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Abstract. 

With the awareness of the need for low-cost carbons for supercapacitors, the recycling 

of biomass wastes as precursors of activated carbons is focusing great interest. The 

comparison of a diversity of carbons derived from residues of industrial processing of 

grapes, apples and cherries reveals the utility of physical activation to achieve better 

volumetric performance in aqueous supercapacitors. Whereas the high porosity 

development of the materials obtained by KOH activation (mostly around 1500-2000 

m2g-1) provides a superior gravimetric capacitance up to nearly 300 Fg-1 in 2 M H2SO4, 

the low density of the electrodes reduces the volumetric capacitance to 60-130 Fcm-3.  

Porous carbons produced by steam or CO2 reaches higher efficiency for compact 

devices. The physically activated materials display an ultramicroporous structure with 

standard surface areas of around 900 m2 g-1 and, therefore, their gravimetric capacitance 

is limited to 100-150 Fg-1. However, harnessing the balance of porosity, density and good 

packaging, the corresponding electrodes reach 80-170 F cm-3, without sacrificing power 

delivery by the supercapacitor.  Higher carbon yield and lower environmental impact 

represent additional advantages of the physical activation to produce biomass wastes 

derived-carbons.  
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1. Introduction 

The development of electric vehicles, a great implementation of advanced electronic 

devices and the growing energy generated from renewable sources are urging for faster 

and more efficient energy storage systems. Along the last two decades, supercapacitors 

are attracting much attention because of their rapid charge propagation, pulse power 

supply, simple operation and long cycle life [1,2]. 

Among others, the supercapacitor operation is determined by the electrode material [2–

4]. On the one hand, diverse metal oxides, conducting polymers and hybrid electroactive 

materials, which store charges by reversible faradic redox reactions, are used in 

pseudocapacitors [5–7]. On the other hand, a large variety of carbon materials are used 

for electrochemical double-layer capacitors [8,9]. They perform basically through the 

double layer formed by electrostatic charge accumulation at the electrode/electrolyte 

interface. The energy and power density of the resulting energy storage devices depend 

strongly on the surface area of the electrodes but the electrolyte also plays a key role 

related to the operation voltage and the ions concentration [10]. 

It is thought that abundant renewable feedstocks and simple manufacturing processes 

would ensure large-scale production of carbon electrodes with the best economic 

prospects for supercapacitors [11–13]. The reduction in their cost will boost the utilization 

of these electrical energy storage systems and it also will open up new market 

opportunities in the near future. 

The current search within a circular economy is devoting much efforts to biomass wastes 

from industry as reliable and easily exploitable resources for the production of 

sustainable porous carbons [14]. A number of different end-products with a variety of 

physico-chemical features are achieved by selecting the precursor and the production 

procedure. The synthesis of porous carbons from biomass is usually accomplished by 

the so-called physical and chemical activations. It usually involves a prior conversion of 

the raw biomass into biochar and subsequent heat treatment either under steam, CO2, 

air, etc. (physical activation) or with reagents such as KOH, NaOH, H3PO4, ZnCl2, etc. 
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under inert atmosphere (chemical activation). Direct treatment of the feedstock by a 

single step including simultaneous carbonization and activation also results successful 

[12,14,15].  

Numerous studies have shown the promising supercapacitor performance of activated 

carbons derived from lignocellulosic precursors such as shells and pits of fruits, wood, 

coffee wastes, winery residues, fungi, algae, rice husk, sugarcane, etc. [11,12,15]. The 

investigations are mostly focused on carbons with large surface areas and wide pores 

produced by chemical activation involving KOH as reagent. Although the electrochemical 

tests are performed under different conditions and, therefore, the comparison is not easy, 

their gravimetric capacitance generally ranges between 200 and 300 Fg-1 in aqueous 

electrolytes. By contrast, physical activation usually provokes much lower porosity 

development and the capacitance is limited to around 100-150 Fg-1. These values point 

to chemical activation as more convenient for the production of biomass derived-carbons 

to be applied as supercapacitor electrodes. However, a judicious analysis is required 

before its effective implementation. 

Our systematic assessment of a variety of carbons derived from solid residues generated 

in the production of wine, apple juice/cider and cherry Kirsh/jam stresses that activation 

by steam or CO2 results to be a much more effective strategy to get compact devices. 

