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Abstract:  

To boost the energy storage of microsupercapacitors (MSCs), a nanocomposite electrode 

combining carbonaceous materials with metal oxides was developed, i.e. combining capacitive 

and faradic currents. Our method involves a one-step hydrothermal process, the initial 

components being graphene oxide, dopamine and Co2+ ions, resulting in a reduced graphene 

oxide-polydopamine-Co3O4 composite. Dopamine acts as a reducing agent and prevents 

graphene oxide agglomeration. Co2+ ions are expected to be chelated by polydopamine, likely 

leading to uniform dispersion of Co3O4 particles on the graphene surface. Using this composite 

as an active material, thin film electrodes were prepared, thoroughly characterized via various 

chemical techniques, and their electrochemical properties were tested in KOH. In situ 

electrochemical quartz crystal microbalance was used to elucidate the charge storage process, 

which showed the presence of a “point of maximum mass” separating a dominant anionic 

contribution due to the pseudocapacitive response of Co3O4 and a cationic contribution 

reflecting the electroadsorption/desorption of cations on the rGO surface. Lastly, we extended 

our study to the fabrication of a current collector-free microsupercapacitor device, composed 

of interdigitated rGO-PDA-Co3O4 electrodes, which demonstrates excellent cycling stability 

over 3000 cycles at a scan rate of 50 mV.s-1 and remarkable energy density of 12.25 mWh.cm-

3 at a power density of 0.26 W.cm-3. 
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1. Introduction 

Microsupercapacitors (MSCs) are considered to be one of the most important micro-scale 

power supplies for integrated electronics, due to their prominent features such as light weight, 

high power density, long-term cycling, and fast charge-discharge capability.1 Significant 

improvements have been observed in the nature and composition of main device components 

(electrodes, electrolyte, current collectors), as well as in the fabrication methods of micro-

electrodes (electrodeposition, ink-jet printing, laser-irradiation assisted methods)1-4, but still 

facing challenges and require advances in terms of energy density.  

Combining carbonaceous materials that store energy electrostatically with metal oxides, storing 

energy through faradaic reactions, is a promising approach to boost the stored energy densities 

of MSCs.5-7 Similar with the traditional supercapacitors, surface or near-surface redox reactions 

of pseudocapacitive materials lead to an increase in the capacitance of the composite micro-

electrode and hence its energy density. Carbonaceous materials, for their part, facilitate the 

formation of the electrochemical double layer, provide a high-surface-area support for the metal 

oxides, increase the electrical conductivity and hence the kinetics of redox reactions, along with 

improving contact between these pseudocapacitive materials and the electrolyte.7-9 

In this respect, in recent years a wide range of composites of graphene and transition metal 

oxide/hydroxide, such as RuO2
10 V2O5,11 NiO,12 Ni(OH)2,13 NiCo2O4,14 TiO2,15 MnO2

16 and 

Co3O4
17-22 have been investigated as promising electrode materials for supercapacitors. Herein, 

our choice for the pseudocapacitive material is cobalt oxide (Co3O4), which is considered an 

attractive alternative to replace ruthenium oxide (RuO2) due to its relatively lower cost, 

extremely high theoretical capacitance around 3560 F·g-1,23-24 and its availability in various 

structures and morphologies.25-29 Hence, many studies have been performed on the synthesis of 

various cobalt oxide nanostructures for applications in pseudocapacitors. However, reported 

capacitance values of supercapacitors using Co3O4 as electrode material are generally less than 

600 F·g-1,30 which is primarily due to the low electrical conductivity of this oxide.31 To 

overcome this problem, many composites combining cobalt oxide with other materials such as 

carbon nanotubes, graphene, conductive polymers, and other metal oxides have been 

developed.32-34 The combination of these materials with cobalt oxide mainly aims to improve: 

(i) the electrical conductivity, (ii) the specific capacitance, (iii) the reversibility of 

electrochemical reactions and therefore, its coulombic efficiency and cycling stability. 
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Another issue which should not be disregarded is the mechanical integrity of the electrodes. It 

is important to note that the volumetric expansion of the metal oxide and the instability of its 

particles attached to the graphene sheets are likely to lead to detachment of the active material 

during the charge-discharge process, which will deteriorate the performance of the electrode 

materials.32, 35-36 To solve this problem, polydopamine (PDA), obtained by dopamine (DA) 

oxidation, can be used to improve the adhesion between the pseudocapacitive material particles 

and the carbon support.32, 37 Indeed, the catechol group is a good chelating agent for adsorbing 

a certain amount of metal ions.38-39 For example, Jiang et al.39 used the chelating ability of 

polydopamine to immobilize several metal ions, including Nb5+, Ti4+, Zr4+, Ga3+, Y3+, In3+, 

Ce4+, Fe3+, on polydopamine-coated Fe3O4 microspheres.  

Herein, we exploited the multifunctional properties of PDA for the preparation and optimization 

of the reduced graphene oxide-polydopamie-cobalt (II, III) oxide composite (denoted hereafter, 

rGO-PDA-Co3O4) via a one-pot hydrothermal reaction. Firstly, dopamine is used as a reducing 

agent to reduce graphene oxide (rGO) and self-polymerize on its sheets,37, 40-41 thereby 

alleviating the problem of their agglomeration. Subsequently, Co2+ ions are expected to be 

chelated by polydopamine onto the graphene surface, allowing the Co3O4 particles to be 

uniformly dispersed with improved adhesion onto the rGO surface. By this approach, the 

dissolution of cobalt (II,III) oxide nanoparticles in the electrolyte should be prevented during 

the electrochemical cycling process. Then, electrodes in the form of thin films were prepared 

and thoroughly characterized via various (electro)chemical techniques. The charge storage 

performances were tested in contact with a KOH aqueous electrolyte, prior to the fabrication of 

an all-solid-state thin film microsupercapacitor (MSC) arrays. For the latter, interdigitated 

microelectrodes were prepared by laser engraving directly on the plexiglass substrates, leading 

to a current collector-free MSC. This process is fully compatible with usual microfabrication 

techniques and offers the possibility of rapid manufacturing and easy control of the geometry 

of the resulting MSCs (size, shape and number of fingers of the electrodes, size of the inter-

electrode spacing) as well as great flexibility of materials and thicknesses to be engraved.42-44 

