [29], sea urchin [30], 

nanoparticles (1335 F g
1 

at a current density of 30 A g
1

) [31], and urchin (F g
1 

at a current 

density of 15 A g
1

) [32]. An interconnected nanoflakes-like flower nanostructure was prepared 

for supercapacitor applications. The high surface area and easy ion transformation provided by 

these nanoflowers-like nanostructures during electrochemical analysis. In addition, inexpensive 

SILAR is not only a facile method but also the most useful method for the deposition of 

nanomaterials on a flexible steel substrate. Furthermore, SILAR is beneficial to grow various 

nanostructures by the adjustment of simple preparation parameters [33, 34].  

In this study, three different porous nanostructures of NiCo2O4 thin films were prepared 

by controlling the simple deposition parameters of the SILAR method. The effect of deposition 

cycles was systemically investigated by structural, morphological, and electrical studies. 

NiCo2O4 thin films with a nanoflowers-like surface morphology were synthesized by a simple, 

reproducible, and eco-friendly approach. Results shown that the deposition cycles are effected on 

the structural, morphological, and supercapacitive properties of the NiCo2O4 thin films. The 

interconnected flower-like NiCo2O4 nanostructures provided the highest CS of 1936 F g
1

 at a 

scan rate of 5 mV s
1

 with superior cycling stability. 

2. Experimental details  

2.1 Materials: 

Nickel(II) perchlorate hexahydrate (Ni(ClO4)2·6H2O), cobalt (II) perchlorate hexahydrate 

(Co(ClO4)2·6H2O) were purchased from Daejung Chemicals (South Korea), and ammonia (25%) 
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was purchased from Wako Pure Chemical Industries (Osaka, Japan). All chemicals were used as 

received.   

2.2 Preparation of NiCo2O4 thin films: 

To deposit the NiCo2O4 thin films, 0.1 M nickel perchlorate hexahydrate as the cationic 

precursor and 0.1 M cobalt perchlorate hexahydrate as the anionic precursor were first dissolved 

in ammonia at pH 11. Second, the well-cleaned flexible stainless-steel substrate was dipped into 

Ni(ClO4)2 for 20 s to deposit Ni
2+

 on it. Third, the flexible stainless-steel substrate was washed in 

double-distilled water for 5 s to eliminate roughly bound Ni
2+

 species, followed by dipping into 

the Co(ClO4)2 solution to deposit Co
2+

 species at room temperature for 20 s, affording a 

widespread coating of the NiCo2O4 thin films. Next, the flexible stainless-steel substrate was 

cleaned in double-distilled water for 5 s to separate loosely bound Ni
2+

 and Co
2+

 species [11, 34]. 

Hence, the SILAR cycle of NiCo2O4 thin films is established, and various cycles were repeated 

to obtain the desired NiCo2O4 film thickness obtained as a result of 15, 25, and 35 deposition 

cycles and annealing  theses samples to 300 
°
C for 1 hr., which are hereafter referred to as 

NCO:A, NCO:B, and NCO:C, respectively. The active mass loading for NCO:A, NCO:B, and 

NCO:C samples were found to 0.31, 0.39, and 0.34 mg/cm
2
, respectively. 

2.3 Characterizations  

The structures of the NiCo2O4 thin films were investigated by using a X-ray 

diffractometer (Bruker D8 Advance) with Cu-Kα radiation (λ=1.54 Å). The morphologies and 

microstructures of the films were observed by field-emission scanning electron microscopy (FE-

SEM, Mira-3, Tescan Pvt. Brno-Czech Republic) and high-resolution transmission electron 

microscopy (HR-TEM; FEI, Titan G2 Chemi STEM Cs Probe). X-ray photoelectron 

spectroscopy (XPS, ULVAC-PHI Quantera SXM) was used to confirm chemical composition of 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 
 

6 
 

the films. The elemental analysis of samples was examined by energy-dispersive X-ray 

spectroscopy (EDS, Oxford Instruments), inbuilt in the FE-SEM system. Electrochemical 

analyses were carried out with a CHI 660D electrochemical workstation [11]. 

