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Highlights 

* Optimization of electrodes based on low-cost carbons for high-power supercapacitors 

* The combination with rGO greatly improves the operation of microporous carbons in 

SC 

* Composite electrodes reach capacitance as high as 260 F g-1 and 200 F cm-3 

* Cells with composite electrodes store 8 times more energy with a power 4 times 

higher 
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Abstract. 

We present a simple and effective alternative which optimizes electrodes based on 

low-cost carbons for high-performance supercapacitors. The combination with reduced 

graphene oxide (rGO) greatly improves the operation of microporous carbons easily 

produced by one-pot activation of grape seeds. The use of composite electrodes with 

rGO lowers the supercapacitor resistance and enables a much higher rate capability.  

The mixture of rGO flakes and particles of a highly porous carbon obtained by KOH 

activation allows retaining the high capacitance of 260 F g-1 of the standard electrodes 

at 1 mA cm-2  in aqueous H2SO4 whereas the value at 200 mA cm-2 is increased by 

around 2.4 times. Consequently, at high current density, the capacitor assembled with 

these composites stores eight times more energy and the power density is multiplied 

by four. 

The synergy between rGO and an ultramicroporous carbon produced by CO2-activation 

results extremely profitable, the cell assembled with composite electrodes reaching 

three times more energy and power at 200 mA cm-2 than the best performance of the 

standard counterpart. 

More importantly, the higher density of the composite electrodes leads to a capacitance 

of around 200 F cm-3 which translates into a remarkable improvement in the 

supercapacitor operation normalized to volume. 

 

KEYWORDS: biomass derived-carbon, reduced graphene oxide, electrode, 

supercapacitor, power  
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1. Introduction 

The ability of carbon based-supercapacitors to store and supply electrical energy very 

quickly has boosted their demand to cover the great energy needs worldwide[1,2]. The 

much lower energy density than batteries is usually reported as the main hindrance to 

effective implementation of supercapacitors (SCs) and, therefore, extensive research 

on novel carbons with premium performance is underway. Following different 

innovative routes, it has been possible to synthesize advanced carbons with a tailored 

nanoporosity formed by uniformly ordered micropores or by exclusively mesopores[2–

5], different hierarchical multifold pore structures[6–10], porous nanosheets[11–14], 

graphene based-nanoarchitectures[15–17], etc. which provide a superior SC operation. 

Actually, the real challenge to the supercapacitor market growth is the high price of 

these devices[4,18]. Considering that about 50% of the total cost of commercial SCs 

corresponds to the electrode and 60-70% of this amount accounts for the active 

material[19], the expensive advanced materials cannot be borne by the tight economic 

margins. In spite of their outstanding behavior, they will hardly find a niche in the 

market. In this context, the search for low-cost carbons with a competitive behavior has 

become a priority for the manufacturers. 

Recent investigations have suggested the possibility of enhancing the electrode 

competitiveness by embedding graphene or graphite into the porous network of 

relatively cheap carbons. The improvements rely on facilitating the electron 

transportation while retaining the porosity of the carbon matrix. With this target, 

activated carbon xerogels were prepared by using graphene oxide sheets as 

morphology-directing agents in the hydrothermal carbonization of glucose and 

subsequent activation with KOH[20]. Monolithic mesoporous carbons with a high 

concentration of dispersed graphite were successfully synthesized by consecutive ball 

milling of corn starch with 5-20% of graphite, microwave assisted gelation and, finally, 

carbonization[21]. An ionic liquid template approach was used to obtain 

graphene/carbon xerogel materials with enhanced performance[22]. Graphene-doped 
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carbon cryogels with three-dimensional architectures resulted from the assembly of 

graphene oxide and resorcinol-formaldehyde monomers. The electrochemical behavior 

was significantly improved after the reduction of graphene oxide by a final 

carbonization step[23]. Meng et al.[24] used an alkali-treated graphene oxide as a solid 

base catalyst to produce a monolithic graphene/carbon aerogels. The catalyst was in 

situ converted into graphene during the subsequent pyrolysis of the organic aerogel 

precursor. 

Most of the resulting doped-materials achieve high specific capacitance and excellent 

rate performance but the complexity of their synthesis and their low packing density still 

preclude their profitability if compared with the standard activated carbons used in the 

majority of commercial devices. 

