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A B S T R A C T   

This study presents microwave-assisted preparation of cobalt oxide (Co3O4) based nanocomposite electrodes 
doped with carbon dots and reduced graphene oxide. The calcination of the precursors at 400 ◦C for 2 h results in 
nanocomposites. A three-electrode cell in 2M KOH solution is used for the electrochemical measurements. The 
carbon dot containing electrodes enables the highest specific capacitance of 936 Fg− 1 at 0.5 Ag− 1 current density. 
Specific capacitances of pure Co3O4, and Co3O4@RGO electrodes are 448 Fg− 1 and 482 Fg− 1 at 0.5 Ag− 1, with 
good rate capability even at 10 Ag− 1, respectively. The cyclic stability of the electrodes is reasonably high and 
the electrodes retain 93%, 87%, and 88% of their initial capacitance after 10,000 cycles for Co3O4, Co3O4@RGO, 
and Co3O4@RGO@CDs, respectively. The optimized Co3O4@RGO@CDs electrodes were used to fabricate a 
symmetric supercapacitor that exhibits high specific capacitance (126 Fg− 1 0.25 Ag− 1) and long cycle life (%81 
retention after 10,000 cycles). The fabricated supercapacitor has energy density of 17.5 Wh kg− 1 and power 
density of 2522 W kg− 1. The outstanding results demonstrate the promise of carbon dots doped transition metal 
oxides-based nanoparticles as promising electrodes for supercapacitor applications.   

1. Introduction 

In reply to the requirements of modern society and consistent envi
ronmental concerns, it is necessary to have modern, reasonably priced 
yet eco-friendly energy conversion and storage systems. The high energy 
capacity and long-term endurance are important aspects of the energy 
storage systems. Batteries, electrochemical supercapacitors (ESCs), and 
fuel cells are the most approved types of electrochemical energy stor
age/conversion systems developed for this purpose [1–10]. Super
capacitors (SCs), in particular, have received a great deal of attention in 
recent years due to their high power densities, long cycle lifetimes, and 
fast charge-discharge rates [11–18]. Whenas having almost unlimited 

lifetime and recharged ability in seconds, low energy densities (elec
trical energy storage per volume) of SCs raise the problem that these 
devices are either enlarged in size to become useable or frequently need 
to be recharged [19]. Consequently, boosting the energy density of SCs 
without reducing the power density is a big dilemma. 

When all physical actions and chemical reactions occurring at the 
electrode/electrolyte interface taken into account, the electrode mate
rials play vital roles in SCs. Mesoporous transition metal oxides such as 
SnO2, RuO2, InO2, NiO, MnO2, and Co3O4 are the mostly investigated 
electrode materials due to, large specific surface areas, proper pore size 
distribution, controllable size and shape, high capacitance, good redox 
performance, high power density, and long charge-discharge cycling 
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[20–23]. Among these materials, Co3O4 with ultrahigh theoretical ca
pacity (3560 Fg− 1) and long cycling life has elicited extensive interest as 
redox-active electrodes for SCs [24–26]. 

Carbon-based materials such as activated carbon(AC), graphene, 
graphene oxide (GO), reduced graphene oxide (RGO), carbon nanotubes 
(CNTs), and carbon dots (CDs) are indispensable for studies aiming to 
achieve high efficiency [27,28]. Especially, graphene-doped metal oxide 
cathode electrode studies intensively increased since graphene was 
discovered in 2004 [29–32]. Many research focuses on this excellent 
material as large patches of graphene provide an appropriate platform 
and large surface area (a theoretical value of 2630 m2 g− 1) for inte
gration of metal oxides [33]. The addition of graphene improves the 
performance of the electrodes by providing better structural stability 
due to having a high electron transport rate, electrical and thermal 
conductivity, and electrolyte contact area [34,35]. 

CDs possess stunning properties such as low cost, simple synthetic 
procedures, good chemical stability, immense surface defects, good 
accessibility for ions and mass, which make them interesting in energy- 
oriented applications. CDs contain hydrophilic surface functional groups 
such as –COOH, –COOR, and –OH and provide a convenient interface for 
the interaction between electrolyte and electrodes (especially in water- 
based electrolyte). The dopping of CDs improves the specific capacities 
and cycle stabilities of the electrode materials [36,37]. However, 
numerous interfaces among the small size of CDs cause high internal 
resistance, and agglomeration of the small particles decreases the 
accessive specific surface area (SSA) of the CDs. Therefore, CDs are 
rarely used alone as SCs electrode materials [38,39]. However, via a 
suitable combination with transition metal oxides/ sulfides or conduc
tive polymers they can become sufficient for SCs applications [40]. 

