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Abstract 

The rapid depletion of non-renewable resources has stepped up the pursuit globally for effective 

and sustainable sources of energy. Herein, cobalt hydroxide [Co(OH)₂] incorporated with carbon 

quantum dots (CQDs) was synthesized via a single-step hydrothermal method and characterized 

for supercapacitor investigations. Structural characterization through X-ray diffraction (XRD) 

confirmed the crystallinity of cobalt hydroxide as well as the successful incorporation of CQDs 

without inhibiting its crystal structure. Scanning electron microscopy (SEM) confirmed the well-

defined morphology of pure as well as composite material, whereas energy-dispersive X-ray (EDX) 

confirmed the anticipated elemental composition. Electrochemical behavior was analyzed by cyclic 

voltammetry (CV), galvanostatic charge-discharge (GCD), and Electrochemical impedance 

spectroscopy (EIS). The potential window of pure Co(OH)₂ was 0.6 V, with a specific capacitance of 

800 F g-1 at 1 A g-1, which declined to 350 F g-1 at 10 A g-1. Notably, after the addition of CQD, the 

area of CV increased, and the optimized composite, Co(OH)₂/CQD (3), achieved a capacitance of 

1300 F g-1 at 1 A g-1 and maintained 670 F g-1 at 10 A g-1. The Ragone plot confirmed superior 

performance of the material with energy density up to 65 W h kg-1 and the power density of 4.044 

kW kg-1. The composite also retained 90.2% of the initial capacitance after 5000 repetitive charge-

discharge cycles, showing excellent cycling stability. These findings highlight the potential of 

Co(OH)₂/CQD composites as a high-performance material for supercapacitors, offering a promising 

path to sustainable energy storage technology. 
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Introduction  

One of the biggest obstacles to attaining 

sustainable growth is the scarcity of fossil fuels 

and the problem with proper energy harvesting 

and storage [1]. Fossil fuels not only produce 

harmful chemicals but also push the world 

from natural to natural calamities [2]. As a 

result, research into energy storage 

technologies and other energy sources is 

crucial. These alternative energy storage 

systems must meet a number of crucial 

requirements, such as high energy density, 

high power density, extended lifespan, 

environmental safety, and affordability [3].  

The development of a renewable and 

environmentally friendly energy production and 

storage system is important in order to 

overcome the problems of energy crises and 

environmental pollution [4]. In this context, 

batteries, fuel cells, and electrochemical 

capacitors (ECs) are acknowledged as crucial 

electrochemical energy conversion and storage 

devices [5]. 

Supercapacitors (SCs) have garnered 

attention as excellent energy storage devices 

due to their numerous advantageous 

characteristics. These characteristics include 

high power density, rapid response times (with 

charging and discharging completed within 
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seconds), exceptional long-term cycle stability, 

and high reliability [6-7]. Based mostly on their 

charge storage mechanisms, SCs are often 

divided into three types: electric double-layer 

capacitors (EDLCs), pseudo-capacitors (PCs), 

and hybrid capacitors. Electrostatic 

interactions induce the buildup of electrolytic 

ions at the interface between the electrode and 

the electrolyte, creating a double layer, which is 

how EDLCs work [8]. In contrast, pseudo-

capacitors mostly store energy by means of 

faradaic redox processes that take place at the 

active material's electrode surface as well as at 

the bulk [9]. On the other hand, hybrid 

capacitors consist of electrodes that store 

energy both by EDLC and pseudocapacitive 

mechanisms [10]. Supercapacitors perform in 

the middle of regular capacitors and batteries, 

as observed in the Ragone plot, which is used 

as a figure-of-merit for energy storage devices 

[11]. So, the recent research is targeted towards 

increasing the energy density of SCs by 

developing a suitable hybrid-composite 

electrode material [12]. 