In recent years, the use of biomass wastes as no costly precursor[2,25–29] of carbons 

has emerged as an interesting strategy which deals simultaneously with both the 

management and valorisation of huge amount of residues with environmental impact. 

There are a diversity of procedures[2,26,29] to generate waste-derived carbons with a 

large variety of structural features, but the cost-effectiveness still rests on the typical 

activation processes. 

The industrial production of activated carbons (ACs) is traditionally carried out by the 

so-called physical activation using steam or carbon dioxide as activating agents, 

although currently chemical activation of biomass is receiving great attention[25,26]. 

Whereas physical activation renders microporous ACs with surface areas (SBET) of 

approximately 1000-1500 m2 g-1, the use of H3PO4, ZnCl2 and, especially, alkaline 

hydroxides allows reaching values up to 3500 m2 g-1 and wider pore size distributions. 

With the never ending demand for higher energy density, the present interest of 

chemical activation relies on its ability to generate carbons with higher specific 

capacitance[2,25,26] and, consequently, enhanced energy storage. 

However, when priority is given to increasing energy density by a greater development 

of porosity, difficulties to reach high powers usually appear. This is consistent with, 
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among other factors, more tortuous accesses for ions, lower electrical conductivity of a 

disordered carbon matrix with defective aromatic domains, surface functionalities, 

etc[28,30]. 

From a practical point of view, the increment of the conductive additive in the 

electrodes raises as the simplest alternative to enhance the power ability of the SC[30]. 

Comprehensive studies on a wide variety of carbons such as graphite nanoparticles, 

carbon nanotubes, carbon onions have illustrated that their mixture with activated 

carbons improves the power handling of the resulting electrodes but significantly lowers 

their specific capacitance[31,32]. Obviously, that decrease is more remarkable as the 

amount of additive increases. 

The present work highlights the enhanced performance of carbon/carbon SCs 

assembled with composite electrodes made of ACs from biomass residues and a 

reduced graphene oxide (rGO). The simple mixture of low-cost porous carbons with 

rGO leads to composite electrodes which greatly enhance the supercapacitor 

performance in terms of both the capacitance retention and volumetric operation. 

Contrary to what observed with other conducting additives, the use of a reduced 

graphene oxide also increases the limiting capacitance (at low current density) of the 

electrodes based on the activated carbons. 

It is reported that, due to an efficient synergy with reduced graphene oxide, 

ultramicroporous carbons, which are frequently questioned for high power applications, 

may result competitive in supercapacitors. 

The amount of rGO allows the composite electrodes to be adapted to supercapacitors 

different operating requirements. This widens the possibilities of electrodes based on 

porous carbons easily produced from a widely available and no-cost waste33. 
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2. Experimental 

2.1. Synthesis of the materials 

2.1.1. Activated carbons 

As part of the valorisation of the solid wastes generated from wine production, grape 

seeds were separated from the bagasse and extruded to obtain oil with a commercial 

value in food and cosmetic markets. The resulting residue (previously dried and ground 

< 1 mm) was subjected to one-step heat treatment by using KOH or CO2 as activating 

reagents. The chemical activation involved the heating of a mixture of the oil-free seeds 

and KOH (1:2, weight ratio) up to 1073 K under N2, remaining at this temperature for 1 

hour. The process was completed with a washing step by HCl (10 %) and boiling 

distilled water. Physical activation was carried out by heating the biomass waste under 

CO2 stream up to 1073 K with a soaking time of 30 min[33]. 

The carbons obtained by chemical activation (KOH) and physical (CO2) were denoted 

as K and C, respectively. 

2.1.2. Reduced graphene oxide 

The synthesis of reduced graphene oxide involved chemical oxidation of graphite, 

ultrasonic exfoliation and chemical reduction[34]. First, we adapted the procedure by 

Chen et al.[35] to oxidize a natural graphite powder of microcrystal grade with particle 

size of 2–15 μm (Alfa Aesar). Fully-oxidized graphite was then exfoliated into mostly 

monolayer flakes of graphene oxide (GO) using sonication approach. Finally, exfoliated 

GO flakes underwent reduction by hydrazine[36]. Details on the procedure[34,37] are 

reported in the Supplementary Information.  