The good balance of porosity and density displayed by physically activated carbons and 

their good packaging in electrodes allows enhancing the volumetric performance. As far 

as low-cost systems for space-constrained applications are urgently required [16], such 

higher dense-packed electrodes based on cheap and sustainable carbons from biomass 

wastes represent a significant advance in the rational design of aqueous 

supercapacitors.  
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2. Experimental 

Porous carbons from winery residues and apple bagasse were successfully prepared by 

simple one-step activation with CO2 or KOH, following the procedure detailed previously 

[15]. Most materials were synthesised at 800ºC although, in some cases, temperatures 

of 900 and 927ºC were also used. The study also includes carbons obtained by 2-step 

activation of apple bagasse with steam [17] and cherry stones with KOH [18] (Table S1). 

The textural features of the different carbons were systematically assessed by a 

combination of complementary techniques based on N2 (77 K) and CO2 (273 K) 

adsorption and immersion calorimetry [15,17–20]. 

A two-electrode cell configuration was used to test the supercapacitor performance with 

2 M aqueous H2SO4 as electrolyte.  Typically, 90% of the powdered activated carbon, 5 

wt.% of PTFE as binder and 5 wt.% of carbon black Super P as conducting agent were 

mixed and rolled into uniform sheets. They were punched into items of 0.8 cm in 

diameter. The electrodes are 10-18 mg cm-2 in mass loading and 100-300 μm in 

thickness, similar to the commercial items. For a more consistent study, electrodes 

processed differently were also included. Thus, with the exception of AH2, the electrodes 

made of the materials summarized in Table S2 were obtained by pressing a mixture of 

75:20:5 (percentage weight) of Carbon:PVDF:Super P [17,18].  

Galvanostatic charge/discharge cycling was conducted between 0 and 1 V at increasing 

intensity densities from 1 to 200 mA cm-2. Following standard protocol, the gravimetric 

capacitance of the carbons was determined by means of the equation Cg (F/g) = 1/(dV/dt) 

mc where dV/dt is the slope of the discharge curve and mc is the mass of activated carbon 

in one electrode [21]. The volumetric capacitance of the materials was estimated from 

Cv (F cm-3) = ρm*Cg (F g-1), where ρm (g cm-3) is the bulk density of the carbon particles. 

Finally, the volumetric capacitance of the electrode, Cv-e, was calculated from the 

gravimetric capacitance of the electrode (Cg-e = 1/(dV/dt) me) and the density ρe based 

on the mass (me) and geometrical dimensions of the electrode. 
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The Ragone plot was traced by calculating the specific energy (Wh/kg) and power (W/kg) 

by using the formula: E (Wh/kg) = ½ Ccell ΔVd
2 and P (W/kg) = E / Δtd, where Ccell is the 

specific capacitance of the supercapacitor based on the total mass of the two electrodes, 

ΔVd is the operating voltage (Vmax - IRdrop) and Δtd is the discharge time. 

 

3. Results and discussion 

Both physical and chemical activations of the present biomass wastes produce carbons 

with a highly developed porous network made almost exclusively of micropores 

[15,17,18]. Attending to their features, the materials group into two distinct sets. The 

treatment by steam or carbon dioxide yields activated carbons with specific surface areas 

of around 900 m2 g-1 (Table 1) and total pore volume determined by N2 adsorption (p/po 

~ 0.98-0.99) up to 0.6 cm3 g-1 (Fig. 1a). 

 

 

Fig. 1. Pore volume and pore size distribution for activated carbons produced by physical 

and chemical activation 
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The size distributions reveal pores mostly smaller than 0.8-0.9 nm, the predominant 

contribution being from ultramicropores below 0.6 nm [15,17] (Fig. 1b). On the other 

hand, KOH activation generates much greater porosity which, additionally, covers the 

entire range of sizes below 2 nm (Fig. 1c). The majority of the resulting materials displays 

pore volumes that multiply by 2-4 the values obtained by physical activation (Fig. 1a) and 

specific surface areas as high as 1500-2000 m2 g-1 (SBET up to 3500 m2 g-1) are achieved 

[15,18] (Table 1). 