The synthesis method is also one of the influential parameter that 
affect the results. Up to date, there has been a few studies on microwave- 
assisted method that has many benefits such as rapidness, phase purity, 
narrow particle size distribution [41,42]. Park et al. examined 
Co3O4-graphene nano composites and reported the maximum specific 
capacitance of 305 Fg− 1 at the scan rate of 10 mVs− 1 and retention was 
72% after 1000 continuous cycles [43]. Cui et al. analyzed microwave 
treated Co3O4 nanomaterial and could achieve maximum specific 
capacitance of 456 Fg− 1 [44]. Vijayakumar and co-workers synthesized 
microwave treated Co3O4 and the reported maximum specific capaci
tance was 519 Fg − 1at 0.5 mA/cm2. They observed only about 1.3% 
degradation in specific capacitance after 1000 cycles [45]. As far as we 
know there is no prior study focusing on Co3O4 decorated with reduced 
graphene oxide and CDs prepared by microwave–assisted methods. 
Responding to this gap of knowledge, within the scope of this study we 
prepared three different types of electrodes (Co3O4, Co3O4@RGO, and 
Co3O4@RGO@CDs) using that advantageable system. Consequentially, 
CDs dopping enhanced the electrochemical properties almost two times 
(936 Fg− 1) with a good rate and cyclic capacity retention (88% after 10, 
000 cycles).Moreover, the SSC device formed by two identical 
Co3O4@RGO@CDs electrodes (same mass and specific capacity) suc
ceeded to obtain a high specific capacitance of 126 Fg− 1 at the current 
density of 0.25 Ag− 1 with long cycle life (%81 retention after 10,000 
cycles). The persuasive results prove the usage of carbon dots doped 
transition metal oxides-based nanoparticles as hope-inspiring electrodes 
for supercapacitor applications. 

2. Experimental section 

Materials: Cobalt chloride hexahydrate (CoCl2.6H2O), potassium 
hydroxide (KOH), urea (CO(NH2)2), citric acid monohydrate (C6H8O7. 
H2O), dimethyl sulfoxide (DMSO) were obtained from Merck (GER
MANY). Polyvinylidene fluoride (PVDF) and n-methyl-2-pyrrolidone 
(NMP) were purchased from Sigma Aldrich, (USA). Oxalic acid (H2C2O4) 
was also obtained from Horosan Kimya (TURKEY).All chemical reagents 
and solvents for synthesis and analysis were used without further puri
fication and deionized water (DI) (18.2 MΩ cm resistivity) was used 

throughout the study. 

2.1. Synthesis of carbon dots (CDs) 

CDs were synthesized according to the procedure reported by Zhai 
et al. with some modification [46]. 1.5 g C6H8O7.H2O and 3 g CO(NH2)2 
were added into 10 mL DI water and stirred until forming a transparent 
solution. Subsequently, the solution was subjected to 700 W of micro
wave irradiation for 5 min using a microwave oven. To remove impu
rities, the dark brown solid was re-dissolved in DMSO and centrifuged 
several times at speed of 10,000 rpm for 10 min. The obtained CDs were 
8 nm in diameter with green emission under 450 nm light. In Fig. S1y, 
the size distribution histogram of CDs measured by dynamic light scat
tering (DLS) measurement and green emission color photograph can be 
seen. 

2.2. Synthesis of Co3O4 

The synthesis of Co3O4 was done by facile microwave irradiation 
route with some modification reported elsewhere [14]. In a typical 
water/stock solution route, 3 mmol of H2C2O4 was dissolved in 10 mL of 
DMSO to form a homogeneous solution under continuous magnetic 
stirring (300 rpm). After H2C2O4 has dissolved completely 3 mmol of 
CoCl2 .6H2O was added to the solution and ultrasonicated for one hour. 
Subsequently, 10 mL of DI was added dropwise until a pinky color was 
observed. 

2.3. Synthesis of Co3O4@RGO 

The synthesis of GO was done by the modified Hummer method 
using natural graphite powder [47]. The above-described procedure was 
similar. 25 mg of GO was dissolved in 10 mL of DI and ultrasonicated for 
one hour before adding dropwise to the H2C2O4/CoCl2.6H2O homoge
neous solution until a dark brown color appeared. 

2.4. Synthesis of Co3O4@RGO@CDs 

Fig. 1. presents the schematic illustration of the experimental pro
cess. 4 wt% (100 mg) CDs were dissolved in 10 mL of DMSO solution and 
mixed with H2C2O4@CoCl2.6H2O homogeneous solution. GO was dis
solved in 10 mL of deionized water in another beaker and added drop
wise to this solution until a dark green color was observed. 