 

2.2. Characterization 

The structural, textural and chemical characteristics of the activated carbons have been 

previously reported in detail[33]. 

For the reduced graphene oxide, X-ray Photoelectron Spectroscopy (XPS) and Raman 

spectroscopy were used to evaluate the efficiency of oxidation and reduction 
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processes, whereas Atomic Force Microscopy (AFM) was applied to estimate the 

effectiveness of exfoliation, i.e. degree of exfoliation and morphological properties of 

individual graphene oxide flakes.  

XPS measurements were performed using a high-performance spectrometer (Thermo 

Fisher) with monochromatized Al Kα radiation (1486.6 eV). C 1s peaks were fitted by a 

combination of Gaussian and Lorentzian line shapes. 

Raman and AFM characterizations were carried out by Raman integrated AFM system 

(alpha300 RA, Witec) using He-Ne laser (632.8 nm). Prior AFM measurement, the 

sample was prepared from diluted solution of the exfoliated graphene oxide flakes by 

spraying onto silicon substrate. 

The electrochemical measurements were performed in symmetrical Swagelok-type 

cells by assembling two carbon electrodes with similar features. They were electrically 

isolated by a glassy fibrous separator (Wathman 934-AH). 

Two types of electrodes were tested: 

i) Standard electrodes: a typical mixture of 90 wt% of activated carbon either K or C, 5 

wt% of PTFE as binder and 5 wt% of carbon black (Super P, Timcal) was rolled and 

punched into the electrodes EK and EC, respectively. 

ii) Composite electrodes: the same procedure was also applied on a mixture of 75 wt% 

of activated carbon K or C, 20 wt% of reduced graphene oxide and 5 wt% of PTFE, 

thus obtaining, respectively, EK-rGO and EC-rGO. 

In order to mimic the features of those used in commercial devices, the mass loading 

was 8-16 mg cm-2 and the thickness ranged between 200-100 µm. All electrodes were 

dried in an oven at 373 K for 24 h prior to electrochemical testing in H2SO4. The cells 

were subjected to cyclic voltammetry runs (1-50 mV s-1) and galvanostactic charge-

discharge cycling (1-200 mA cm-2) between 0 and 1 V in a Autolab-Ecochimie PGSTAT 

30 potentiostat. 

The specific gravimetric capacitance (F g-1) of an electrode was determined from the 

slope of the discharge voltage profile (dV/dt) by using the equation Ce = 2I / (dV/dt) me 
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where I is the current intensity and me is the electrode mass. 

The specific energy, E (Wh kg-1), and the specific power, P (W k-1g), based on the total 

mass of two electrodes in the SC, were respectively calculated from 

E = CSC ΔVd 
2 / 2 

P = E / Δtd 

where CSC is the specific capacitance of the total cell, ΔVd is the operation voltage in 

the discharge step (Vmax - IRdrop) and Δtd is the discharge time. 

The dependence of capacitance with frequency and the Nyquist plots were recorded to 

evaluate the performance under alternating current. Electrochemical impedance 

spectroscopy (EIS) measurements were accomplished by using a sinusoidal signal of ± 

15 mV from 10-3 Hz to 60 kHz in the PGSTAT 30 equipped with a FRA32 M module. 

The specific gravimetric capacitance of the SC was calculated by 

C = -Z” / 2πf [(-Z”)2+(Z´)2] m2e 

where f is the operating frequency, -Z” and Z´ are the imaginary and real parts of the 

total device resistance and m2e is the mass of the two electrodes. 

It was normalized to the specific gravimetric capacitance at 10-3 Hz. 

Cell capacitance on a volumetric basis was determined by 

CSC-v = ρelectrode CSC 

The morphology of the electrodes was assessed by Scanning Electron Microscopy 

(Jeol JAMP 9510F, Schottky cathode). 