Finally, the performance of the solid-state symmetric MSC with rGO-PDA-Co3O4 interdigitated 

electrodes and KOH/polyvinyl alcohol (PVA) gel electrolyte were evaluated which has shown 

enhanced metrics with respect to the state-of-the-art.  
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2. Results and discussion 

2.1 Preparation, morphological and structural characterization of rGO-PDA-Co3O4  

The rGO-PDA-Co3O4 composites were prepared by a hydrothermal route. Pristine Co3O4 and 

binary rGO-Co3O4 composites were also synthesized as comparison (see Experimental 

Section). Optimization of the rGO-PDA-Co3O4 composition was carried out by monitoring its 

electroactivity as a function of the graphene oxide/CoCl2·6H2O ratio (wt%, denoted hereafter 

as GO/Co(II) ratio) (Table S1), while maintaining a previously optimized DA/GO ratio (50 

wt%).45 To do that, a thin layer of the resulting nano-sized powders (Figure S1) was coated on 

conducting substrates, leading to three different rGO-PDA-Co3O4 thin film electrodes with 

various GO/Co(II) ratio. Figure 1a shows the cyclic voltammograms obtained for rGO-PDA-

Co3O4 composites prepared with GO/Co(II) ratios of 5, 10 and 15 wt%, in a 2 M KOH solution 

and with a potential sweep rate of 50 mVs-1. From these voltammograms, the gravimetric 

capacitance (GC, in F·g-1) of the three rGO-PDA-Co3O4 composites was calculated, the results 

are shown in Figure 1b. From this figure, it is clear that the rGO-PDA-Co3O4 composite with 

a GO/Co(II) ratio of 10 wt% has the highest gravimetric capacitance value (708 F·g-1 at 50 

mVs-1), making it the optimum composition.  

To investigate the effect of the presence/absence of PDA on the performances of the material, 

the rGO-Co3O4 composite (reference) was prepared in the same way as the optimal rGO-PDA-

Co3O4 composite (same GO/Co(II) ratio). Figure 1c displays the X-ray diffraction (XRD) 

profiles of rGO-Co3O4 and rGO-PDA-Co3O4 films deposited on a glass substrate, subjected to 

calcination at 500°C. Additionally, XRD patterns of Co3O4 powders (with and without 

calcination) are presented. The analysis reveals that calcination at 500°C for 2 hours 

significantly enhances the crystallinity of the cobalt (II, III) oxide. 

For the three calcined samples Co3O4, rGO-Co3O4, and rGO-PDA-Co3O4 the Bragg reflections 

observed at 2θ = 19°, 31.27°, 36.85°, 38.57°, 44.85°, 55.66°, 59.39°, and 65.26° correspond to 

the (111), (220), (311), (222), (400), (511), and (440) planes, respectively. These values align 

with literature references (JCPDS sheet no. 42-1467),46-47 indicating that the Co3O4 crystals in 

these samples have a pure spinel structure. However, the rGO signature is obscured because the 

high crystallinity of Co3O4 dominates the XRD pattern of the ternary composite. Furthermore, 

thermal gravimetric analysis (TGA) has been performed on the rGO-PDA-Co3O4 which reveals 

that the Co3O4 content is 28.6% (Figure S2). 

The SEM micrographs presented in Figure S1 show the morphological aspect of the powders 

of Co3O4, rGO-Co3O4, and rGO-PDA-Co3O4. Analysis of these micrographs reveals a notable 
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influence of graphene oxide on the hydrothermal synthesis process. The Co3O4 powder (Figure 

S1a) exhibits particles with a size exceeding 100 nm. In contrast, the presence of graphene 

oxide in solution during the hydrothermal synthesis results in a substantial size reduction, 

 

Figure 1. (a) Cyclic voltammograms and (b) gravimetric capacitance of rGO-PDA-Co3O4 

composites prepared with different GO/CoCl2·6H2O ratios. CV tests are performed in KOH (2 

M) at a scan rate of 50 mVs-1 and the 5th cycle is shown. (c) XRD patterns of the films, 

corresponding to Co3O4 (with)out calcination at 500°C, rGO-Co3O4 and rGO-PDA-Co3O4.  
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as evidenced by the SEM micrographs of rGO-Co3O4 (Figure S1b) and rGO-PDA-Co3O4 

(Figure S1c), where Co3O4 particles are observed to be within the range of ~10 nm to ~20 nm. 

This observation underscores the significant impact of graphene oxide on controlling and 

minimizing the Co3O4 particle size during the synthesis process. Smaller particle size increases 

electroactive surface area, expected to be beneficial for enhancing cobalt oxide's 

pseudocapacitive reaction. 

 

Figure 2. SEM micrographs of the thin film of (a) rGO-Co3O4 and (b) rGO-PDA-Co3O4 

deposited on the Au electrode of a quartz resonator, the corresponding energy dispersive X-ray 

(EDX) spectra are superimposed, (c) and (d) are the respective cross-section micrographs. XPS 

analysis of the rGO-PDA-Co3O4 film, (e) survey spectrum, (f) high resolution spectrum of the 

Co2p photopeak. 
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SEM micrographs in Figure 2a and 2b show the surfaces of rGO-Co3O4 and rGO-PDA-Co3O4 

thin films, deposited on the Au electrode of a quartz resonator and the corresponding energy 

dispersive X-ray (EDX) spectra are superimposed. To evaluate the spatial arrangement of 