Amorphous Co(OH)2 is extensively used as 

a promising supercapacitor electrode material 

due to its exceptional electrochemical 

properties, like ultrahigh capacitance of 1094 F 

g-1, 95% capacitive retention over 8000 cycles 

[13]. But it is also often combined with other 

electrode materials in order to increase the 

stability and eventually enhance the 

electrochemical performance beyond that of 

pristine. Jagtap et al. (2024) synthesized a 

hybrid electrode material, Co(OH)2/rGO to gain 

an enhanced specific capacitance of 2688 F g-1 

due to synergistic interaction between rGO and 

Co(OH)2 [14]. In order to improve its suitability 

for supercapacitor applications, a single-step 

hydrothermal method was used to synthesize 

cobalt hydroxide incorporated with carbon 

quantum dots (CQD) because of the exceptional 

properties of CQD [15]. In comparison to pure 

Co(OH)₂, the study is concentrated on 

improving CQD loading to enhance electrical 

conductivity, specific capacitance, and rate 

capability.  

Materials and methods 

Chemicals 

Commercially accessible chemicals and 

materials were used in this project. Sodium 

hydroxide (NaOH, 97%), anhydrous citric acid 

(C6H8O7, 99.5%), and Cobaltous nitrate 

hexahydrate (Co(NO3)2.6H2O, 97-101%) were 

bought from Thermo-Fisher Scientific India Pvt. 

Ltd. Ethanol (99.9%) was bought from 

Changshu Hongsheng Fine Chemical Co., Ltd. 

in Changshu, Jiangsu Province. All the 

chemicals were used from the Functional 

Nanomaterials Processing Lab, CDC, Kirtipur, 

as received. 

Material Synthesis  

Synthesis of CQD 

For the synthesis of CQD, 2 g of citric acid 

was taken in a beaker and put on a hot plate 

with a magnetic stirrer at a temperature of 200 

℃. At that temperature, citric acid melted and 

turned pale yellow in color. The prepared 

ethanoic NaOH solution (1g / 100 mL) was 

added steadily to the boiling melt. The formed 

product was then centrifuged at 7000 rpm for 

30 minutes, syringe filtered, followed by drying 

at 30 ℃ in a hot air oven overnight. 

Synthesis of CQD incorporated Co (OH)2 by 

one step hydrothermal method 

For the synthesis of CQD incorporated Co 

(OH)2, 1 mg of CQD was combined with 

solutions of sodium hydroxide and cobaltous 

nitrate hexahydrate in a beaker. After 10 

minutes of stirring with a magnetic stirrer, the 

liquid was sonicated for a further 10 minutes. 

After that, the mixture was placed in a Teflon 

autoclave and a hydrothermal apparatus at 

180 for 12 h. Similarly, the CQD concentration 

was adjusted to 2, 3, and 4 mg. Co (OH)2,/CQD 

(1), Co (OH)2,/CQD (2), Co (OH)2,/CQD (3), and 

Co (OH)2,/CQD (4) were the labels applied to 

the composites formed. 

Preparation of the working electrode 

Nickel foam (1 cm × 1 cm) was washed with 

1 M HCl and deionized water in an ultrasonic 

bath. Then, it was carefully dried in an oven at 

http://www.nepjol.info/index.php/JNCS
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50 °C for 1 hour, and its weight was noted. A 

slurry of the electrode material was prepared by 

carefully weighing 4 mg (80 wt%) of the 

prepared active material, 0.4 mg (10 wt%) of 

binder (PVDF), and 0.4 mg (10 wt%) of 

conductive additive (active carbon) followed by 

grinding into fine slurry by dropwise addition of 

NMP solvent for at least 45 minutes using 

mortar and pestle. Then, the slurry was coated 

onto clean and dry nickel foam several times by 

quickly drying after each coating before 

applying the next one. After that, the electrode 

was wrapped in aluminum foil and subjected to 

pressing overnight. Next, the weight of the 

electrode was taken and dipped into 3 M KOH 

for at least 3 h before being subjected to 

electrochemical testing. 