Finally, all of the precipitates were exposed to 700 W of microwave 
irradiation for 3 min using a household microwave oven. After cooling 
to room temperature, water and ethanol were used to remove impu
rities. The obtained particles were vacuum dried at 85 ◦C for 12 h and 
calcinated at 400 ◦C for 2 h at a rate of 1 ◦C min− 1, in flowing air to 
obtain the pure Co3O4, Co3O4@RGO, and Co3O4@RGO@CDs structures. 
During this time with the effect of applied high energy, GO turned into 
RGO. 

2.5. Structural characterization 

The structure and morphology of Co3O4, Co3O4@RGO, and 
Co3O4@RGO@CDs were analyzed by field emission scanning electron 
microscope (FE-SEM, Gemini 550) and scanning transmission electron 
microscope (STEM, Gemini 550). The crystallographic structures of the 
particles were clarified by employing Bruker AXS D8 X-ray powder 
diffractometer with simple cubic lattice and Cu Kα radiation (λ =
0.15406 nm), and the scan range (2θ) was from 5◦ to 90◦. Raman spectra 
of the nanoparticles were measured by WITec alpha 300 M dispersive 
Raman spectrometer consisting of He–Ne laser system (Excitation of 
wavelength is 532 nm). The pore size distribution, total pore volume and 
the specific surface area (SSA) were analyzed by the Brunauer-Emmett- 
Teller (BET), and (Barrett-Joyner-Halenda) BJH methods. X-ray photo
electron spectroscopy (XPS) was applied using thermo scientific K-Alpha 
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Fig. 1. The synthesis steps of Co3O4, Co3O4@RGO and Co3O4 @RGO@CDs.  

Fig. 2. (a) XRD patterns of Co3O4 (black line), Co3O4@RGO (red line), and Co3O4@RGO@CDs(blue line), (b) FTIR spectra of Co3O4 (black line), Co3O4@RGO(red 
line), and Co3O4@RGO@CDs(blue line), (c) Raman spectrum of Co3O4, inside Co3O4@RGO, and Co3O4@RGO@CDs. (d) N2 adsorption-desorption isotherms of 
Co3O4 (black line), Co3O4@RGO(red line), and Co3O4@RGO@CDs (blue line). Inside shows the pore size distribution for the patterns. 
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X-Ray photoelectron spectrometer (spot size=400 µm). 

2.6. Electrochemical characterization 

The working electrodes were fabricated by mixing the electroactive 
materials (Co3O4, Co3O4@RGO, and Co3O4@RGO@CDs (85 wt%), 
acetylene black (10 wt%), and PVDF (5 wt%), several drops of NMP 
solvent and ultrasonicated for 3 h to form a homogeneous slurry. Then 
this slurry was dropped onto a nickel foam (1 cm × 1 cm) and vacuum 
dried at 85 ◦C for 12 h. Approximately 1.0 mg of active material was 
used as the loading material. 

The electrochemical measurements were performed in a three- 
electrode configuration with Pt foil (1 × 1 cm2) as the counter elec
trode and silver /silver chloride (Ag/AgCl) as the reference electrode. 
Cyclic voltammetry (CV) tests were analyzed between -0.05 and 0.55 V 
(vs. Ag/AgCl) at different scan rates of 5–100 mVs− 1. The galvanostatic 
charge-discharge (GCD) analysis was performed in the potential range of 
-0.05–0.410 V (vs. Ag/AgCl) and specific current densities in the range 
of 1–20 A g− 1. It was not possible to reach CV curves positive potential 
window 0.55 V from GCD, appropriate maximum positive potential 
range was chosen as 0.410 V. The long-term GCD tests were done in the 
potential range of -0.05–0.410 V (vs. Ag/AgCl) at a current density of 10 
A g− 1. 

Electrochemical impedance spectroscopy (EIS) was carried out in the 
frequency range from 0.01 to 100 kHz at open-circuit potential with an 
AC perturbation of 5 mV. 

The optimized two similar Co3O4@RGO@CDs electrodes were 
fabricated to test the performance of symmetric capacitors for practice 
implementation. All electrochemical measurements and assessments 
were performed in 2M KOH aqueous electrolyte with Gamry Reference 
3000 instrument. 