 

Table 1. Specific surface area of activated carbons derived from diverse biomass wastes 

by physical and chemical activation [15] 

 

Biomass Waste 

Activation by CO2  Activation by KOH 

Carbon 
S 

(m2 g-1) 

 
Carbon 

S 
(m2 g-1) 

Grape seeds 

SAC 819  SAK 1512 

SHAC 950  SHAK 1791 

SA900C 825  SA900K 1351 

SHA900C 965  SHA900K 1117 

SA927C 994  - - 

SHA927C 956  - - 

Grape bagasse 
BAC 979  BAK 1335 

BHAC 906  BHAK 1545 

Grape stalks 
- -  RAK 1682 

- -  RHAK 1731 

Apple bagasse 
 

A1C 1070  A1K 2023 

A1HC 967  A1HK 1898 

 

As illustrated by some examples in Fig. S1, the biomass derived-carbons display quick 

charge-discharge capability and their different porous structure is reflected in the values 

of gravimetric capacitance of the respective materials. Thus, the carbons obtained by 

physical activation reach 70-152 F g-1 at 1 mA cm-2 whereas most of those synthetized 

by KOH largely exceed 200 F g-1 (Fig. 2). 
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Fig. 2. Gravimetric capacitance of different biomass derived-carbons and volumetric 

capacitance of the respective electrodes 

 

The comparison of the energy density-power delivery of lab-scale cells referred to the 

mass of the electrodes (Fig. 3a) indicates that alkali activation is much more convenient 

for the production of biomass derived-carbons for supercapacitors. Nevertheless, one 

should be aware that the total weight of the device will be penalized for the greater 

amount of electrolyte required to fill the larger porosity of the KOH-activated carbons. 

As a first approximation, the electrolyte weight estimated by using the pore volume of 

the electrodes and the density of 2 M aqueous solution of H2SO4 at 20ºC (1.12 g cm-3) 

allows evaluating the cell performance based on the weight of electrodes and electrolyte. 

Following the approach reported by Zheng et al. [10], Fig. 3b reveals that the differences 

between both synthesis methods are notably reduced. 
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Fig. 3.  Energy density-power delivery of lab-scale cells with electrodes made of biomass 

waste-derived carbons: a) referred to electrodes weight and b) referred to the weight of 

electrodes and electrolyte [10]. 

 

The promising potential of the materials has to be confirmed by the evaluation of their 

volumetric capacitance. This parameter is frequently assessed by Cv (F cm-3) = ρm*Cg (F 

g-1), where ρm (g cm-3) is the bulk density of the carbon particles. For convenience, ρm is 

usually estimated by [22–29] 

 

[Eq. 1] 

 

where Vpores is the total pore volume derived from the amount of N2 adsorbed at 77 K by 

the materials at relative pressure p/po ~ 0.98-0.99 and ρcarbon is the true density. The latter 

is usually taken as ~ 2 g cm-3 for sp2 carbons. The occasional comparison of the values 

of ρm, estimated by using this approximate data and the true density determined by He 

picnometry, reported little difference (Table S3). 

carbon

pores

m

V



1

1







9 
 

Fig. 4 illustrates that most of the physically-activated carbons of the present study display 

bulk particle densities close to or greater than 1 g cm-3, which leads to excellent 

volumetric capacitances from 104 to 210 F cm-3 (Table S4). 

 

Fig. 4. Comparison of the particle density of different activated carbons and the density 

of the corresponding electrodes 

 

Although the higher porosity of the chemically activated carbons provides a superior 

gravimetric capacitance up to nearly 300 F g-1 (Fig. 2), it also reduces the density of the 

particles to 0.61-0.87 g cm-3 (Fig. 4) and, consequently, the volumetric capacitance of 

the materials is negatively affected. Table S4 illustrates that Cv of the KOH-carbons 

reaches 115-231 F cm-3, values that slightly surpass those obtained by physical 

activation. 

Going one step further, it should be taken into account that the processing of electrodes 

requires the aggregation of the activated carbons with binder and conducting material 

and it has been previously reported that the initial porosity of the powdered carbons is 

hardly preserved [20]. As illustrated by Fig. 5, the usual reduction observed in pore 
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volume is typically more remarkable in the activated carbons obtained with KOH. Along 

with the porosity, the density of the electrode is a complex function of other physico-

chemical characteristics of the carbon acting as active material and of the interaction 

with the additives (i.e. binder and conducting material) [30,31]. In addition, the distinct 

morphology of the particles obtained by the different activation processes (Fig. 5) 

definitely has an impact on the way they are packed in the electrode. 

 

Fig. 5. SEM pictures of carbons A1C and A1K and N2 adsorption isotherms of the 

materials in powdered form and the corresponding electrodes 

 

Besides the larger porosity, the poor packing offered by KOH-activated carbons leads to 

electrode densities of 0.35-0.60 g cm-3 (Fig. 4). This makes a difference with the 

physically-activated carbons. Their moderate porosity based on narrow pores and 

effective compacting generate electrodes with a well-developed porosity, which is at the 

same time, compatible with a density as high as 0.7-1.24 g cm-3. 