Co3O4 nanoparticles across the surfaces of rGO-Co3O4 and rGO-PDA-Co3O4 films, EDX maps 

were generated, permitting the distribution of cobalt to be visualized (Figure S3). The results 

indicate a homogeneous presence of Co3O4 nanoparticles on/in both films. Figure 2c and 2d 

show the cross-section micrographs, thin films with an average thickness of ~380 nm and 430 

nm were obtained. Further insights into the chemical composition of the rGO-PDA-Co3O4 film 

were obtained through XPS analysis. Figure 2e shows the XPS spectrum obtained for this 

sample. The C1s peaks of rGO and N1s of PDA are clearly detected around a binding energy 

of 285 eV and 400 eV, respectively. The high-resolution spectrum of cobalt (Co2p) presented 

in Figure 2f, reveals the presence of two contributions located at 779 and 795 eV corresponding 

to the Co2p3/2 and Co2p1/2 photopeaks, respectively. These results confirm that this material 

is a composite of rGO, Co3O4 and PDA. To determine the densities of rGO-Co3O4 and rGO-

PDA-Co3O4, these films were first deposited on a quartz electrode of a QCM and their mass 

was measured. The thicknesses of rGO-Co3O4 and rGO-PDA-Co3O4 and hence their volumes 

(given that the surface area of both films is 0.2 cm2) were then estimated from SEM micrographs 

of the resonators (Figure 2c-d). The average density of both composites is similar, it was 

estimated at ~1.58 g·cm-3 and ~1.55·g cm-3 for rGO-PDA-Co3O4 and rGO-Co3O4, respectively 

(Table S2). Following structural and morphological characterizations of the rGO-Co3O4 binary 

composite (reference) and the optimized rGO-PDA-Co3O4 ternary composite, the next section 

will be dedicated to electrogravimetric and electrochemical characterizations in aqueous KOH 

solution (2 M) to study the effect of the presence of PDA on charge transfer properties at the 

electrode/electrolyte interface and on charge storage performance. 

2.2 Interface analyses of rGO-Co3O4 and rGO-PDA-Co3O4 by EQCM measurements 

The electrogravimetric properties of rGO-Co3O4 and rGO-PDA-Co3O4 composites were 

evaluated in a 2 M KOH solution using a three-electrode electrochemical cell, consisting of a 

quartz electrode covered with rGO-Co3O4 or rGO-PDA-Co3O4 film as the working electrode. 

Prior to the use of EQCM under gravimetric mode (i.e.; use of Sauerbrey equation48), 

electroacoustic measurements of the rGO-Co3O4 and rGO-PDA-Co3O4 films were carried 

out.49-50 The values obtained for the motional resistance (Rm) and resonant frequency (f) of the 

quartz electrode without and with the rGO-Co3O4 and rGO-PDA-Co3O4 films in air and in 2 M 
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KOH were used to obtain Figure S4. In air, the ΔRm/Δf values of both films lie well on the red 

line, defining the applicability of the Sauerbrey equation in air. In 2 M KOH solution, the 

ΔRm/Δf ratios of both rGO-Co3O4 and rGO-PDA-Co3O4 films lie between the lower and upper 

 

Figure 3. (a) Cyclic voltammograms for rGO-PDA-Co3O4 and (b) the corresponding mass 

variation as a function of potential at different scan rates in KOH 2 M. (c) Potential versus time 

plots and (d) the corresponding mass variation as a function of time, during galvanostatic 

charge/discharge of rGO-PDA-Co3O4 at different current densities, in 2 M KOH. (e) Mass 

variation as a function of the charge variation of the rGO-PDA-Co3O4 composite at different 

current densities of the GCD-EQCM tests (different slopes are indicated as S1 to S4) and (f) 

mass variation as a function of the charge variation obtained from the CV-EQCM (only the data 

obtained at 10 and 50 mVs-1 are shown for clarity). 
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limits of the gravimetric region (light blue area in Figure S4), evidencing that for both rGO-

Co3O4 and rGO-PDA-Co3O4 composites, the microbalance operates under the gravimetric 

regime.48-51 

Characterization of the rGO-Co3O4 and rGO-PDA-Co3O4 films was first carried out using the 

QCM coupled to cyclic voltammetry (Figure S5 and Figure 3, respectively). Figure S5a and 

3a show the CV curves of rGO-Co3O4 and rGO-PDA-Co3O4, respectively, at different potential 

scan rates. Each curve shows well-defined pair of redox peaks, indicating that the electrode has 

pseudocapacitive properties. According to the literature,17, 27, 32 these redox peaks are attributed 

to the pseudocapacitive behavior of Co3O4, which can be explained by a two-step charge 

transfer process following the electrochemical reactions below:52 

Co3O4 + OH- + H2O  3 CoOOH + e-                                       (1) 

CoOOH + OH-  CoO2 + H2O + e-                                          (2) 

Increasing scan speed results in an increase of the current density corresponding to these redox 

peaks and a slight shift of the cathodic and anodic peaks towards more negative and positive 

potentials, respectively, due to the increase in internal resistance.32 The small inter-peak gap 

(ΔEp) even at relatively fast scan rates (100 and 200 mV s-1) (Figure 3a) suggests that for both 

composites electron transfer occurs rapidly.32 At a scan rate of 100 mVs-1, the potential gap 

between the anodic and cathodic peaks (ΔEp) for rGO-Co3O4 and rGO-PDA-Co3O4 is 62 mV 

and 48 mV, respectively, revealing improved electron transfer for the PDA-containing 

composite. In addition, the higher normalized current observed in CV responses for the rGO-

PDA-Co3O4 composite compared with rGO-Co3O4 (Figure 3a and S5a) may indicate an 

improved accessibility to the redox-active sites of rGO-PDA-Co3O4. 

Figure 3c and S5c show galvanostatic charge-discharge curves at different current densities of 

the rGO-Co3O4 and rGO-PDA-Co3O4 composites, respectively. They show typical pseudo-

capacitive behavior, with a quasi-horizontal plateau over the potential range 0.25 to 0.35 V vs. 