2.4 Electrode preparation and electrochemical measurements 

The electrochemical characteristics of the NiCo2O4 thin films were assessed by 

measuring cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical 

impedance (EIS). Electrochemical performance was analyzed in 3 M KOH solution with a three-

electrode cell configuration including flexible NiCo2O4 films, platinum, and Ag/AgCl as the 

working, counter, and reference electrodes, respectively [11].  CV measurements were carried 

out at different scan rates in a potential window of 0.1 to 0.5 V, and charge–discharge 

characteristics at different current densities within the same potential window were investigated. 

EIS analyzed in between 1 Hz and 100 kHz with an alternate current (AC) amplitude of 10 mV 

and a bias potential of 0.4 V. 

2.5 Fabrication of NiCo2O4//NiCo2O4 flexible symmetric devices 

The flexible symmetric NiCo2O4//NiCo2O4 electrodes were bring together as positive and 

negative probs. The two electrodes were separated with a filter paper, and gel of PVA/KOH was 

used as the electrolyte. The preparation of PVA/KOH gel and device fabrication is described in 

our recent reports [35]. Both of the prepared electrodes and separator paper was dipped into the 

gel electrolyte for 5 s and then dried in air at 25 
°
C for 12 h. Finally, these electrodes were pasted 

with PVA/KOH gel electrolyte before the device assembling and kept for drying 6 h at 35 °C in 

an electric oven to remove adsorbed water from the surface. In the next step symmetric device 

was assembled by pressing the pasted region of electrodes and kept a pressure of 1 ton for 1 h, to 

enhance the interface of electrolyte to the electrode surface [1, 35].  
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3. Results and Discussion 

3.1 X-ray diffraction (XRD) study 

XRD patterns were recorded to determine the crystal structure and phase confirmation of 

the synthesized ternary NiCo2O4 thin films at various SILAR cycles. Figure S1 (a-c) shows the 

typical XRD patterns of the NiCo2O4 thin films deposited on a flexible stainless-steel substrate 

by using different SILAR cycles. Figure 1a shows the optimized XRD pattern of the pure 

NiCo2O4 thin films, without impurities in these thin films was observed [36, 37]. Peaks observed 

at 17.26

, 31.96


, 34.45


, 44.03


 and 74.85


, corresponded to the (111), (220), (311), (400) and 

(620) planes of NiCo2O4 (JCPDS card number 073-1702), respectively, and peaks observed at 

24.53

, 44.03


 and 74.85 are attributed to the stainless steel substrate material., similar types of 

crystal structures are reported in previous study [36-38]. As shown in Figure S1 (a-c), deposition 

cycles increase the peak intensity of diffraction peaks increases up to 25 cycles, future that the 

peak intensity decreases. Because of the film peeled off from the substrate of the NiCo2O4 thin 

films at 35 deposition cycle. Crystallite sizes were calculated using the Scherrer equation for the 

peak at 34.45

 corresponding to the NiCo2O4 thin films, indicative of the different crystallite 

values of these NiCo2O4 thin films. The calculated crystallite sizes for NCO:A, NCO:B, and 

NCO:C were 70, 66, and 80 nm, respectively. The crystallite size of the NiCo2O4 thin films is in 

the range of few nanometers (nm). These results agree with the SEM and TEM studies described 

in section 3.3 and 3.4, respectively.  The low crystallite size values revealed that these samples 

are beneficial for the current collector measurement due to the thin surface of the NiCo2O4 

samples. In addition, lattice parameters were calculated by using the following standard relation 

[39]. 

a = d (h
2 

+ k
2 

+ l
2
)
1/2                                                                                                        

(1) 
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The lattice parameter values for NCO:A, NCO:B, and NCO:C thin films were 8.13, 8.59, and 

8.72 Å, respectively. The standard and calculated values are slightly greater than the calculated 

values [40]. NCO:A exhibited a slightly lower difference between the standard and calculated 

values, indicating that NCO:A is well formation with stoichiometric NiCo2O4 phase. 