Following the same protocols used for the carbons in the powdered form, the porosity 

of the electrodes was evaluated by the combination of CO2 (273 K) and N2 (77 K) 

physisorption (Micromeritics TriStar 3000 and Micromeritics ASAP 2010, 

respectively)[33]. Given the shortcomings of the BET equation for the characterization 

of microporous materials[38,39], the specific surface area (SN2) was determined from 

the micropore volume (Wo-N2) and the average micropore size (Lo-N2) obtained by 

applying the Dubinin-Radushkevich (DR) equation to the N2 isotherm. The resulting 

values were cross-checked by other independent approaches such as comparison plot 
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and Quenched Solid Density Functional Theory (QSDFT)[38]. A similar protocol on the 

CO2 isotherm provided the features of the narrow pores (Wo-CO2, Lo-CO2, SCO2) which 

were confirmed by the Non-Local Density Functional Theory (NLDFT). The pore size 

distributions (PSD) were obtained from the combination of NLDFT-PSD-CO2 and 

QSDFT-PSD-N2 [40]. Textural parameters of both the powdered carbons and the 

respective electrodes are compiled in Table 1. 

 

3. Results and discussion 

As previously reported[33], simple one-pot carbonization/activation of grape seeds 

leads to highly microporous carbons (Fig. S1) with a surface greatly functionalized by 

oxygenated groups (Table S1). The direct heating in CO2 does not modify significantly 

the cellular network of the precursor and the resulting carbon C is made of irregular 

particles (Fig. S2) with a relatively high internal surface area SCO2 of 868 m2 g-1 (Table 

1). The pore size distribution is extremely narrow and most values fall below 0.6 nm 

(Fig. 1). The lower surface area estimated by N2 adsorption (698 m2 g-1) confirms such 

a narrow porosity. 

In contrast, when the grape seeds are subjected to heating under N2 in the presence of 

KOH, there is a complete destruction of the initial structure and spongy particles (Fig. 

S2) with a very accessible microporous network (Fig. 1) are engendered. The 

chemically-activated carbon K displays a surface area as high as 1512 m2 g-1 which 

corresponds, approximately, to twice of its homologue obtained by physical activation 

(Table 1). 

It is worth noting the different result of the processing of C and K into standard 

electrodes with 5 wt% of carbon black and 5 wt% of PTFE. The physically-activated 

carbon compacts in a film of 1.8 g cm-3 and SCO2 of 830 m2 g-1 (Table 1). Fig. 1 reveals 

that the ultramicroporous structure of C is virtually preserved when it is integrated in the 

electrode EC although the drop of the surface available to N2 indicates further 

reduction in the network accessibility (Fig. S1). 
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Under the same processing methodology, the fluffy particles of the KOH-activated 

carbon display a low packing density of 0.4 g cm-3 while experience a significant loss in 

pore volume (Fig. S1). Nonetheless, the electrode EK still maintains a total surface 

area of 1100 m2 g-1 (Table 1) and a similar PSD than that of the powdered K (Fig. 1). 

Such a high surface area besides a significant density of carbonyl- and quinone-type 

surface functionalities (Table S1) endow EK with superior gravimetric capacitance of 

about 260 F g-1 at 1 mA cm-2 (Fig. 2a). This value (289 F g-1 on the basis of the K mass 

in the electrode) competes with data quoted in the literature and the simplicity of the 

material preparation offers advantages with respect to other biomass based-carbons or 

more sophisticated materials[1,2,5,25–29] . 

Fig. 3a illustrates the superior energy storage achieved by the supercapacitor 

assembled with EK as electrodes. It accumulates 8.2 Wh kg-1 whereas the capability of 

the device with comparable electrodes based on the physically-activated carbon is 

limited to 2.5 Wh kg-1. The latter is consequence of the moderate 102 F g-1 supplied by 

the electrode EC (Fig. 2a).  

Interestingly, despite the widespread claim that only large pore sizes can achieve high 

power[4–6,10,30], the energy delivered by the EK-supercapacitor drops with increasing 

current density (Fig. 3a). As shown in Fig. 2a, EK losses about 75% of its capacitance 

at 200 mA cm-2 whereas its ultramicroporous counterpart EC, with virtually no pores 

above 1 nm, is able of retaining 50% under the same operation conditions. 

The behavior of the supercapacitors under alternating current further confirms that the 

pores size is less critical than what is usually pointed out. The comparison of the 

frequencies at which capacitance decreases to 50% of its maximum value (f0.5), clearly 

illustrates the slower response of the EK-supercapacitor in spite of the wider porosity of 

the electrodes (Fig. 2b).  Both the higher voltage drop in the galvanostatic curves (Fig. 