SCE. For a given current density, the plateau potential is virtually identical at charge and 

discharge. This is in good agreement with the small inter-peak distance observed by cyclic 

voltammetry.  

The mass variations obtained simultaneously during the CV and GCD which are associated 

with charge transfer processes at the electrode/electrolyte interface are plotted in Figure S5b, 

S5d for rGO-Co3O4 and in Figure 3b, 3d for the rGO-PDA-Co3O4 composites, respectively. It 
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is clear from the CV coupled QCM analysis that the mass variations of the two electrodes show 

a sudden change in slope at around 0.325 to 0.375 V/SCE (varies depending on the scan rate) 

both during positive and negative potential scan of the potential (Figure 3b and S5b). Indeed, 

for potentials more cathodic than this point, the mass of both films increases during Co3O4 

oxidation and decreases during reduction. This indicates, a priori, that OH- anions play a 

predominant role in charge compensation during this process. This result is rather consistent 

with the pseudocapacitive nature of Co3O4. Whereas for more anodic potentials than this point, 

the mass of both electrodes increases and decreases during cathodic and anodic scan, 

respectively. This may indicate that cations play a dominant role on the charge storage process, 

which is probably due to the electroadsorption/desorption of cations on the active rGO surface. 

It is noted that a m slope change is also observed within the charge and discharge process 

during the GCD-QCM analysis (Figure 3d for the rGO-PDA-Co3O4 and Figure S5d for the 

rGO-Co3O4), in line with the above hypothesis. 

To test this hypothesis and obtain indications of the nature of the species transferred, the ݉ 

versus Q curves were plotted, where mass per electron (M.P.E.) is estimated by 
ெ..ா.


ൌ F 

ொ
 

(n, number of electrons transferred and F, Faraday’s number). Figure 3e shows ݉ versus Q 

plots from the GCD tests of the rGO-PDA-Co3O4 composite, which shows 4 different slopes 

(S1-S4). The responses obtained from the tests at different current densities show similar 

behavior with comparable slopes, except slightly smaller values were obtained at 0.25 mA·cm2 

(inset of Figure 3e). The evolution of the M.P.E. during charge presents two distinct domains. 

The first one extends up to 3 mC, with an estimated M.P.E.S1 of 37 g·mol-1. This phase probably 

corresponds to a process with a main participation of the OH- anions and H2O molecules, in 

agreement with reaction 1 and 2. As the charge process proceeds, a slope change (from 3 mC 

to 5 mC), with an average M.P.E.S2 of -30 g.mol-1, which can be attributed to the contribution 

of the K+ cations, which prevails over the OH- dominant pseudocapacitive charge compensation 

process. During discharge, the same trend is observed with comparable M.P.E. values, 

indicating the reversibility of this process. To substantiate these findings, M.P.E. values from 

the CV-QCM data of Figure 3a and 3b were also estimated. Figure 3f shows the ݉ versus 

Q plots for two different scan rates of the potential. At 50 mVs-1, during the anodic scan, a 

M.P.E. of 30 g.mol-1 was estimated corresponding to a main participation of anionic species 

which was then followed by a M.P.E. of -26 g.mol-1
, indicating a major cationic response. At 

10 mVs-1, the same trend is observed, with slightly smaller values. Overall, EQCM analysis 

highlights the competition between an OH- dominant charge compensation process due to the 
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pseudocapacitive response of Co3O4 and a cationic contribution reflecting the 

electroadsorption/desorption of K+ species on the rGO surface. 

 

2.3 Charge storage performance of rGO-Co3O4 and rGO-PDA-Co3O4 composite in KOH  

In order to correlate the properties of the PDA with the electrochemical performance of the 

rGO-PDA-Co3O4 composite, the capacitive performances of the thin film electrodes were 

investigated by cyclic voltammetry at different scan rates. Figure 4a and 4b report the 

gravimetric and volumetric capacitance of the rGO-Co3O4 and rGO-PDA-Co3O4 composites, 

respectively (from 10 mVs-1 to 200 mVs-1, calculated from the CV curves in Figure 3a and 

Figure S5a). The rGO-PDA-Co3O4 composite has higher gravimetric and volumetric 

capacitance than rGO-Co3O4. At a scan rate of 10 mVs-1, rGO-PDA-Co3O4 has a gravimetric 

capacitance of 851 Fg-1 and a volumetric capacitance of 1345 Fcm-3 versus 594 Fg-1 and 904 

Fcm-3 for rGO-Co3O4, i.e; an increase about 50% of the composite electrochemical response 

in the presence of PDA that is on or between the sheets of rGO. PDA enables, on one hand, a 

decrease of agglomeration of the latter, likely resulting in a greater active surface compared to 

rGO-Co3O4. On the other hand, it facilitates the uniform dispersion and a high content of Co3O4 

nanoparticles on the rGO sheets due to PDA’s chelation properties. Additionally, the rGO-

PDA-Co3O4 composite electrode has a significant capacitance retention with respect to 

increased scan speed (from 10 mVs-1 to 200 mVs-1) (Figure 4a and 4b). The volumetric 

capacitance of the rGO-PDA-Co3O4 composite changes from 1345 F·cm-3 to 856 F·cm-3, i.e. a 

drop of only 36% against a drop of 50% for rGO-Co3O4 (the latter presents 904 Fcm-3 at 10 

mVs-1 and 453 Fcm-3 at 200 mVs-1). This finding suggests a rapid charge transfer inside the 

rGO-PDA-Co3O4 nanocomposite compared to rGO-Co3O4.  