Structural and Morphological 

Characterization 

A Rigaku Ultima Plus X-ray diffractometer 

(Rigaku Co., Japan) operating at 40 kV and 90 

mA with Cu Kα radiation (λ = 0.154 nm) was 

used to obtain the XRD patterns of all the 

samples. A field emission scanning electron 

microscope (FE-SEM) equipped with an energy 

dispersive X-ray spectrometer (EDX), Hitachi S-

7400, Japan, was used to examine the surface 

morphology, and a JEM-2100 plus 

transmission electron microscope was used to 

analyze the microstructure of CQD at Jeonbuk 

National University in the Republic of Korea. 

Electrochemical Characterization 

The electrochemical performance of the 

prepared electrode materials was examined 

using the three-electrode cell configuration, 

using a CHI 660E potentiostat with the working 

electrode made from the active material 

prepared, with a reference electrode being 

Hg/HgO, Pt wire as the counter electrode, and 

3 M KOH as the electrolyte. Tests for cyclic 

voltammetry (CV), galvanostatic charge-

discharge (GCD), and electrochemical 

impedance spectroscopy (EIS) were carried out 

to evaluate the electrochemical performance of 

the prepared electrode materials. Using the 

following equation, the Specific capacitance 

from the GCD data was determined: 

Cs =  
I × Δ𝑡

Δ𝑉 × 𝑚
  ……………...(1) 

where, I = discharge current (A), Δ𝑡= discharge 

time (s), Δ𝑉= potential window (V), m = mass of 

the active material (g). 

Similarly, Energy density (E, W h kg-1) and 

power density (P, W kg-1) of the electrode 

material were calculated using the discharge 

time (Δ𝑡, s) from the GCD curve. 

E = 
1

2

 𝐶𝑠 × Δ𝑉2

3.6
  ……………..(2) 

P = 
E × 3600

Δ𝑡
   ………………(3) 

Also, the coulombic efficiency (CE) can be 

calculated as: 

CE =
tdischarging

tcharging
× 100% ……(4) 

Results and Discussion 

Physicochemical Characterization 

Pure Co(OH)2 shows distinct peaks (Figure 

1) around 2θ = 19°, 31.1°, 36.8°, 55.5°, 59.2°, 

and 65.8 ° corresponding to the (001), (100), 

(101), (110), (003), and (200) planes, 

respectively in agreement with the JCPDS card 

No. 74-1057 for β -Co(OH)2 [16]. Their 

characteristic peaks remain clearly visible in 

the composite, confirming that CQD 

incorporation does not alter the Co (OH)2, 

crystal structure. A broad hump centered 

around 24.8° is the signature peak of carbon, 

indicating the incorporation of amorphous 

CQDs into the layered β- Co (OH)2, [17]. The 

surface morphology of the synthesized samples 

was examined using SEM at 10,000 ×  and 

80,000×  magnifications with an accelerating 

voltage of 10 kV and a 15 mm working distance. 

The micrographs reveal that Co (OH)2 forms 

well-defined cubic particles. Figure  2 (a) 

shows a granular and crack-free surface with 

uniform substrate coverage and a porous 

network comprising nano-scale gaps and 

channels, favorable for electrolyte penetration 

in supercapacitor applications [18]. Figure 2 (b) 

displays nanoplates and nanoblocks ranging 

from 80-250 nm, with moderate polydispersity.  

http://www.nepjol.info/index.php/JNCS
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Figure 1: X-ray diffraction pattern of Co(OH)2 and 

Co(OH)2/CQD (JCPDS card no. 74-1057) 

 

Figure 2: (a), (b) SEM images of Co(OH)2/CQD (3), 

(c), (d) TEM images of CQD, and (e), (f) EDX and 

elemental mapping Co(OH)2/CQD (3 

Similarly, microstructure analysis was 

carried out using a JEM-2100 plus 

Transmission Electron Microscope at Jeonbuk 

National University, Republic of Korea. Figure 

2 (c) shows the TEM image at a 20 nm scale, 

revealing uniformly dispersed CQDs appearing 

as small dark dots grouped into loose clusters 

with clear interparticle gaps [19]. The higher-

magnification image in Figure 2 (d) exhibits 

well-defined lattice fringes with an interplanar 

spacing of 0.34 nm, corresponding to the (002) 

semi-crystalline carbon plane, consistent with 

the XRD findings [20]. 