3.2 X-ray photoelectron spectroscopy (XPS) study 

XPS analysis was employed to obtain information regarding the elemental, chemical, and 

oxidation valence of the optimized NiCo2O4 samples. Figure 1b demonstrate the XPS survey 

spectrum of the NiCo2O4 thin films prepared by the SILAR method at 25 deposition cycles. Ni, 

Co, and O were observed in the prepared NiCo2O4 sample, confirming the successful formation 

of the NiCo2O4 thin films (Figure 1b). The narrow scan XPS was further utilized to acquire the 

detailed information of Ni, Co, O  element in the thin film as show in Figure 1 (c-e). The Ni 2p 

spin-orbit doublet peaks observed at 855.49 eV and 873.11 eV corresponded to Ni
2+

 with two 

shake-up satellite peaks is shown in Figure 1c [41]. Similar two peaks were observed at 780.90 

eV and 796.46 eV corresponded to Co 2p3/2 and Co 2p1/2, respectively (Figure 1d) [42]. Figure 

1e shows the O1s narrow scan XPS spectrum. A binding energy peak observed at 530.80 eV 

corresponded to the O1s metal-oxide energy state, indicative of the presence of oxygen in the as-

prepared samples [43, 44].   

3.3 Field-emission scanning electron microscopy study 

After the confirmation of pure phase of the NiCo2O4 thin films using XRD and XPS 

results, FE-SEM were used for examination of the surface morphology of the synthesized 

NiCo2O4 thin films with different deposition cycles (Figure 2). The FE-SEM images of the 

NiCo2O4 thin films prepared at various SILAR cycles of 15, 25, and 35 with different 

magnifications are shown in Figure 2 (a–f). The flexible substrate was completely and uniformly 
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covered with different nanostructures at different deposition cycles (Figure 2 (a–f)). At the lower 

deposition cycle of 15, NiCo2O4 was agglomerated with several irregular nanosheets, and a 

nanoparticle-like nanostructure was deposited on the flexible substrate, possibly related to the 

incompletely deposition of the NiCo2O4 on the flexible substrate. To overcome this issue, the 

number of deposition cycles were increased from 15 to 25 for the complete growth of the 

NiCo2O4 thin films [45]. Figure 2 (c, d) shows the typical surface morphology of the NiCo2O4 

thin films, the hierarchical nanostructure comprised different-sized nanoflakes with 

comparatively highly porous surfaces. The high-magnification image revealed the presence of an 

interconnected nanoflowers-like nanostructure covered on the flexible substrate [46]. FE-SEM 

analysis confirmed that interconnected vertical grow of nanoflakes-like flower NiCo2O4 thin 

films are grown on the sample with a thickness of 9–15 nm. This type of surface morphology 

provided a highly porous and reactive surface area for the sample, indicating that this sample is 

more suitable than the other two samples. To increase in the number of deposition cycles from 

25 to 35, nanostructure developed large size sheets of the NiCo2O4 thin films were deposited on 

the substrate with a thickness of 30–50 nm and the length of 500–600 nm (Figure 2 (e, f)). 

Uniform, highly porous nanoflower nanosurfaces were observed, with a lower values solution 

and charge-transfer resistance, revealing that the NiCo2O4 electrode is more suitable for 

electrochemical applications (Figure 2 (a-f)) [45-47]. Figure 2 (g-i) displays the EDS micro 

images of the NiCo2O4 thin films prepared at different SILAR cycles, respectively. All samples 

revealed the presence of Ni, Co, and O, confirming the formation of the NiCo2O4 thin films [46].  