2c) and the displacement of the Nyquist plot on the X axis (Fig. 2d) indicate that the 

limiting operation factor is the poorer charge propagation. 
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The increment of the conductive carbon in the electrodes raises as the simplest 

alternative to improve performance. Indeed, the increase of Super-P content from 5 to 

20% results in a significant ESR decrease from 7.4 Ω to 4.0 Ω at 20 mA cm-2 (Fig. 3a), 

which translates to a better capacitance retention (70% higher at 200 mA cm-2) and 

enhanced power density of the cell (Fig. S3b and S3c). However, this option generally 

impacts detrimentally the energy storage capacity because of the low surface area of 

conducting agents typically used in SC[31,32]. In the present case, the partial 

replacement of the highly porous K (1512 m2 g-1) by a carbon black with only 62 m2 g-1 

reduces the specific surface of the electrode EK-20%CB by roughly 25%, compared to 

the standard EK (Fig. S4). As a consequence, the limiting capacitance and the energy 

density decrease by the same proportion to 200 F g-1 and 6 Wh kg-1, respectively (Fig. 

S3b and S3c). 

The comparative analysis carried out under the same experimental protocols shows 

the outstanding enhancement of the SC performance by the use of composite 

electrodes including 20% of reduced graphene oxide (Fig. 3). 

As summarized in Fig. 4, single- and few-layer graphene oxide flakes (Fig. 4a) with 

several hundred nm of lateral size (mostly below 1 µm) and around 1 nm of apparent 

thickness (typical for monolayer items)[41] were partially reduced by N2H4 to reach a 

total oxygen content of 13.9 wt%. The intensity increase in the D band (1350-1400 cm-

1) observed in the Raman spectrum of rGO (Fig. 4b) suggests that such a chemical 

reduction provokes a decrease in the size of the sp2 flakes. 

The narrowing of the peak at 284.7 eV in the C1s X-ray photoelectron spectrum (Fig. 

4c) after the reduction step is indicative of the development of a more homogeneous 

chemical environment and/or a restoration of aromatic network. The decrease in the C-

O-C peak at 286.6 eV (epoxy and etheric groups) with no significant change in that 

associated to O-C=O bonds (288.6 eV) reveal that N2H4 eliminates selectively epoxy 

and etheric functionalities but the carboxylic groups still remain. Moreover, the 
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decrease in the contribution at higher binding energy confirms that a large amount of 

oxygen-functional groups is removed by N2H4 treatment.  

After the reduction and subsequent drying, individual flakes of rGO agglomerate into a 

homogeneous fluffy structure (Fig. 4d) made of a micro-mesoporous network with a 

surface of 536 m2 g-1 (Figs. 4e and 4f). 

The linear slopes and good symmetry of the charge–discharge curves (Fig. 2) as well 

as the rectangular shape of the cyclic voltammograms (Fig. S5) reflect the formation of 

an efficient electrochemical double layer with good rate response in standard 

electrodes of rGO processed with 5% PTFE and 5% CB. Its competitiveness as main 

electrode material is quite limited, in terms of cost/performance, but 141 F g-1 at 1 mA 

cm-2 (157 F g-1 based on rGO amount in the electrode) with a retention of 74% at 200 

mA cm-2 reveals great potential for composite electrodes.  

The flakes of the present reduced graphene oxide turn out very compatible with the 

activated carbon particles (Fig. 5) and the experimental capacitance of the composite 

electrodes fits the value predicted for the physical mixture. This good combination 

allows EK-rGO to retain the high limiting capacitance of EK (Fig. 2a). The potential of 

rGO is even more promising in combination with the ultramicroporous carbon. Since 

rGO supplies 157 F g-1, twice as much as C (81 F g-1), the composite electrode EC-

rGO displays 36% more capacitance at 1 mA cm-2 than the standard EC.  

The synergy between both material types leads to an extraordinary enhancement in 

rate capability. The steeper current change at the switching potentials of rectangular 

shaped-voltammograms and the moderate capacitance reduction at high scan rates 

are a first indication of the remarkable benefits that the presence of rGO provides (Fig. 

S6).  