3. Results and discussion 

3.1. Structural and morphological studies 

The crystalline structure of the prepared Co3O4, Co3O4@RGO, and 
Co3O4@RGO@CDs were analyzed by using X-ray diffraction. In Fig. 2a. 
(black line), the peaks at 2 theta values of 19.3, 31.2, 36.5, 44.7, 55.4, 
59.1, 65.2 refer to the (111),(220), (311), (400), (511), (440) and (533) 
planes of Co3O4, respectively. This result confirmed as prepared Co3O4 
has a cubic crystal structure (JCPDS 42-1467) [45]. In Fig. 2a (red line), 
the peak at 24.7 is the characteristic peak of the (002) plane of RGO, and 
in Fig. 2a (blue line) the weak peak around 19.5 belongs to CDs [48,49]. 

FTIR spectra of the samples are shown in Fig. 2b. The bands seen at 
564 cm− 1 and 660 cm− 1 correspond to the characteristic vibrational 
modes of Co-O in Co3O4 [48]. The band detected at 1100 cm− 1 owes to 
stretching vibrations of NO3

− ions [45].The band corresponding to 
molecular water was detected at 1595 cm− 1 and the broad peaks in all 
the samples at around 3100–3400 cm− 1 can be assigned to the sym
metric stretching vibrations of surface adsorbed water molecules. Due to 
RGO and CDs ratios are low Co3O4 peaks seem to be dominant. 

The Raman spectra of the samples can be seen in Fig. 2c. The peaks 
observed at 195, 493, 521, 619, and 688 belong to the pure Co3O4 
calcinated at 400 ◦C for 2 h. The inset of Fig. 2c. shows the Raman 
spectrum of the composite materials. The peaks at 1365 cm − 1 and 1575 
cm− 1 were referred to as sp3 (D band) and sp2 (G band) hybridization 
carbon atoms, respectively. As it is seen in the Raman spectrum, D band 
intensity is more than the intentsity of G band and ID/IG ratio gives the 
disorder measurement in the samples. The obtained results are consis
tent with results in the literature [50] indicating the formation of RGO. 

To analyze the porosity of Co3O4, Co3O4@RGO, and Co3O4@R
GO@CDs, N2 adsorption-desorption isotherms were evaluated. The 
isotherm for Co3O4 shows a very small adsorbed amount of N2 gas, 
indicating a nonporous characteristic. Compared with the isotherms for 
Co3O4, Co3O4@RGO and Co3O4@RGO@CDs show a more adsorbed 

amount of N2 gas, probably due to the existence of micropores. RGO 
doped material owes the largest SSA 17.52 m2g− 1. SSA of pure Co3O4, 
and Co3O4@RGO@CDs are 5.53 m2g− 1, and 10,15 m2g− 1, respectively. 
The average pore size value of Co3O4 increased with the addition of RGO 
so BET results and pore sizes of Co3O4@RGO are higher than pure Co3O4 
(Fig. 2d). Although, CDs addition decreased the porous nature of 
Co3O4@RGO, considered to the incorporation of CDs particles in be
tween the pores or the layers of RGO. STEM images of the particles 
(Fig. 4 b–f) also verify this hypothesis the formation of RGO. The pore 
size distribution of the patterns is also shown in Fig. 2d (inside). The 
measured average pore sizes of Co3O4, Co3O4@RGO, Co3O4@RGO@CDs 
are 45 nm, 53.2 nm and 48.2 nm, respectively. 

The chemical configuration/ chemical character on the surface was 
characterized by XPS as depicted in Fig. 3(a–d) Fig. 3a. shows the survey 
spectrum of Co3O4@RGO@CDs comprising Carbon (C), Nitrogen (N), 
Oxygen (O), and Cobalt (Co) elements. Fig. 3b. shows the high resolu
tion spectrum (HRS) of Co 2p presents 2 prologue spin-orbit peaks of 2p 
3/2 (786.32 eV), 2p1/2 at (796.1 eV) and two more satellite peaks. 
Furthermore, in Fig. 3c. the HRS of carbon peaks are depicted. Four 
distinct peaks belonging to C-C/C=N, C-N/C=N, C-O, C=O with the 
binding energy values 285.1, 286.2, 287.6 and 288.2 eV are seen, 
respectively. HRS of N presented in Fig. 3d. as N1s in which, 3 distinct 
peaks corresponding to pyridinic-N, graphitic-N, and pyrrolic-N with the 
binding energies of 403.1 eV, 398.2 eV, 397.2 eV, respectively. In Fig 
S2y HRS of O1s in which the peaks owes to C-O, C-O-H, C-O-H with 
binding energies of 332.3 eV, 334 eV and 334.8 eV is shown, respec
tively. These validations affirmed the construction of Co3O4@R
GO@CDs [51]. 