3.4 TEM and HR-TEM study 

TEM images of the NiCo2O4 thin films deposited at different cycles were recorded to 

obtain in-depth details of the surface morphology of NiCo2O4 samples and are shown in Figure 3 
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(a-c). All the samples exhibited a porous-like surface morphology with different-sized 

nanosheets, providing the more rapid transfer of ions, superior electrochemical reaction, and 

more active species [48]. From TEM images, with the increase in the number of deposition 

cycles, more porous, uniform nanostructures were observed on the surface (Figure 3 (a–c)). 

Among these samples, the middle NiCo2O4 samples exhibited better porosity and a lower 

thickness of 5–6 nm, suggesting that NiCo2O4 samples provide more surface area during the 

contact between the liquid KOH electrolyte and NiCo2O4 electrode, easily favoring the transport 

of mass from the interface between the electrolyte and electrode for supercapacitors; this 

favorable mass transport can improve the device performance [49]. Figure 3 (d-g) shows the HR-

TEM images of optimized NCO:B sample with different magnification, d-spacing, and the 

SAED pattern, respectively. The NCO:B sample clearly shows the chain of flowers like 

nanostructures developed on surface of the steel substrate (shown in figure 3d), and these flowers 

showing more porous with 3-5 nm thickness and SAED pattern images of NiCo2O4 thin film as 

seen in Figure 3f and 3g, respectively. Figure 3 (h-k) shows the elemental mapping of NCO:B 

sample. The elemental mapping clearly shows the Ni, Co and O elements are uniform 

distribution on the surface of NCO:B sample. The TEM, HR-TEM and mapping analysis are in 

good agreement with the FE-SEM and EDS results [35, 50, 51].  

3.5. Electrochemical supercapacitive properties 

3.5.1 Supercapacitive Studies 

After the structural, morphological, and compositional analyses of the NiCo2O4 films 

were confirmed, CV and GCD measurements were carried out to further investigate the 

electrochemical supercapacitive properties. CV curves of the as-prepared NiCo2O4 electrodes 

were recorded at varying scan rates of 5–100 mV s
1 

within a potential of 0.1 to 0.5 V in a 3 M 
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KOH electrolyte. Figure S2 (a, c) shows the CV curves and calculated CS for the NCO:A, 

NCO:B, and NCO:C electrodes. NCO:B electrode exhibited the highest specific capacitance [50, 

51]. It also exhibited a considerably greater CV internal surface area than the other two 

electrodes, indicating that the interconnected nanoflowers-like nanostructure provide a more 

surface active area, and a higher reactive area is helpful for the exchange of ions in the electrodes 

[52]. Figure 4 (a–c) shows the CV curves of the NiCo2O4 electrodes at different scan rates from 5 

to 100 mV s
1

 within the potential window from 0.1 to 0.5 V. These CV curves revealed that 

NCO:B exhibits a considerably higher internal surface area than NCO:A and NCO:C samples, 

indicative of the higher specific capacitance for NCO:B. The anodic and cathodic peaks moved 

to the positive and negative windows, respectively, and vice versa, indicative of the 

pseudocapacitive behavior of the NiCo2O4 electrodes (Figure 4 (a-c) and Figure S2a) [32]. Figure 

4d shows the specific capacitance as a function of various scan rates from 5 to 100 mV s
1 

of the 

NiCo2O4 electrodes. The specific capacitance (CS) of the NiCo2O4 electrodes was calculated by 

the following standard equation [52]:  




c

a

V

Vac

S dvVI
VVmv

C )(
)(

1

                                                       (2)

 

where, CS is the specific capacitance (F g
1

), n is the potential scan rate (mV s
1

), (Vc–Va) is the 

potential range (0.1 to 0.5 V), I is the current response (mA), and m is the deposited mass of the 

NiCo2O4 electrodes. The calculated CS values for NCO:A, NCO:B, and NCO:C were 799 F g
1

, 

1936 F g
1

,
 
and 1376 F g

1
, respectively, at a scan rate of 5 mVs

1 
(Figure 4d). From the CS 

values, NCO:B exhibited better performance than the other two electrodes due to the higher 

reactive surface area and highly porous thin nanoflakes-like nanostructure, indicative of the 

maximum specific capacitance [51]. The specific capacitance values for the NCO:A electrode 
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were 799, 483, 256, 184, 138, and 106 F g
1

. The corresponding values for NCO:B and NCO:C 

were 1936, 1306, 916, 778, 735, 680 F g
1 

and 1376, 821, 568, 388, 376, 364 F g
1

, respectively. 