The galvanostatic charge/discharge voltage profiles (Fig. 2c) draws attention to about 

74% reduction in ESR when rGO is present. At 20 mA cm-2, the use of the composites 

EK-rGO and EC-rGO drops the ESR of the respective supercapacitors to 2.1 and 

0.95 Ω whereas the cells assembled with the corresponding standard counterparts 
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display 7.4 and 3.9 Ω, respectively. The more efficient electron transport improves the 

capacitance retention with the current density and the composite electrodes deliver 

around 2.1-2.4 times higher capacitance at 200 mA cm-2 than the standard ones.  

These encouraging results get further validation in studies performed under alternating 

current. Figs. 2b and 2d illustrate a major reduction in the resistance and a nearly ideal 

capacitive behavior with a marked vertical slope at the low-frequency region. The 

composite electrodes reach saturation (90%) at much higher frequency indicating that 

equilibrium ion adsorption is achieved much more quickly. The relaxation time constant 

(1/fo) which is reduced by four in the case of the ultramicroporous carbon and by seven 

for the material obtained by chemical activation also demonstrates the faster response 

of composite electrodes. 

Since discussions relating the performance enhancement to the presence of rGO might 

be biased by a change of porosity, the textural features of the composite electrodes 

were also evaluated. Contrary to what is observed with the addition of 20% of Super-P 

(Fig. S4) the porosity of EK-rGO and EC-rGO exhibits similar features than those of the 

standard electrodes (Figs. 1 and S1). 

The relevance of the Ragone plot (Fig. 3) lies in the comparison of the performance of 

the cells tested under the same experimental conditions more than in the absolute 

values of energy and power reached by lab-scale devices. At 200 mA cm-2, the 

capacitor assembled with the composite electrodes EK-rGO stores eight times more 

energy (Wh/kg) than that with the standard EK while the power density is multiplied by 

four. 

The combined use of rGO with the ultramicroporous carbon results extremely profitable 

because the energy storage is not only higher but also its supply is similar at virtually 

any current density. As a result, the cell with EC-rGO is able to reach 3387 Wh kg-1 - 

1.8 W kg-1 at 200 mA cm-2 as opposed to the best performance of the device with EC 

which is limited to 1040 Wh kg-1 - 0.6 W kg-1 achieved at 100 mA cm-2. 
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Exceptional performance claims for carbon electrodes used in SC often fails when 

electrochemical parameters are reported on a volumetric basis[42]. This is not the case 

of the present composite electrodes and the advantages of including rGO are even 

exceeded when energy-power density is referred to the volume (Fig. 3b) instead to the 

weight of the electrodes (Fig. 3a). 

Whereas the standard electrode EK exhibits a low density of 0.4 g cm-3, typical value 

for the packaging of highly porous materials[2,28], the inclusion of rGO makes a big 

difference and EK-rGO attains 0.7 g cm-3. This 70% increase in density translates to a 

spectacular improvement in the operation normalized to the electrodes volume. Thus, 

EK-rGO leads to an outstanding increase in the power delivery up to 3600 W l-1 

whereas the supercapacitor prepared with the standard EK is not capable to reach 500 

W l-1 (Figure 3b).  

The density increment derived from the presence of rGO in the electrodes is not so 

noticeable in the case of being combined with the ultramicroporous material C but the 

high value of 2.1 g cm-3 of EC-rGO is sufficient to double the volumetric energy - power 

at 200 mA cm-2 of the, in principle, much more promising EK-rGO.  This result is of 

prime relevance for the design of carbon electrodes since the ultramicroporous 

materials, which are frequently questioned for high power applications, may be 

competitive in combination with reduced graphene oxide. 

The amount of 20% of rGO in the composite electrode has been selected at the light of 

prior studies[31,43] but, as illustrated by Fig. S7, the typical amount of 5% is sufficient 

to improve substantially the SC operation. Therefore, there is the possibility to adjust 

the electrode composition in order to meet the best performance/cost depending on the 

specific needs of the final application 

 

Conclusions 
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The present work illustrates the outstanding enhancement of the SC performance by 

including reduced graphene oxide in electrodes based on biomass waste derived-

activated carbons.  

The use of composite electrodes with 20% of rGO reduces the ESR of the respective 

supercapacitors by around 72%, which provokes a much higher rate capability. The 

relaxation time constant is diminished by four in the case of composing with the 

ultramicroporous carbon obtained by CO2-activation and by seven if combined with the 

material with wider microporosity obtained by KOH-activation. 