As illustrated by Fig. 4, the density of the electrodes ρe is generally much lower than the 

bulk density of the powdered material ρm. It follows that the most widely used calculation 

criterion, based on the material density, frequently overestimates the operational 

volumetric capacitance. In fact, the supercapacitor performance should be referred to 
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the weight and volume of the whole supercapacitor (electrodes, separator, electrolyte, 

current collectors, connectors and packing) [32] but, since the electrodes occupy about 

20-30% of the total volume, the volumetric capacitance of the electrode (Cv-e) can be 

used as a reliable indicator of the true potential of carbons in supercapacitors.  

The fact that the materials shown in Figure 2 largely exceed the 60 F cm-3 demanded for 

practical applications [33], as well as the values Cv-e reached by typical activated carbons 

and other more advanced carbons [34], is a clear indication that the recycling of biomass 

residues for supercapacitors is an alternative that deserves to be considered seriously.  

A detailed analysis of Fig. 2 reveals that, in spite of their moderate gravimetric 

capacitance, the materials obtained by physical activation result more competitive for 

actual applications. They give rise to electrodes with volumetric capacitance of 82-174 

Fcm-3 whereas those of the outstanding KOH-activated carbons do not exceed 133 F 

cm-3. Direct comparison of carbons by pairs confirms the attractiveness of physical 

activation. For instance, carbon BAC presents a gravimetric capacitance Cg of 156 Fg-1, 

40% less than that of its counterpart BAK (262 F g-1), but its electrodes reach 30% higher 

volumetric capacitance (174 F cm-3 against 133 F cm-3). Respectively, the much denser 

electrodes made of A1C achieve a volumetric capacitance similar to that assembled with 

A1K, although the former has 50% less Cg. 

Fig. 6 bears out the higher efficiency of the physically activated carbons for optimizing 

the supercapacitor size. The superior ability to store energy observed for KOH-carbons 

in Fig. 3 is reversed when volumetric parameters are taken into account. As depicted in 

Fig. 6, the devices with ultramicroporous carbons obtained from treatment of apple and 

winery residues with CO2 or steam display definitely much better volumetric performance 

and without detrimental impact of the narrow pores on the power output. 
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Fig. 6.  Comparison of the performance of lab-scale cells based on the volume of 

electrodes made of biomass waste-derived carbons. 

 

From a practical point of view, it should not be overlooked that the electrodes preparation 

results much more difficult with low density materials. The processing of KOH-activated 

carbons into thick electrodes will require a higher amount of binder, which will impact 

negatively both the energy and the power of the final device. 

Finally, considerations based on the sustainability and production costs further enhance 

the competitiveness of the simple treatment of biomass wastes by steam or carbon 

dioxide. On the one hand, the KOH activation yields less than 15% of porous carbon with 

respect to the initial mass of the present feedstock whereas the physical treatment 

supplies 25-35%. On the other hand, the need for special equipment that does not 

degrade under the corrosive alkali treatment and the requirement of an exhaustive 

washing of the final product with acid increase notably the production costs [35]. 
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4. Conclusions 

From the industrial perspective, physical activation appears as more profitable process 

for recycling biomass wastes into porous carbons for aqueous supercapacitors. 

The superior gravimetric performance achieved by KOH-activated carbons with 1500-

2000 m2 g-1 of surface area and nearly 300 F g-1 is clearly surpassed by materials with 

around 900 m2 g-1 and 150 F g-1 produced with CO2 or steam, when volumetric metrics 

are considered. A well-balanced porosity and density and good packaging in electrodes 

of the latter give rise to volumetric capacitance ranging from 82 to 174 F cm-3 whereas 

that for chemically activated materials is limited to 66-133 F cm-3. Moreover, in spite of 

the narrower porosity of the physically-activated carbons, the resulting supercapacitors 

do not sacrifice power delivery. 

As far as physical activation is much more feasible at industrial scale than the process 

using corrosive alkalis, these results provide new perspectives for low-cost carbons for 

portable and compact energy storage systems. 

This study also highlights that the rational design of efficient carbons for supercapacitors 

must be focused on the volumetric capacitance of the electrodes rather than in the 

gravimetric or volumetric parameters of the materials. In addition, the contributions from 

the electrolyte should not be overlooked.  
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