The strong peaks at 6.9-7.0 keV and 0.78 

keV in the EDX spectrum confirm the presence 

of cobalt, while the prominent oxygen peak at 

0.52 keV corresponds to hydroxide groups, 

verifying the formation of cobalt hydroxide 

rather than metallic or oxide phases [21]. Minor 

foreign peaks appear with significantly lower 

intensities and do not affect the structural 

integrity of the composite [22]. The elemental 

composition of the sample is summarized in the 

inset of Figure 2 (e) with corresponding 

elemental mapping in Figure 2 (f). 

Electrochemical Characterization of the 

Prepared Samples 

The shape of the resulting CV curve tells a 

story about the underlying charge storage 

process. For supercapacitor materials like 

Co(OH)₂, these redox peaks are often linked to 

reversible oxidation states of cobalt, while the 

introduction of CQDs can make the curves 

broader and more stable by enhancing 

electrical conductivity and offering more active 

sites [23]. In practical terms, the larger the 

enclosed area of the CV curve, the greater the 

stored charge, and therefore, the higher the 

capacitance [24].  

The electrochemical performance for the 

Co(OH)₂ electrode was determined with the help 

of CV at scan rates of 5, 10, 20, 30, 40, and 50 

mV s-¹, respectively, within a potential window 

of 0 to 0.6 V with Hg/HgO as a reference 

electrode, as illustrated in Figure 3. The CV 

curves display pronounced redox peaks in both 

the anodic and cathodic sweeps, confirming the 

pseudocapacitive nature of Co(OH)₂. At a lower 

scan rate, the well-defined redox peaks show 

that the electrolyte ions have enough time to 

permeate into the interior layers of the 

http://www.nepjol.info/index.php/JNCS
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electrode material, enabling almost full usage 

of the active sites whereas, the broadening of 

the curves at higher scan rate suggests that, 

while surface-controlled processes dominate at 

these speeds, deeper ion penetration is limited 

by diffusion kinetics [25]. CV was recorded for 

Co(OH)₂ with different amounts of CQD at a 

fixed scan rate (40 mV s-1), which displayed 

quasi-rectangular but display broad redox 

features, consistent with a dominant 

pseudocapacitive process coupled with some 

electric-double-layer (EDL) contribution from 

the CQDs [26]. The presence of CQDs smooths 

and broadens the redox humps, reflecting 

faster electron transport and more accessible 

electroactive interfaces [27]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: (a), (b) CV and (c), (d) GCD for Co(OH)2 and 

Co(OH)2/CQD (3) 

After the incorporation of CQD, the anodic 

and cathodic currents, and consequently the 

enclosed CV area, increase significantly from 1 

mg to 2 mg and reach a maximum at 3 mg, 

indicating the highest charge-storage capability 

[28]. Although the 4 mg sample maintains a 

high area, it shows a slight decline compared to 

3 mg, suggesting that excessive loading 

surpasses the optimal threshold. Increasing 

CQD content improves the symmetry of CV 

loops and reduces the potential separation 

between redox peaks, reflecting lower 

polarization and faster charge-transfer kinetics 

due to CQDs acting as conductive bridges that 

enhance ion/electron transport [29]. Moderate 

CQD incorporation increases conductive 

pathways, improves wettability, and 

contributes additional EDL capacitance, while 

excessive amounts partially mask active 

Co(OH)₂ sites and hinder ion penetration, 

slightly reducing effective utilization [30]. 