The comparative lower CS values for the other two electrodes were related to the lower active 

area, higher solution resistance, and thickness of the nanostructure. Such a nanostructures 

supplied a low rate in the ion-exchange mechanism.  

3.5.2 Galvanostatic Charge–Discharge (GCD) Study 

To obtain further detailed information and relationship between the NiCo2O4 electrodes 

and supercapacitor, GCD measurements were carried out within the potential window from 0.1 

to 0.5 V in 3 M KOH electrolytes at different current densities. The charging–discharging times 

for NCO:A, NCO:B, and NCo:C were 463, 1510, and 1304 s, respectively, at a current density of 

10 mA cm
2

 (Figure S2b). The charging–discharging times revealed that NCO:B exhibits the 

maximum discharging time, strongly indicative of the maximum specific capacitance. Figure 5 

(a-c) shows the GCD curves of NCO:A, NCO:B, and NCO:C at various current densities from 

10 to 35 mA cm
2

. The Cs of the electrode was calculated using the following equation [52]; 

Vm

tI
CS




       (3) 

where, I (mA) is the discharge current for the applied time duration t (s), V (V) is the potential 

window, and m is the weight of the electrodes. The calculated capacitance values from the 

charging/discharging times were 356, 204, 136, 85, 72, and 49 F g
–1

 for NCO:A; 1436, 1059, 

814, 580, 472, and 385 F g
–1

 for NCO:B; and 1200, 900, 569, 306, 255 and 205 F g
–1

 for NCO:C 

at current densities of 10, 15, 20, 25, 30, and 35 mA cm
2

, respectively (Figure 5d). NCO:B 

exhibited higher CS than NCO:A and NCO:C samples, respectively (Figure 5d). NCO:B 

exhibited the maximum CS values of 1438 F g
–1

 at 10 mA cm
1

 and 385 F g
–1

 at 35 mA cm
1

, 

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 
 

13 
 

suggestive of a loss of only 10% at higher current density. This result demonstrated that NCO:B 

can serve as a better supercapacitor than the other NiCo2O4 samples because the nanoflowers-

like surface morphology provides more rapid pathways for electron transfer, porous surface area, 

and death of penetration [53]. The specific capacitance values obtained herein are superior to that 

reported previously for nanocoral-like NiCo2O4 (870.7 F g
−1

) [54]. Cycling stability is a key 

factor in the investigation of supercapacitor properties for the device frication application. Figure 

5e shows the Cs of the optimized NiCo2O4 electrode at a constant scan rate of 100 mV s
1 

with a 

function of the number of cycles. The calculated CS of the optimized NiCo2O4 electrode on the 

flexible steel substrate continuously increased up to the first 200 cycles, followed by the slow 

decrease [55, 56]. In additional, a capacitance retention of 94.5% after 1000 cycles was observed 

for the NiCo2O4 electrodes, confirming that the nanoflowers-like NiCo2O4 electrodes exhibit 

superior [5] properties compared to the other reported nanostructures as the flowers-like 

nanostructure supplies several interconnected nanoflakes with a more porous-like surface 

morphology. Stability results confirmed that the flower-like NiCo2O4 electrodes exhibit good 

long-term stability [57-60]. 