The morphology of the samples was studied using FESEM and STEM 
techniques. Fig. 4(a–e) show the FESEM images and Fig. 4(b–f) display 
STEM images of Co3O4, Co3O4@RGO, and Co3O4@RGO@CDs, respec
tively. The high energy applied during microwave irradiation caused the 
particles to become uniform and homogenous. FESEM and STEM images 
show the uniform distribution of nanoparticles. As microwave irradia
tion reduced the GO and decreased the lateral size of the GO, the layers 
were also distorted. Therefore, the layered structure of the RGO can not 
be observed. 

3.2. Electrochemical studies 

3.2.1. Cyclic voltammetry studies 
The cyclic voltammograms of the electrode Co3O4@RGO@CDS at 

20, 50 and 100 mV s− 1 in the potential range of -0 0.05–0.55 V(vs. Ag/ 
AgCl) using 2.0M KOH as the electrolyte are presented in Fig. 5a. Well 
observed redox peaks verifying the Faradic nature of the material can be 
clearly seen from CV curves. The cyclic voltammograms of Co3O4, 
Co3O4@RGO, and the comparison of the three electrodes are presented 
in Fig. S3 a,b)† and Fig. 6a.While anodic and cathodic peaks were more 
distinct for Co3O4 with RGO and CDs addition these peaks shifted [52, 
53]. 

The equation of the redox process belongs to Co3O4 in alkaline 
electrolyte is shown as follows: 

Anodic scan:  

Co3O4 + OH− + H2O → 3CoOOH + e− (1)  

CoOOH + OH− → CoO2 + H2O + e− (2) 

Cathodic scan:  

CoO2 + H2O + e− → CoOOH + OH− (3)  

3CoOOH + e− → Co3O4 + OH− + H2O                                            (4) 

The specific capacitance C(Fg− 1), the energy density (E, Wh kg− 1), 
and the power density (P, W kg− 1) were reckoned according to the 
following equations: 
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Cs =

∫
I(V) dV

v x m x ΔV
(5)  

E =
(
C x ΔV2)/7.2 (6)  

P = E/Δt (7)  

where 
∫

I(V) dV is the area sorrounded by the CV curves, v (mV s− 1) is 
the m(g) is the mass of the active material and ΔV (V) is the applied 
potential window. E (Wh kg− 1) and P, (W kg− 1) also represent the en
ergy density and power density (P, W kg− 1), respectively. 

Based on the above Eq. (5), the specific capacitance values of the 
samples at various scan rates were calculated. As shown in Table 1, CDs 
doped sample Co3O4 @RGO@CDs possesses the highest specific capac
itance value 773 F g− 1 at the scanning rate of 1 mVs− 1 and specific 
capacitance of Co3O4@RGO and Co3O4 at the same scan rates are 315 F 
g− 1 and 216 F g− 1, respectively. Pure Co3O4 has the lowest value since 
this result can be obviously deduced from CV curves which visibly 
increased by the incorporation of RGO and CDs. The enhanced current 
value in the CV loops of Co3O4@RGO and Co3O4@RGO@CDs electrodes 
signifies the higher level of charge storage. 

In Fig. 5b. and in Fig. S3 c,d)† the linearity between anodic/cathodic 

peak current density and scan rate led by surface redox reactions can be 
seen [52,54–57]. R2 shows the consistence between experimental data 
to lineer fit. As a result of polarization, the increase in scan rate causes 
the anodic peaks to shift towards the larger potential range and the 
cathodic peaks to shift towards the lower potential range. While the OH−

ions just intercalate with the outer surface of the electrode at high scan 
rates, the OH− ions interact both of the inner and the outer surface of the 
electrode at lower scan rates. Although the current density increased 
with the scan rate, Co3O4, Co3O4@RGO and Co3O4@RGO@CDs still had 
noticeable redox peaks, which confirmed good charge/discharge 
reversibility [45,52]. 

3.2.2. Chronopotentiometry 
The charge-discharge properties and cyclic stability of Co3O4@RGO 

and Co3O4@RGO@CDs were tested at different current densities in a 
potential window of -0.05–0.41 V(vs. Ag/AgCl) in 2M KOH aqueous 
electrolytes. The nonlinearity on charge-discharge curves verifies the 
pseudocapacitance nature of Co3O4 [25,54,57,58]. 