Accordingly, for curves recorded at the same 

scan rate, the integrated CV area follows the 

order: 3 mg > 4 mg ≳ 2 mg > 1 mg. The quasi-

rectangular CV shape with minor redox 

features confirms pseudocapacitive behavior 

driven by Co²⁺/Co³⁺ transitions, and the 

proportional current increase with scan rate 

indicates good rate capability, fast kinetics, low 

internal resistance, and excellent 

electrochemical reversibility [31]. 

GCD involves charging the electrode with a 

constant current, then discharging it with the 

same current while monitoring the voltage over 

time. The resulting curve helps evaluate how 

well the material stores and releases charge, its 

stability, and overall performance.  

The GCD curves of cobalt hydroxide at 1-

10 A g-¹ display non-linear, quasi-triangular 

profiles typical of pseudocapacitive materials, 

with noticeable asymmetry reflecting reversible 

Co²⁺/Co³⁺ redox reactions [32]. At 1 A g-¹, the 

discharge time exceeds 1000 s, delivering the 

highest specific capacitance of 800 F g-¹ due to 

efficient ion diffusion and full utilization of 

active sites. As the current density increases to 

2, 5, and 10 A g-¹, the discharge duration 

shortens, and the capacitance correspondingly 

decreases to 530, 400, and 350 F g-¹, 

respectively, consistent with kinetic limitations 

and partial engagement of electroactive sites at 

faster rates. Nevertheless, cobalt hydroxide 

maintains relatively high capacitance even at 

10 A g-¹, indicating strong rate capability. 

For the Co(OH)₂-CQD (3) composite, the 

GCD curves across the same current range also 

exhibit non-linear profiles with mild charge-

discharge asymmetry, confirming 

(a) (b) 

(

(c) (d) 
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pseudocapacitive behavior enhanced by the 

conductive CQDs [33]. The composite achieves 

its longest discharge time and highest 

capacitance of 1300 F g-¹ at 1 A g-¹, reflecting 

superior ion accessibility and reduced internal 

resistance due to CQD incorporation. 

Capacitance decreases to 1000, 750, and 670 F 

g-¹ at 2, 5, and 10 A g-¹, respectively, owing to 

kinetic constraints at higher rates. Despite this 

drop, the electrode retains over half of its rate 

capacitance even at tenfold higher current, 

demonstrating excellent rate performance 

enabled by improved electron transport and 

rapid redox kinetics within the composite [34]. 

Figure 4 (a) illustrates the current density-

dependent capacitance of the Co(OH)₂/CQD 

composite, which also shows a decline with 

increasing current density. The composite 

achieves a maximum of 1300 F g-¹ at 1 A g-¹, 

supported by improved conductivity and 

enhanced ion access provided by the CQDs. 

Capacitance decreases to 1000, 750, and 670 F 

g-¹ at 2, 5, and 10 A g-¹ due to ion-transport 

constraints at higher charge-discharge rates, 

where deeper active sites cannot fully 

participate. Nevertheless, the electrode 

maintains 51.5% of its initial capacitance at 10 

A g-¹, demonstrating excellent rate performance 

enabled by the synergistic enhancement of 

electron transport and ion diffusion within the 

composite matrix [35]. Cyclic stability was seen 

with the continuous charge discharge, 

demonstrating the longevity and stability of the 

electrode materials. This test was conducted at 

a 1 A g-¹ for 5000 cycles. The electrode material 

exhibits 90.2% retention after 5000 cycles as 

compared to the initial capacity, as shown in 

Figure 4 (b). 

Figure 4 (c) presents the Ragone plot of the 

Co(OH)₂/CQD (3) composite, illustrating the 

balance between energy density and power 

density to evaluate its suitability for high-

performance energy-storage applications. The 

electrode delivers a maximum energy density of 

65 W h kg-¹ at 295.14 W kg-¹, demonstrating 

excellent low-rate storage capability. 