The synergy between the reduced graphene oxide flakes and the KOH-activated 

carbon particles allows composite electrodes to reach 260 F g-1 at 1 mA cm-2 while the 

delivering at 200 mA cm-2 is increased by around 2.4 times compared to the standard 

ones. At high current density, the capacitor assembled with the composites EK-rGO 

stores eight times more energy and provides four times more power. 

The combination of rGO and the ultramicroporous carbon produced by CO2 activation 

results in the energy storage capability and power supply are increased by three at 

high current density. 

Moreover, the use of composite electrodes impacts very positively the operation in 

terms of volumetric parameters. In the case of the highly porous KOH-activated carbon, 

the combination with 20% of rGO provokes an increment in the electrodes density from 

0.4 g cm-3 to 0.7 g cm-3 which translates into a spectacular improvement in the 

operation normalized to volume. In spite of the lower gravimetric capacitance (99 F g-1) 

of the composite electrodes based on the ultramicroporous carbon, its superior density 

of 2.1 g cm-3 leads to overcoming the volumetric performance of all other cells. This 

indicates that materials with narrow pores, that are frequently questioned for high 

power applications, may be competitive in combination with reduced graphene oxide. 

The fact that the amount of rGO in the composite electrode allows regulating the 

improvement of the supercapacitor operation widens the possibilities of this approach. 
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Figure 1. Pore size distribution of the powdered activated carbons and the respective 

electrodes obtained from CO2 (solid line) and N2 (dot line) adsorption. 
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Figure 2. Effect of electrode composition on the rate capability: a) Specific 

capacitance of the electrodes as a function of current density, b) Frequency response 

measured as normalized capacitance of the supercapacitor, c) Charge-discharge 

cycling at 20 mA/cm2 and d) Nyquist plot. 
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Figure 3. Ragone-type plot of the supercapacitors with the different electrodes 

referred to: a) electrode weight and b) electrode volume. 
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Figure 4. Characteristics of graphene oxide and reduced graphene oxide: a) AFM 

image of graphene oxide flakes; b) Raman spectra; c) XPS pattern; d) SEM images of 

reduced graphene oxide; e) CO2 and N2 adsorption isotherms; and f) the PSD of 

reduced graphene oxide. 
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Figure 5. SEM image of the cross-section of a composite electrode made of 75% 

activated carbon K and 20% reduced graphene oxide. 
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Table 1. Porosity features of the activated carbons derived from winery wastes and the 

corresponding standard and composite electrodes. 

 

  

Sample 
N2 adsorption  CO2 adsorption 

Vpores Wo-N2 Lo-N2 SN2 SBET  Wo-CO2 Lo-CO2 SCO2 

K 0.83 0.82 1.16 1414 2053  0.65 0.86 1512 

EK 0.51 0.47 1.04 904 1195  0.58 1.02 1137 

EK-rGO 0.60 0.52 1.18 881 1325  0.39 0.77 1013 

C 0.22 0.22 0.63 698 535  0.23 0.53 868 

EC 0.22 0.13 0.83 313 311  0.22 0.56 786 

EC-rGO 0.17 0.10 0.91 220 244  0.18 0.51 706 
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CAPTIONS TO FIGURES 

 

Figure 1. Pore size distribution of the powdered activated carbons and the respective 

electrodes obtained from CO2 (solid line) and N2 (dot line) adsorption 

Figure 2. Effect of electrode composition on the rate capability: a) Specific capacitance 

of the electrodes as a function of current density, b) Frequency response measured as 

normalized capacitance of the supercapacitor,  c) Charge-discharge cycling at 20 mA 

cm-2 and d) Nyquist plot 

Figure 3. Ragone-type plot of the supercapacitors with the different electrodes referred 

to: a) electrode weight and b) electrode volume 

Figure 4. Characteristics of graphene oxide and reduced graphene oxide: a) AFM 

image of graphene oxide flakes; b) Raman spectra; c) XPS pattern; d) SEM images of 

reduced graphene oxide; e) CO2 and N2 adsorption isotherms; and f) the PSD of 

reduced graphene oxide. 

Figure 5. SEM image of the cross-section of a composite electrode made of 75% 

activated carbon K and 20% reduced graphene oxide. 

 

 

 