To elaborate further this point, EIS analyses were performed. Figure 4c and 4d present the 

Nyquist plots of the two composites rGO-PDA-Co3O4 and rGO-Co3O4 at 0.32 V/SCE and 0.4 

V/SCE (see CV curves in Figure 3). These potentials were chosen to represent two different 

regions revealed in the EQCM analysis (i.e., lower and higher potentials than the maximum 

observed in the m response in Figure 3b). In the high frequency region, a semicircle is present 

in the Nyquist diagrams. This semicircle is attributed to the charge transfer resistance (Rct) at 

the interface between the electrode and the electrolyte. The Rct values estimated by fitting the 

semicircle of the Nyquist diagrams (Figure 4c-d) and reported in Table 1. The low Rct values 

obtained for rGO-PDA-Co3O4 compared to rGO-Co3O4 suggest faster charge-discharge kinetics 
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and therefore plausibly higher power performance for the rGO-PDA-Co3O4 composite. At low 

frequencies, a clear increase in the imaginary part of the impedance is observed for the two 

 

Figure 4. Evolution of (a) the gravimetric capacitance and (b) the volumetric capacitance of 

rGO-Co3O4 and rGO-PDA-Co3O4 as a function of the scan rate. Nyquist diagrams of rGO-

Co3O4 and rGO-PDA-Co3O4 at a potential of (c) 0.32 V/SCE and (d) 0.4 V/SCE in 2 M KOH. 

Evolution of the imaginary part (C'') of the capacitance as a function of the frequency at two 

potentials 0.32 V/SCE and 0.4 V/SCE for (e) rGO-Co3O4 and (f) rGO-PDA-Co3O4. 
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Table 1. EIS data, charge transfer resistance (Ωcm2) and time constant (s) determined for rGO-

Co3O4 and rGO-PDA-Co3O4 at 0.32 and 0.4 V/SCE in 2 M KOH solution. 

 Transfer resistance (Ω·cm2) Time constant (s)* 

 Potential (V vs SCE) 

Electrode  0.32 V 0.40 V 0.32 V 0.40 V 

rGO-Co3O4 1.3 0.9 7.1 0.27 

rGO-PDA-Co3O4 0.8 0.5 5 0.19 

* τ0 = 1/݂0 

studied potentials (0.32 and 0.4 V/SCE), forming a slightly inclined straight line at low 

frequencies which indicates the contribution of multiple ionic species in the charge 

compensation process. This is in agreement with the EQCM results (Figure 3). To determine 

the time constants (τ0), characteristic of the rapidity of the electrode response, the imaginary 

part of the capacitance C''(߱) and the relaxation time which corresponds to the peak frequency 

(݂0) of the C''(߱) curve were calculated, for the two potentials, following Equation S3 and S4. 

The average time constants obtained from C''(߱) curves (Figure 4e and 4f) are summarized in 

Table 1. At a given potential, the rGO-PDA-Co3O4 composite exhibits a lower τ0 than that of 

rGO-Co3O4 (5 s against 7.1 s at 0.32 V/ECS and 0.19 s against 0.27 s at 0.4 V/ECS) indicating 

that it has faster kinetics during charge-discharge process. This result is consistent with better 

capacitance retention as a function of scan rate of the composite (rate performance) with PDA 

(64%) compared to the composite without PDA (50%) (Figure 4a and 4b). 

It is also noted that for a given composite the time constants obtained at 0.32 V/SCE (lower 

than the maximum observed in m response in Figure 3b) and 0.4 V/SCE (higher than the 

maximum observed in m response in Figure 3b) are very different. Indeed, for the two 

electrodes the time constants at 0.32 V/SCE are greater compared to those obtained at 0.4 

V/SCE (Table 1). This indicates that the charge storage at 0.32 V/SCE is mainly due to a 

phenomenon with slower kinetics, which is in line with the pseudocapacitive reactions of 

Co3O4. Accordingly, at 0.4 V/SCE, the observation of smaller τ0 suggests a rapid phenomenon 

of charge storage and electro-adsorption/desorption of cations as the predominant mechanism. 

This result confirms our explanation of the EQCM response.  

The cycling stability of rGO-Co3O4 and rGO-PDA-Co3O4 was investigated by CV (Figure 5 

and S6) at a scan rate of 50 mVs-1 in 2 M KOH. The rGO-PDA-Co3O4 composite exhibits 
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outstanding stability, showcasing an impressive capacitance retention of 97% after 3000 cycles 

with a coulombic efficiency of ~85% (Figure 5). In contrast, the rGO-Co3O4 film displays a 

capacitance retention of 90% (Figure S6). In addition, a loss of 10% of the active material was 

detected (estimated by QCM) after the 3000 cycles for the rGO-Co3O4 against less than 1% for 

the composite containing the polydopamine. This can be explained by the dissolution of Co3O4 

nanoparticles due to poor adhesion between Co3O4 and rGO sheets for the rGO-Co3O4 

composite. To confirm that this loss is due to the poor mechanical behavior in solution of the 

rGO-Co3O4 composite, polyvinylidene fluoride (PVDF) was used as a binder for the rGO-

Co3O4. 

The study of the cyclability of the rGO-Co3O4-PVDF composite material, carried out over 3000 

cycles at a scan rate of 50 mVs-1 (Figure S6c) reveals a loss of only 5% of the initial 

capacitance. This can indicate an improvement of the mechanical strength of the electrode due 

to the presence of PVDF. However, the electrochemical response of rGO-Co3O4-PVDF is still 

weaker than that of rGO-PDA-Co3O4 (Figure S6d), thus the capacitance values are 

significantly enhanced when PDA is present in the composite electrode. This result highlights 

the multifunctional role of PDA within the rGO-PDA-Co3O4 composite. Indeed, PDA not only 

facilitates the uniform dispersion of Co3O4 nanoparticles with a high content on the rGO 

surface, but also serves as a binder, enhancing the mechanical strength of the electrode and 

thereby preventing the dissolution of Co3O4 nanoparticles in the electrolyte. 