The specific capacitance of all electrodes reached the highest value at 
the lowest current densities. As known at low current density electrode 
contact with the more electroactive surface of OH− ions while high 
current density causes diffusion with OH− ions and that situation reduces 

Fig. 3. XPS analysis of Co3O4@RGO@CDs nanocomposite. (a) survey spectrum, (b) high resolution spectrum of Co 2p, (c) high resolution spectrum of C1s, and (d) 
high resolution spectrum of N1s. 
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the specific capacitance [59]. 
The discharge curves of the electrodes at different current densities 

were presented in Figs. 5c. and S3 e,f)†. While Co3O4 could reach 
maximum discharge time of 419 s, Co3O4@RGO and Co3O4@RGO@CDs 
could reach 441 s and 777 s, respectively. Due to RGO and Co3O4 syn
ergistic effect, RGO doped material had higher capacitance than pure 
Co3O4. However, there was not much increase on specific capacitance 
since RGO morphology was disordered. Moreover, as the clearly seen 
from Fig. 6b. CDs doped electrode had the largest charge-discharge time 
with an increased potential window, owing to the fast-moving ability of 

CDs [60]. The pseudocapacitive structure of Co3O4 caused the charging 
time of some electrodes to become more than discharging time. There
fore, observation of regular triangular shapes could not be possible on 
some GCD curves. 

The specific capacitance results of the electrodes calculated from the 
charge-discarge curve by using the following equation was demon
strated in Fig. 6a. 

C =
I Δt

m ΔV
(6a)  

Fig. 4. FESEM and STEM images of the electrode materials (a,b) Co3O4, (c,d) Co3O4@RGO and (e,f) Co3O4@RGO@CDs.  

Fig. 5. (a) Cycling voltammograms, (b) Anodic and cathodic peaks current variation with scan rates and (c) Charge–discharge curves of Co3O4@RGO@CDs.  
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where I (A) is the discharge current, Δt (s) is the discharge time, m(g) 
mass of the active material, ΔV (V) is the potential window changed 
during the discharge time. The ratio of discharge current I(A) to mass of 
the active material m(g) represents the current density J(Ag− 1). 

The highest specific capacitance of the electrodes are 448 F g− 1, 482 
F g− 1, and 784 F g− 1at 0.5 Ag− 1, respectively. Although, a distinct 
decreasement of specific capacitance was not observed while current 
density increased 0.5 Ag− 1 to 1 Ag− 1, especially for Co3O4, and 
Co3O4@RGO decreasement with 10 Ag− 1 and 20 Ag− 1 was noticeable. 
As seen from Fig. 6b there was no significant time variation between 
Co3O4 and Co3O4@RGO at 0.5 Ag1. Therefore, the differences between 
specific capacitances were also not notable. In Fig. 7a the specific 
capacitance of the materials with various current densities are depicted. 

The long-term cyclic stability of the electrodes in 2M KOH was 

examined by chronopotentiometry at a current density of 10 A g − 1 up to 
10.000 cycles. In Fig. 7b. the specific capacitance retention of the 
electrodes is shown. At the first 1000 cycles, the capacitance of Co3O4 
deteriorates quietly, and after 3000 cycles the retention is 95% of its 
prime capacitance. The degradations of Co3O4@RGO, and Co3O4@R
GO@CDs after 1000 cycles are%3,%1, and the degradations are%6 and 
%4 after the end of 3000 cycles. At the end of 10,000 cycles the 
degradation of Co3O4 (7%) is less than others indicating Co3O4 has 
better cyclic stability. However, RGO doped Co3O4@ RGO has more 
degradation (13%) than Co3O4@RGO@CDs (12%). Comparison of the 
electrochemical performance of Co3O4, Co3O4@RGO, and Co3O4@R
GO@CDs nanocomposites with previously reported values are given in 
Table 2. Co3O4 nanoparticles obtained via microwave method resulted 
in characteristics that are on par with the materials prepared by other 
methods. 

3.2.3. Electrochemical impedance spectroscopy (EIS) 
To further analyze the kinetics of ion and charge transfer perfor

mance of the electrode materials, electrochemical impedance spectros
copy (EIS) was used. Fig. 6(c,d) shows the Nyquist plot of the electrodes 
graphed in the frequency range of 0.01–100 kHz with an amplitude of 5 
mV. 

The charge transportability is determined by the high-frequency 

Fig. 6. (a) Comparison of cycling voltammograms, and charge –discharge curves (b) of Co3O4, Co3O4@RGO, Co3O4@RGO@CDs electrodes. Electrochemical 
impedance spectra (EIS) of Co3O4, Co3O4@RGO, Co3O4@RGO@CDs electrodes (c) at low frequency range in 2M KOH solution, and (d) at high frequency range 
(Inside corresponding equivalent circuit for modeling the measured impedance spectroscopy). 

Table 1 
Specific capacitance variation with different scan rates.  

