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Chapter

Biomass-Based Carbon Electrodes
in the Design of Supercapacitors:
An Electrochemical Point of View
Antony Bazan-Aguilar, Elvis O. López,

Miguel Ponce-Vargas and Angélica M. Baena-Moncada

Abstract

The urgent demand of sustainable long-lasting batteries has fostered the
improvement of extended-use technologies e.g., Li-ion batteries, as well as the
development of alternative energy storage strategies like supercapacitors. In this
context, new carbon-based materials were developed to attain higher electrochem-
ical performances, even though several of these materials are not obtained by eco-
friendly methods and/or in a considerable amount for practical purposes. However,
up-to-date reports stand out the scopes achieved by biomass-based carbon materials
as energy storage electrodes combining outstanding physicochemical and electro-
chemical properties with low-pollutant and low-cost production. On this basis, this
chapter will expose several aspects of the synthesis of carbon-based electrodes from
biomass, focusing on the influence of their surface properties: porosity, crystallin-
ity, and morphology on their electrochemical performance in supercapacitors.

Keywords: Biomass-based carbon electrodes, Energy storage device, Surface
properties, Electrochemical performance, Supercapacitors

1. Introduction

Nowadays, the search for new eco-friendly energy systems is a priority to mitigate
the global impact associated with fossil fuel energy consumption [1–4]. At the same
time, novel electronic devices need to be developed to produce more efficient energy
storage systems with higher capacity and longer average lifetimes [5]. In this regard,
electrical double layer capacitors (EDLC), pseudocapacitors [6] and flexible solid-state
supercapacitors (FSSC) [7, 8], are able to cover the above-mentioned demands. Par-
ticularly, carbon-based capacitors exhibit significant advantages, such as high-power
density, low weight and flexibility, in contrast to conventional graphite-based systems
[9]. To achieve a better capacitance, electrodes based in porous carbon materials can
be employed, given their interesting morphological features, like high specific surface
area (SBET), defined-porosity, and hierarchical arrangement [10]. Recently, the use of
biomass as precursor material has allowed the design of carbon-based energy storage
systems with outstanding electrochemical and mechanical properties [11, 12].

The energy storagemechanism in these materials consists in the accumulation of
electrostatic charges on their surface (Figure 1), [13] implying that, density of stored
charges depends on thematerial morphology (roughness and pores), and the size of the
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involved electrolyte ions [14]. Figure 1 shows the interplay between electrode porosity
and ion-electrolyte size for the electrostatic charge accumulation, in terms of pore
accessibility. In this way, activated carbonsmainly exhibit three pore sizes [15]: micro
(< 2 nm),meso (2–50 nm) andmacro (> 50 nm), being themicropores andmesopores
the ones thatmost contribute to the increase of the capacitance [16]. Nevertheless, even
though carbon-basedmaterials have high surface areas (1000–2000m2 g�1), they still
have low specific capacitances due to their limitedmesoporosity [14].

The carbons from biomass can be obtained from various natural sources, such as:
garlic skin, bamboo, rice husk, eucalyptus-bark, lignin, cellulose, orange peel, etc.
[6, 17–22], making biomass a sustainable source, also available in large quantities
from industrial waste [18]. Furthermore, the carbons obtained from biomass pre-
sent a diversified class of fibrous and porous structures [22], with capacitances
ranging from 100 to 430 F g�1 [16, 23]. However, these values vary according to the
carbon activation method, which is strongly related to the resulting electrode pore-
size. Such processes of carbon activation from biomass can be divided into two
categories: i) physical activation and ii) chemical activation.

1.1 Physical activation processes

In this process the biomass undergoes a pyrolysis treatment at temperatures between
600 and 900°C in inert atmosphere. Then, thematerial is commonly exposed to an
oxidizing atmosphere of CO2, carried out at temperatures between 600 and 1200°C. Yu
et al. used this method to obtain activated carbon from cattail biomass [24], resulting in
an activated carbonwith a surface area of 441m2 g�1 and a specific capacitance of
126 F g�1 (current density of 0.5 A g�1 in KOH 6mol L�1 electrolyte) [18].

1.2 Chemical activation processes

In this process, the carbon precursor (biomass) is treated (soaked) with
chemical activators, such as: KOH, NaOH, H3PO4, ZnCl2, H2SO4, among others.

Figure 1.
Schematic representation of a loaded EDLC supercapacitor and pore accessibility (inset) with respect to the
electrolyte. Figure adapted from [13, 14].
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Subsequently, the biomass is carbonized at temperatures between 400 and 900°C
[25]. During this activation, redox processes and substitution of large particles take
place, leading to the desired high porosity. In addition, physical activation occurs
due to the interaction of the reaction products such as: H2, H2O, CO and CO2.
Remarkably, these molecules also contribute to the pore formation.