 

Figure 5. Gravimetric capacitance (left) and coulombic efficiency (right) vs. cycle number of 

rGO-Co3O4, rGO-PDA-Co3O4 and rGO-Co3O4-PVDF composite, at a scan rate of 50 mVs-1. 
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2.4 Solid state current collector free symmetric microsupercapacitor based on rGO-
PDA-Co3O4 

The rGO-PDA-Co3O4 composite thin film electrode has presented a superior performance at a 

liquid electrolyte interface in a 3-electrode cell. As a next step, its suitability as electrode 

material in a solid state symmetric MSC device was tested. It is noted that rGO-PDA-Co3O4 

has been prepared in a hydrothermal route which facilitates the device fabrication. Since the 

electrode fabrication does not require a conducting substrate, unlike electrochemically prepared 

reduced graphene oxide and PDA based composites,53 it is possible to fabricate a current-

collector free symmetric µ-supercapacitor device. A slurry containing the rGO-PDA-Co3O4 

composite was deposited onto a plexiglas substrate which was then patterned into interdigitated 

electrodes by laser carving. SEM micrograph of the rGO-PDA-Co3O4 MSC is shown in Figure 

6a. The size of the interdigitated patterns and the inter-electrode spacing are 500 µm and 200 

µm, respectively and the rGO-PDA-Co3O4 film thickness is about 650 µm (Figure 6a and 6b). 

It is also obvious that the material has been perfectly etched from the inter-electrode spacing, 

which ensures the absence of a short circuit in the cell, which is assembled in a symmetric 

configuration and using KOH/polyvinyl alcohol (PVA) gel electrolyte.  

Figure 6c shows the voltammograms obtained for the rGO-PDA-Co3O4 MSC across a range 

of scan rates from 10 mVs-1 to 200 mVs-1. Remarkably, the current densities attained at a given 

scan rate surpass those of ERGO-PDA and rGO-PDA MSCs, reported in our previous work.45, 

53 This elevated performance is attributed to the pseudocapacitive contribution arising from the 

presence of cobalt oxide (Co3O4). 

The volumetric capacitances of the MSC were deduced from the galvanostatic charge-discharge 

curves (Figure 6d) depicted in Figure 6e. These experiments were conducted at various current 

densities within a potential range of 0.7 V. It is obvious from the results that the rGO-PDA-

Co3O4 MSC exhibits remarkable capacities. At a current density of 0.052 mAcm-2, the rGO-

PDA-Co3O4 MSC achieves a capacitance of 180 F·cm-3, exceeding the capacitance values 

observed in MSCs utilizing capacitive materials under comparable current densities.45, 53 

However, the capacitance of the rGO-PDA-Co3O4 micro-device decreases significantly when 

the current density increases, reaching 41% of the initial capacitance (at 0.052 mAcm-2) for a 

current density 20 times greater (1 mAcm-2). This decline can be attributed to the sluggish 

kinetics of pseudocapacitive reactions involving Co3O4. 
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Figure 6. SEM micrographs of (a) the top view and (b) the cross-section of an rGO-PDA-Co3O4 

interdigitated electrode. (c) Cyclic voltammograms at different scan rates and (d) galvanostatic 

charge-discharge curves at different current densities. (e) Volumetric capacitance as a function 

of the current density of the rGO-PDA-Co3O4 MSC. (f) Cycling stability of rGO-PDA-Co3O4 

MSC (3000 cycles at 50 mVs-1). 
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The cyclability of rGO-PDA-Co3O4 MSC was evaluated over 3000 cycles of cyclic 

voltammetry performed over a potential window of 0.7 V at a scan rate of 50 mVs-1 (Figure 

6f). A capacitance retention of 95% after the 3000 cycles and over 92% CE, highlighting its 

remarkable stability over extended cycling. 

The rGO-PDA-Co3O4 MSC performance in relation to the state-of-the-art is illustrated in 

Figure 7 that shows a Ragone plot. Specific energy densities and specific power densities were 

obtained from the galvanostatic charge/discharge curves according to Equation S5 and S6. The 

rGO-PDA-Co3O4 MSC is capable of delivering higher or equivalent energy densities compared 

to the reported performance of micro-supercapacitors using pseudocapacitive electrodes.54-60  

Indeed, at a power density of 0.26 W·cm-3, the rGO-PDA-Co3O4 MSC developed in this work 

can provide an energy density of 12.25 mWh·cm-3. For high power densities, the volumetric 

energy densities delivered by the rGO-PDA-Co3O4 MSC become comparable to those delivered 

by the MSCs based on ERGO-PDA and rGO-PDA,45, 53 due to the low kinetics of the 

pseudocapacitive reactions of Co3O4. These results indicate that the rGO-PDA-Co3O4 MSC is 

rather suitable for applications that require moderate power densities with high energy densities. 
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Figure 7. Ragone plot positioning the rGO-PDA-Co3O4 µ-device over other reports in the 

literature. 
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3. Conclusions 

This work focuses on the elaboration of a ternary composite rGO-PDA-Co3O4 through a 

hydrothermal process and its performance evaluation as an active material for supercapacitor 

devices. The rGO-PDA-Co3O4 composite was optimized by varying the GO/CoCl2•6H2O ratio. 

It was found that the composite corresponding to an initial GO/Co(II) mass ratio of 10% has 

the highest gravimetric capacitance (708 F·g-1 at 50 mV·s-1), making it the optimum 

composition. The spinel structure of Co3O4 was confirmed by XRD and the presence of PDA 

was shown by XPS and EDX. First, the multifunctional role of PDA in the rGO-PDA-Co3O4 

composite has been demonstrated by the various electrochemical (CV, GCD, EIS) and 

electrogravimetric (EQCM) analyses in aqueous liquid electrolyte by comparing the composites 

with and without PDA. The EQCM data revealed a distinct "point of maximum mass" indicating 

the differentiation between an anion dominant process associated with the pseudocapacitive 

behavior of Co3O4 and a cation dominant counterpart related to the electroadsorption/desorption 

of cations onto the surface of reduced graphene oxide (rGO). Compared to the composite 

without PDA, rGO-PDA-Co3O4 has (i) better rate performance (higher capacitance retention 

with increased scan rates) and (ii) high gravimetric and volumetric capacitance, suggesting an 

enhanced electro-active surface for charge storage and a significant contribution of 

pseudocapacitance due to the accessible Co3O4 content. The rGO-PDA-Co3O4 composite 

material also showed good cycling stability attributed to an improvement in the mechanical 

strength of the composite electrode thanks to the adhesive properties of PDA which helps to 

significantly reduce the dissolution of the active material in the electrolyte. This finding is 

correlated to the fact that Co2+ ions could be chelated by polydopamine onto the graphene 

surface, allowing the Co3O4 particles to be uniformly dispersed with improved adhesion onto 

the rGO surface.  