Specific Capacitance (F g− 1) 

Scan rate (mV s− 1) 1 20 50 100 
Co3O4 216 205 185 159 
Co3O4@RGO 315 310 286 211 
Co3O4@RGO@CDs 773 594 437 251  
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region and the low-frequency region is used to identify the ion diffusion 
resistance. The vertical lines in the low-frequency region express the 
materials have an ideal capacitance behavior [32]. But, when a 45◦angle 
between that line and the real axis is seen, ion diffusion between elec
trolyte to electrode interface results in another line called the Warbug 
line. Fig. 6c. illustrates the low-frequency region of the electrodes and 
the straight lines indicates Warburg lines (45◦angle with real axis) are 
seen [18,31]. 

Fig. 6d. shows the high-frequency region (inset shows the equivalent 
circuit model). The equivalent series resistance (Rs) for the electrode 
Co3O4@RGO (1.27 Ω) was lower than Co3O4 (1.568 Ω) and Co3O4@R
GO@CDs (1.648 Ω). The charge transfer resistance (Rct) of the elec
trodes Co3O4, Co3O4@RGO, Co3O4@RGO@CDs were 1.035 m Ω, 1.16 m 
Ω, and 1.566 mΩ, respectively. These results indicate that RGO doped 
electrode has the lowest electrochemical reaction resistance (Rs) and 
electron transfer resistance (Rct). Although highly conductive interface 
between Co3O4 and RGO considerably decreased the resistance of 
Co3O4@RGO, CDsts distribution among the pores or layers of RGO 
might increase the electrical resistance of Co3O4@RGO@CDs due to the 
aggregation of CDs. 

3.2.4. Electrochemical performances of a symmetric supercapacitor 
To demonstrate the practical utility of the reported materials in ap

plications, we fabricated a symmetric supercapacitor using the 
Co3O4@RGO@CDs composite structure with the highest performance. 
Two identical electrodes (m: 1 mg) was used to generate a symmetric SC. 
Fig. 8a. shows the CV profiles of the Co3O4@RGO@CDs the hybrid 
symmetric device at various scans (1000–100− 50 mVs− 1) within the 
-0.1–0.9 V potential window. The quasi-rectangular shape without 
apparent redox peaks of the CV profiles indicates the assembled sym
metric supercapacitor device demonstrates an ideal capacitive perfor
mance. Moreover, the CV preserved that quasi-rectangular shape even at 
higher scan rates, such as 500–1000 mVs− 1, suggesting the fast 
charging/discharging features of the device. 

Following equation was used to obtain equilibration of the mass 
balance of anode and cathode materials. 

M+

M−

=
C− × ΔV−

C+ × ΔV+

(7a)  

where M, C, ΔV symbolize the mass of the active material, specific 
capacitance, and potential window for the anode and cathode 

Fig. 7. (a) Variation of specific capacitance of the electrodes as a function of current density, (b) Comparison of cyclic stability performance of the electrodes at 10 A 
g− 1 current density. 

Table 2 
Comparison on the basis of the three-electrode system.  

Structure Synthesis Method Electrolytete Capacitance (F g− 1) Cycle stability (%) Refs. 

Co3O4Core-shell Microspheres Hydrothermal 3M KOH 261.1 (0.5 A g− -1) 90.2, 2000 cycles [61,62] 
Co3O4 Flower shaped Hydrothermal 2M KOH 327.3 (0.5 A g− 1) 96, 10,000 cycles [63] 
Co3O4 Nanowires Solution reduction 1M KOH 978 (2 A g− 1) 90, 2000 cycles [64] 
Co3O4 Ultra-layered Hydrothermal 1M KOH 548 (8 Ag− 1) 98.5, 2000 cycles [59] 
Co3O4 Flower-shaped Hydrothermal 6M KOH 2005.34 (0.5 A g− 1) 98, 5000 cycles [65] 
Co3O4Honeycomb-like Nanosheets Hydrothermal 2M KOH 743(1 A g− 1) 97,500 cycles [66] 
Co3O4 HollowFluffy Cages Chemical 2M KOH 948.9 (1 A g− 1) 100, 3500 cycles [67] 
Co3O4 Nanosheet Template 1M KOH 1121 (1 A g− 1) 98.1,6000 cycles [68] 
Co3O4 Nanorod Microwave Irradiation 6M KOH 456(1 A g− 1) 100, 500 cycles [44] 
Co3O4 Nanopowder Microwave Irradiation 2M KOH 519 (0,5 mA/cm− 2) 98.7, 1000 cycles [45] 
Co3O4 Nano particles Microwave Irradiation 2M KOH 448 (0,5 Ag− 1) 93, 10,000 cycles This study 
CO3O4 Nanocubes@ RGO Solvothermal 1M KOH 278(0,2 mAg− 1) 91.6,2000 cycles [13] 
Co3O4/RGO Nano particles Hydrothermal 2M KOH 458 (0,5 A g− 1) 95.6,1000 cycles [69] 
Co3O4@RGO Nanosheets Solvothermal 2M KOH 440.4 (5 Ag− 1) 94, 2000 cycles [70] 
Co3O4@RGO Nanosheets Hydrothermal 6M KOH 894 (1 A g− 1) 95,3000cycles [71] 
Co3O4/RGO Nanoparticles Hydrothermal 6M KOH 1152 (1 Ag− 1) 89,5000 cycles [72] 
Porous Co3O4/RGO Electrophoretic Deposition 2M KOH 1138.11(1 Ag− 1) 80.67,5000 cycles [73] 
Co3O4/RGO nano particles Microwave Irradiation 2M KOH 482 (0,5 Ag− 1) 87, 10,000 cycles This study 
N-CQDs/Co3O4 Ultrasonic Treatment 6M KOH 1867 (1 Ag− 1) 96, 500 cycles [51] 
Co3O4/RGO/CDs Microwave Irradiation 2M KOH 936 (0,5 Ag− 1) 88,10,000 cycles This study  
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electrodes, respectively. Due to similar electrodes were utilized with 
same mass and specific capacitances, the mass ratio at positive and 
negative electrodes equals 1 (one). 