3.5.3 EIS measurements  

EIS measurements were carried for the NiCo2O4 electrodes synthesized at various 

deposition cycles. Figure 5f shows the Nyquist plots of the NiCo2O4 electrodes prepared at 

different deposition cycles [32]. Solution resistance (Rs) values for the NCO:A, NCO:B, and 

NCO:C electrodes were 2.9, 1.94, and 3.8 Ω, respectively, with corresponding charge-transfer 

resistance (Rct) values of 8.6, 3.2, and 4.6 Ω. Table 1 summarizes the Rs and Rct values: NCO:B 

exhibited Rs and Rct values almost one half those of the other two electrodes. From the EIS 
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result, NCO:B is confirmed to exhibit lower Rs and Rct values, indicating that NCO:B is more 

beneficial for the transport of ions and electrons [52, 58-60].  

3.6 Device fabrication for NiCo2O4//NiCo2O4 symmetric supercapacitor  

 

 

The NiCo2O4//NiCo2O4 symmetric supercapacitor was assembled using interconnected 

nanosheets as positive and negative electrodes, paper as a separator, and a KOH gel as the 

electrolyte (Figure 6a). Figure 6b shows the CV of the NiCo2O4//NiCo2O4 cell in the potential 

window from 0 to 0.6 V at various scan rates from 10 to 100 mV s
−1

. The CV curves 

demonstrate redox and oxidation peaks at all of the investigated scan rates, which is related to 

the redox reactions between the positive/negative NiCo2O4 electrode and the KOH gel electrolyte 

[61-64]. Similar results were observed in the GCD curves recorded at different current densities 

of 6-10 mA cm
−2

. Figure 6d shows the GCD curves of the NiCo2O4//NiCo2O4 symmetric 

supercapacitor in the potential of 0 to 0.6 V. This figure shows that the voltage (IR) drops are 

very small, indicating that the NiCo2O4//NiCo2O4 symmetric supercapacitor is highly 

conductive; this property favors good supercapacitor performance. Figure 6 (c, e) shows the CS at 

various scan rates from 10 to 100 mV s
−1

 and at different current densities from 6 to 10 mA 

cm
−2

, respectively. The symmetric supercapacitor cell shows a specific capacitance 

approximately 116 F g
−1

 greater than the specific capacitance value previously reported for a 

sulfide-based symmetric/asymmetric supercapacitor cell [65-67]. One of the most significant 

parameters for appreciative the practical applications and fabricating supercapacitor devices with 

good energy storage performance and long-term cycling stability [68]. Figure 6 (f, g) shows the 

CD curves of the NiCo2O4//NiCo2O4 symmetric supercapacitor cell tested at a current density 6 
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mA cm
−1

. The cycling stability results for the symmetric cell indicate that it is suitable for use in 

symmetric and asymmetric devices (Figure 6f) [69]. The cycling stability values of our 

symmetric cell are better than those reported for other NiCo2O4 symmetric cells [69, 70]. Figure 

6h shows Nyquist plots of after and before stability for the NiCo2O4//NiCo2O4 symmetric 

supercapacitor, revealing low solution and charge transfer resistance values, thereby indicating 

that the NiCo2O4//NiCo2O4 symmetric supercapacitor exhibits outstanding electrical conductivity 

[68-72]. The Nyquist plots show a very small semicircle, which specifies that the charge-transfer 

and solution resistance are very low for the symmetric supercapacitor, which is attributable to the 

interconnected flower-like flakes in the electrodes enabling good contact between the two 

NiCo2O4 electrodes [72]. Figure 6i shows a typical Ragone plot for our NiCo2O4//NiCo2O4 

symmetric supercapacitors. Our Ragone plot shows the calculated values of an energy density of 

7.8 W h kg
−1

 at a power density of 294.54 kW kg
−1

.  