Next, we have shown the suitability of optimized rGO-PDA-Co3O4 nanocomposite as an 

electrode material in MSC devices. A thin film rGO-PDA-Co3O4 on plexiglas was patterned 

into interdigitated electrodes by laser carving. Interdigitated electrodes were assembled using 

KOH/PVA gel electrolyte, enabling a current collector-free symmetric µ-supercapacitor device. 

High capacitance and therefore high energy density was reached with notable power 

performance due to a fine balance of between Co3O4 and rGO, thus between the 

pseudocapacitive contribution and the high surface area for electroadsorption/desorption 

process. The µ-device also shows a significant cycling stability of 3000 cycles, which was 

attributed to the presence of polydopamine in the composite material, providing mechanical 
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integrity to the electrode. Overall, our study presents a rGO-PDA-Co3O4 nanocomposite based 

solid state MSC device with a remarkable energy density of 12.25 mWh.cm-3 at a 0.26 W.cm-

3. It is believed that the presented strategy will provide numerous opportunities for developing 

composite materials with other metal oxides, hydroxides with enhanced mechanical integrity. 

Furthermore, our current studies indicate the possibility of fabricating devices on flexible 

substrates, such as polyethylene terephthalate (PET) which exhibits remarkable performance 

when bent, thereby suggesting the potential application of this work in wearable electronics. 

 

4. Experimental section: 

Materials: 

Synthesis and electrode preparation: In 15 mL of a GO suspension (at 1 mgmL-1), 30 mg of 

dopamine (corresponding to a GO/DA ratio of 50 wt%, as optimized in our prior work)45, 66.7 

mg of Tris (0.1 M Tris, pH=8.5) and 3 different quantities of cobalt chloride hexahydrate, 

CoCl2·6H2O, (0.3, 0.15 and 0.1 g) were solubilized (Table S1). The pH of the mixture was 

adjusted to 7 by adding a few drops of hydrochloric acid (HCl). After 30 minutes in an 

ultrasonic bath, the suspension was placed in a Teflon-lined autoclave (25 mL volume) and 

heated to 200°C for 8 h. Co3O4 was also prepared for comparison reasons, the hydrothermal 

reaction was carried out in the same way (CoCl2·6H2O was solubilized in Tris solution) but in 

the absence of dopamine and graphene oxide.  

After hydrothermal treatment, a black powder was recovered by vacuum filtration and rinsed 

several times with ethanol followed by double-distilled water. This powder was then calcined 

under air at 500°C for 2 h (to improve Co3O4 crystallinity). After the thermal treatment, the 

powder was ground in a mortar and suspended in bidistilled water (2 mg·mL-1) to prepare the 

ink used to make rGO-Co3O4 and rGO-PDA-Co3O4 films. The ink was homogenized using an 

ultrasonic probe, while keeping the sample (ink) in an ice bath (to avoid overheating). 

For the electrogravimetric and electrochemical characterization, 6 μL of the rGO-Co3O4 or 

rGO-PDA-Co3O4 suspension (2 mg·mL-1 in bidistilled water) were deposited on the gold 

electrode of the quartz resonator (AWS-Sensors, Spain) (Au electrode surface of 0.2 cm2). The 

rGO-Co3O4 or rGO-PDA-Co3O4 films were obtained after a drying step at 70°C in an oven for 

30 min. The mass of the film deposited on the quartz electrode was estimated from its frequency 

variation (bare resonator and after film deposition) in air using the well-known Sauerbrey 

equation.48 
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A rGO-Co3O4-PVDF electrode was also prepared as comparison. 18 mg of ground rGO-Co3O4 

(90%) and 2 mg of PVDF were dispersed in 10 mL of N-methyl-2-pyrrolidone (NMP), leading 

to 2 mg·mL-1 of rGO-Co3O4-PVDF in NMP. To prepare the rGO-Co3O4-PVDF film, 6 µL of 

the rGO-Co3O4-PVDF suspension were deposited on the electrode then dried at 90°C in an oven 

for 30 min. 

Electrochemical and Electrogravimetric Characterizations: The electrochemical and 

electrogravimetric characterizations were carried out using a standard three electrode 

configuration with an Autolab potentiostat (Metrohm, France). The gold (Au) electrode of 

quartz resonator (S = 0.2 cm-2) (AWS-Sensors, Spain) modified by the electrode materials 

introduced above were used as the working electrode, a platinum grid and a saturated calomel 

electrode (SCE) were used as counter electrode and reference electrode, respectively. 

For the classical EQCM analysis, a lab-made QCM coupled with an Autolab potentiostat 

(PGSTAT12) was used. Under the gravimetric regime, the mass variation, Δm, was obtained 

from Δf by using of the Sauerbrey equation, f = -ks × m, where ks is the experimental mass 

sensitivity constant which has a value of 16.3 Hz·cm2·g −1 for 9 MHz AT-cut QCM.61 

Morphological and Compositional Characterizations: Morphological observations were done 

under a field emission gun scanning electron microscope (FEG−SEM) (Ultra55, Zeiss) 

operating at 10 kV. XPS analyses were performed using an Omicron Argus X-ray photoelectron 

spectrometer with monochromatized Al Kα excitation (1486.6 eV) with band-pass energies of 

100 and 20 eV for acquisition of the survey and high-resolution spectra, respectively. For the 

XPS analyses, the films were prepared on a gold-coated mica substrate. XRD was performed 

using a Philips PANalytical X’Pert Pro diffractometer with Cu Kα radiation (λ = 1.54184 Å). 