Fig. 8b. presents the galvanostatic charge-discharge performance of 
the assembled symmetric supercapacitor at different current densities. 
Proportionality between time and potential can be seen from the curves 
indicating quick I–V reaction and exemplary capacitive nature. The 
calculated maximum and minimum specific capacitances were 126 F g− 1 

at a current density of 0.25 Ag− 1 and 20 Fg− 1 at the current density of 
2.5 Ag− 1. Additionally, the assembled supercapacitor showed a long- 
term cycling stability at the current density of 2.5 A g− 1 for 10,000 
cycles (Fig. 8c). The capacitance lost 19% of its initial value showing 
minimal devastation in electrodes due to continuous redox reaction. 
From Ragone plot Fig. 8d., the specific energy densities(E current density) 
(Whkg− 1) and power densities(Pcurrent density)(W kg− 1) were calculated 
at the different current densities (A g− 1) were E0.25: 17.5 Whkg− 1 -P0.25: 
256 W kg− 1; E0,5:13.76 Whkg− 1- P0.5: 430 Wkg− 1; E0,75: 13.24 Whkg− 1- 
P0.75:758 Wkg− 1; E1: 9.38 Whkg− 1- P1:990 Wkg− 1, and E2.5: 2.8 Whkg− 1- 
P2.5:2522 Wkg− 1, respectively for the symmetric supercapacitor in 
which the results are compatible with the literature. 

4. Conclusion 

To summarize, this research focused on effects of CDs and reduced 
graphene oxide effects on cobalt oxide (Co3O4) based nanocomposites 
for supercapacitor applications. The active materials of the electrodes 
were obtained in a short duration of 5 min using a microwave-assisted 
route. Electrodes doped with CDs possessed the maximum specific 
capacitance as 936 Fg− 1 at 0.5 Ag− 1 current density and 784 Fg− 1 at 1 
mVs− 1 scan rate. Specific capacitances of Co3O4 and Co3O4@RGO 
electrodes were also obtained as 448 F g− 1 and 482 F g− 1 at 0.5 Ag− 1, 
respectively. Degradation of the electrodes was examined for 10,000 
cycles and results were reported as 7%, 13%, and 12% for Co3O4, 
Co3O4@RGO, and Co3O4@RGO@CDs, respectively. The symmetric 
supercapacitor was assembled by using two identical Co3O4@R
GO@CDs electrodes. High specific capacitance (126 Fg− 1 0.25 Ag− 1) 
and long cycle life (%81 retention after 10,000 cycles) were observed. 
Moreover, the highest energy density and power density were 17,5 Wh 
kg− 1 and 2522 W kg− 1, respectively. Our approach has shown the 
promise of microwave-assisted preparation of CDs doped metal oxide 
electrodes for high-performance supercapacitors. 

Fig. 8. (a) Cyclic voltammogram of the symmetric supercapacitor at the various scan rate; (b) charge-discharge profile of the symmtric supercapacitor at various 
current density; (c) cycle stability and capacitance retention of the symmetric supercapacitor current density of 2.5 A g− 1 and (d) Ragone plot of the symmetric 
supercapacitor. 
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