As power density increases, the energy 

density gradually decreases, a typical trend in 

electrochemical systems, reaching 50 W h kg-¹ 

at 594.32 W kg-¹, 37.50 W h kg-¹ at 1452.97 W 

kg-¹, and 33.50 W h kg-¹ at the highest tested 

power density of 4044.20 W kg-¹. This decline 

reflects the limited time available for complete 

energy release at high discharge rates. Despite 

this expected reduction, the composite retains 

comparatively high energy density across the 

power range, highlighting its strong potential 

for applications requiring both rapid charge-

discharge capability and substantial energy 

storage [36]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The coulombic efficiency of Co(OH)2/CQD (3) 

composite was calculated to be 78.4% at 1 A g-

1, but increased to 83.2%, 85.5%, and 92.8% 

while current density increased to 2 A g-1, 5 A 

g-1, and 10 A g-1, respectively. Therefore, it 

shows a good stability and reversibility of the 

material. 

EIS assesses electrochemical systems by 

measuring impedance over a range of 

frequencies [37]. The Nyquist plots for pure 

Co(OH)₂ and the Co(OH)₂/CQD (3) as displayed 

in Figure 4 (d) composite reveal clear 

(a) 

Figure 4: (a) Rate Capability, (b) Cyclic Stability, (c) 

Ragone plot, and (d) Nyquist plot for Co(OH)2/CQD 

(3) 

(b) 

(c) 
(d) 
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distinctions in their electrochemical behavior. 

The equivalent circuit comprises solution 

resistance (Rs), charge-transfer resistance (Rct), 

Warburg impedance (Rw), and a constant phase 

element (CPE), each representing key processes 

such as electrolyte resistance, interfacial 

charge transfer, ion diffusion, and non-ideal 

double-layer behavior.  

In the high-frequency region, the 

composite shows a slightly lower Rs, indicating 

improved electrolyte-electrode interaction due 

to CQD incorporation [38]. The mid-frequency 

semicircle, associated with Rct, is significantly 

smaller for the composite, confirming its faster 

and more efficient charge transfer [39]. At low 

frequencies, the steeper, more vertical slope of 

the composite reflects enhanced ion diffusion 

relative to pure Co(OH)₂ [40]. Overall, the 

incorporation of CQDs markedly enhances the 

electrochemical kinetics of Co(OH)₂, attributed 

to their excellent conductivity and electron 

mobility, resulting in a superior electrode 

material for high-performance energy-storage 

applications [41]. The Rs and Rct values are 

evaluated using z-view and presented in the 

Table 1.  

Table 1: Rs and Rct values for the different electrodes  

Electrodes Rs () Rct () 

Co(OH)₂ 0.52 0.48 

Co(OH)₂/CQD (3) 

0.50 0.05 

Conclusions 

Co(OH)₂/CQD composites, synthesized by 

a one-step hydrothermal method, were 

characterized for their structural and 

electrochemical performance. With the 

introduction of amorphous carbon, the porosity 

and the conductivity of the compound 

increased while preserving the crystalline 

phase of Co(OH)₂. The Co(OH)₂/CQD (3) 

composite exhibited good rate capability with a 

specific capacitance of 1300 F g-¹ at 1 A g-¹ and 

retained 670 F g-¹ even at 10 A g-¹. The Ragone 

plot revealed that the prepared material 

maintained 33.5 W h kg-¹ of energy density with 

a power density of 4044 W kg-¹ and delivered 65 

W h kg-¹ at 295 W kg-¹. Furthermore, the 

composite exhibited cycling stability with 90.2% 

retention after 5000 cycles with a high 

coulombic efficiency of 92.8% at 10 A g-1. These 

results confirm that CQDs greatly improved the 

redox stability, conductivity, and ion transport, 

leading to superior charge-storage behavior. It 

can be concluded that the Co(OH)₂/CQD(3) 

composite showed an excellent prospect as a 

next-generation electrode material, which 

possessed excellent capacitance, long-lasting 

performance, and useful energy density. 
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