The samples were prepared on a glass substrate. Thermogravimetric analysis (TGA) of the 

powder was performed using a TGA 550 from TA Instruments, under air atmosphere, with a 

heating rate of 10°Cmin-1. 

Preparation and electrochemical tests of the rGO-PDA-Co3O4 MSC: 150 µL of a suspension 

of rGO-PDA-Co3O4 (2 mgmL-1) were deposited on the engraved part of a plexiglass substrate 

(2 cm2 portion was etched using a laser cutter (Trotec SP500, CO2 laser)), and dried at 70°C in 

an oven. Subsequently, the interdigital patterns were obtained by removing the unwanted areas 

of material (interdigitated finger spacing) by CO2 laser to obtain a desired pattern, which is 

instructed through the software Trotec JobControl®. The laser power, scan rate and pulse 

duration were set to 35 W and 35 cm·s-1 and 1.25 ms, respectively. Electrochemical 
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characterization of the all-solid-state rGO-PDA-Co3O4 device was performed with a KOH/PVA 

gel electrolyte. The gel electrolyte was prepared by solubilizing 0.25 g of KOH and 0.25 g of 

PVA in 2.5 mL of bidistilled water. The mixture was heated to 80°C under vigorous stirring 

until the solution became homogeneous. A drop of the mixture was then deposited on the 

interdigital electrodes. Finally, drying was carried out in air overnight. After electrical 

connections, symmetric all-solid-state MSC was tested using Cyclic Voltammetry (CV) and 

Galvanostatic Charge/Discharge (GCD), using an Autolab potentiostat (PGSTAT12) at RT. CV 

was performed at different scan rates between 10 and 200 mVs−1. GCD was performed at 

current densities of 0.052 – 1 mAcm−2. The volumetric energy density (Whcm-3) and power 

density (Wcm-3) were calculated from the volumetric capacitance (Fcm-3).62 
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Part I. Synthesis and characterization of materials 

 

Table S1. Experimental conditions for preparing the rGO-PDA-Co3O4 composites with 
different GO/Co ratios. 

 

Composite powder Mass (g) 
CoCl2•6H2O     

Mass ratio            
GO/CoCl2•6H2O  

Mass ratio      
GO/DA  

rGO-PDA-Co3O4 (1) 0.3 5 % 50 % 

rGO-PDA-Co3O4 (2) 0.15 10 % 50 % 

rGO-PDA-Co3O4 (3) 0.1 15 % 50 % 
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Figure S1. SEM micrographs of the (a) Co3O4, (b) rGO-Co3O4 and (c) rGO-PDA-Co3O4 

powders after calcination at 500 °C for 2h. 

 

100 200 300 400 500 600 700 800
0

20

40

60

80

100

28.6% Co
3
O

4W
e

ig
h

t l
o

st
 (

%
)

Temperature (°C)  

 

Figure S2. Thermal gravimetric analysis of rGO-PDA-Co3O4, under air; at 10 °C/min. 
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Figure S3. Cobalt elemental analysis by the EDX analysis of the SEM micrographs (SE) of A) 

rGO-Co3O4 and B) rGO-PDA-Co3O4 thin films. 

 

Table S2. Thicknesses estimated by SEM, deposited mass and density of rGO-Co3O4 and rGO-
PDA-Co3O4 films. 

Material Average thickness 
(nm) 

Mass estimated by QCM 
(µg) 

Density 
(g/cm3) 

rGO-Co3O4 380 11.7 1.55 

rGO-PDA-Co3O4 430 13.6 1.58 
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Part II. Electrochemical and electrogravimetric analyses  

 

Gravimetric EQCM analysis 

 

Figure S4. Evolution of motional resistance as a function of resonance frequency in air and in 

a KOH solution (2 M) for rGO-Co3O4 and rGO-PDA-Co3O4 films deposited on a Au electrode 

of a quartz resonator. 
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Electrochemical cycling in aqueous electrolytes 
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Figure S5. a) Cyclic voltammograms and b) mass variation as a function of potential for rGO-

Co3O4 at different scan rates, in 2 M KOH. c) Potential variation as a function of time and d) 

the corresponding variation of mass for rGO-Co3O4, during galvanostatic charge/discharge at 

different current densities, in 2 M KOH. 
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Figure S6. Cycling stability of (a) rGO-Co3O4, (b) rGO-PDA-Co3O4 and (c) rGO-Co3O4-

PVDF. (d) Comparison of cyclic voltammograms of rGO-PDA-Co3O4 and rGO-Co3O4-PVDF 

(1st cycle), in 2 M KOH, at a scan rate of 50 mVs-1. 

 

Electrochemical impedance spectroscopy and complex capacitance calculations 

Specific capacitances are generally obtained from galvanostatic charge/discharge cycles or 

cyclic voltammetry. However, for EDLC electrodes, capacitance is frequency-dependent, and 

can be determined by electrochemical impedance spectroscopy according to the complex 

capacitance model: 
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where Z′, Z″, and Z are the real, imaginary, and total impedance values, respectively, in ohms 

with j2 = −1. The entities C′, C″, and C represent the real part, imaginary part and total 

capacitance, respectively, at a given frequency. 

 

From the curve representing C′′(߱) it is possible to determine the relaxation time which 

corresponds to the frequency (݂0) of the peak of the C′′(߱) response: 

0
0

1

f
                                                     (S4) 

The time constant (τ0) is characteristic of the rapidity of the system response (charge-discharge 

kinetics). 

 

Energy density and power density calculations from GCD test 

The energy density (E) and the power density (P) of a microsupercapacitor are calculated from 

the GCD curve according to Equation S5 and S6. 
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                                            (S6) 

where CV is the volumetric capacitance, ΔV represents the voltage window, and Δt is the 

discharge time. 

 

 