4. Conclusions  

In conclusion, innovative NiCo2O4 thin films were effectively synthesized by the SILAR 

method at various deposition SILAR cycles. The electrochemical results revealed that the 

NiCo2O4 thin films exhibit superior capacitive performance high rate capability, and better 

cycling stability. The surface morphology and crystal structure investigation confirmed the 

development of a cubic crystal structure and the formation of different flower-like nanostructures 

on the flexible substrate of the NiCo2O4 thin films, which expressively supported their 

electrochemical performance. The highest specific capacitance values of about 1936 and 680 F 

g
1

 were recorded at scan rates of 5 and 100 mV s
1

, respectively, along with better stability. 

Symmetric supercapacitor performance demonstrations the NiCo2O4 electrode is useful for the 

practical applications and devices fabrication. This study demonstrated a simple fabrication 
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method with the variation of deposition cycles, which affected surface morphology as well as 

electrochemical properties of the NiCo2O4 thin films. 
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Figure captions 

Figure 1 (a) XRD pattern, (b) XPS survey spectrum, (c) Ni 2p narrow scan spectrum, (d) Co 2p 

narrow scan spectrum, and  (e) O1s narrow scan spectrum of optimized NiCo2O4 thin film.   

Figure 2 (a-f) FE-SEM images of the NiCo2O4 thin films, and (g-i) EDS images of the NiCo2O4 

thin films prepared at various deposition cycles, respectively. 

Figure 3 (a-c) TEM images of the NiCo2O4 thin films prepared at various deposition cycles, (d-

f) HE-TEM images of optimized NiCo2O4 thin films with different magnifications, (g) Seed 

pattern, and (h-k) Elemental mapping of the optimized NiCo2O4 thin films, respectively.  

Figure 4 (a–c) CV curves of the NiCo2O4 thin film prepared at various deposition cycles with 

different scan rates from 5 to 100 mVs
1

 in the potential window from 0.1 to 0.5 V, and (d) 

specific capacitance of the NiCo2O4 thin film prepared using the chemical method. 

Figure 5 (a–c) GCD curves and (d) Specific capacitance of the NiCo2O4 thin film prepared at 

various deposition cycles with different current densities from 10 to 35 mA cm
1

 in 3 M KOH, 

respectively, (e) Cycling stability of the optimized NiCo2O4 thin film, (f) EIS tests of the 

NiCo2O4 thin films prepared at various deposition cycles. 

Figure 6 (a) Schematic design of symmetric (SS) supercapacitor devices fabrication, (b, c) CV 

curves and specific capacitance of devices with various scan rates, respectively (d, e) GCD 

curves and specific capacitance at different current density from 6-10 mA cm
-2

, respectively, (f) 

Stability of symmetric (SS) supercapacitor upto first 10 cycle with potential range 0 to 0.6 V, (g) 

GCD curves of first and 500 cycle, (h) Nyquist plots of the before and after testing stability, (i) 

Ragone plot of symmetric (SS) supercapacitor devices. 
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Table 1 EIS parameters of NCo2O4 thin films prepared at different deposition cycles by SILAR 

method  

Sample D/Parameters NCO:A NCO:B NCO:C 

Rs (Ω) 2.9 1.94 3.8 

C 00007906 1.257 2,131E-5 

Rct (Ω) 8.6 3.2 4.6 

W 0,2892 4,317E4 0,1194 

R (Ω) 11.5 5.14 8.4 
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Graphical Abstract: 

Figure (a) TEM of chain like nanoflowers, (b) Cycling stability, insert shows the FE-SEM of 

before and after testing electrochemical testing of NiCo2O4 thin films.  

 

  

Journal Pre-proof



Jo
ur

na
l P

re
-p

ro
of

 
 

30 
 

 Highlights 

 Simple and room temperature chemical synthesis method are employed for modification 

in surface morphology. 

 The NiCo2O4 film showed highest specific capacitance of 1936 F g
-1

 at a scan rate of 5 

mV s
−1

. 

 The NiCo2O4 showed excellent supercapacitor applications. 

 The synergistic effect between deposition cycles on electrochemical performance and 

surface morphologies of NiCo2O4 thin fillms. 
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