Using KOH as a chemical activator, K0 (metallic) is produced which occupies
interstitial positions in the carbon structure, inducing expansion in the material as
well as producing a high microporosity. A proposed mechanism of the activation
process using KOH is shown in the following redox reactions [26]:

6KOHþ 2C ! 2Kþ 3H2 þ 2K2CO3 (1)

2K2CO3 ! 2K2Oþ 2CO2 (2)

K2CO3 þ 2C ! 2Kþ 3CO (3)

CO2 þ C ! 2CO (4)

Cþ K2O ! 2Kþ CO (5)

Diverse works have used the chemical activation process from KOH, Barzegar
et al. was one of them and produced mesoporous carbon from coconut shell,
obtaining a specific surface area of 1416 m2 g�1 and a specific capacity of 186 F g�1

[27]. Zhang et al. used bamboo to obtain mesoporous carbon from KOH as an
activator. Zhang obtained a high specific surface area of 2221 m2 g�1 and a
specific capacitance of 293 F g�1 at 0.5 A g�1 in KOH 3.0 mol L�1 [18]. Yin et al.
produced activated carbon from coconut fibers with KOH as a chemical activator.
This product exhibits a surface area of 2898 m2 g�1 (pore volume of 1.59 cm3 g�1,
i.e. 30% of mesoporosity) and specific capacitance of 266 F g�1 at 0.1 A g�1 in KOH
6.0 mol L�1 [28]. Another biomass used to produce activated carbon is the garlic
skin activated with KOH, this material presents a surface area of 2818 m2 g�1,
exhibiting excellent electrochemical performance and cycle stability at a current den-
sity of 0.5 A g�1 (specific capacitance of 427 F g�1 or 162 F cm�3) and a retention
capacitance of 94% [17].

Remarkably, the use of H3PO4 as activator leads to a lower surface area in
comparison to those obtained using KOH or ZnCl2. It implies a controlled porosity
in the mesopore range. The addition of H3PO4 activator also enables to obtain
surfaces composed of different functional groups such as quinones and phosphide
groups -C-O-P-, which subsequently decompose into CO at ̴ 860°C. In addition,
with this activation type, large capacitance values can be obtained, all due to the
nature of the phosphorus functional groups in the carbon structure [23].

Another source of biomass as coconut was also activated using NaOH. In this
case, Sesuk et al. showed that the carbon material presented a surface area of 2056
m2 g�1 and specific capacitance of 192 F g�1 at 1.0 A g�1 [29].

Orange peels in copper carbonate (CuCO3) were also used to produce activated
carbon. These materials present a surface area of 912 m2 g�1 and specific capaci-
tance of 375 F g�1 (current density of 1.0 A g�1) [22].

Among the great variety of surface functional groups able to be incorporated on
the material surface we can mention: OH�, COOH�, CO, as well as adsorbed
molecules [25]. These functional groups increase their electron affinity in the aque-
ous medium, inducing electrochemical reactions [26, 30], which shows that their
specific capacitance could be improved by addition of a pseudocapacitive compo-
nent due to reversible faradaic redox involved in this type of molecules. In Figure 2,
the optimized structures of 2,7-dimehtyl-9,10-phenanthrenequinone and its
reduced form, adsorbed on a graphene surface obtained by density functional
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theory (DFT) calculations at the M06-2X/6-311G(d,p) level of theory, are
presented.

2. Reduced graphene oxide modified carbon Fibers

In the search for a low-cost electrode, with large surface area and optimal charge
retention capacity, it has been found that carbon fiber or cotton exhibits adequate
surface area properties and mechanical and electrochemical stability, in comparison
with other porous carbon-based electrodes [31]. Certainly, different authors have
reported that the micro and macro-porosity are formed during the lignite carboni-
zation on cotton, but the tubular structure of the cellulose fibers is not altered in the
pyrolysis process [32]. In this way, carbon cotton electrodes present a large surface
area related to its micro and macro-porosity [31]. Another advantage linked to the
production of these electrodes is the low cost and ease synthesis, e.g. Sheng-Heng
et al. have reported commercial cotton carbonization at 900°C under Ar atmo-
sphere for 6 h, with area of 805 m2 g�1 and average micropore size of 1 nm [33]. On
the other hand, H. Wang et al. have obtained activated cotton carbons from cotton
pieces treated with solution of KOH-H2O or KOH-urea-H2O at 700°C for 2 h under
N2 atmosphere. These activated cotton carbons show 1286 m2 g�1 of surface area
and high electrochemical stability after several charge–discharge cycles as cathode
in Li-S batteries [31].

In previous studies, the influence of reduced graphene oxide (r-GO) on carbon
cloths and its capacity to charge store and stability have been studied. The carbon-
ization of cotton fibers impregnated with graphene oxide at 1000°C for 2 h shows a
reversible charge–discharge behavior of 160 mA h g�1 after 100 cycles [34]. In
contrast, the design of carbon fiber material doped with nitrogen reports an out-
standing stability after 200 charge–discharge cycles at 1 A h g�1 [34–36]. To a better
understanding of modified carbon cotton cloths with r-GO on electrochemical
performance, carbon cotton cloths were synthetized with r-GO 3 mg mL�1, and the
effect of inert atmosphere was evaluated. To achieve this, commercial cotton fibers
were impregnated with graphene oxide (GO) during 0, 15, 30 and 45 min, after
dried at 60°C the samples were pyrolyzed at 800°C (3°C min�1) for 30 min under

Figure 2.
Optimized structures of 2,7-dimehtyl-9,10-phenanthrenequinone (a) and its reduced form (b) adsorbed on a
graphene surface, at the M06-2X/6-311G(d,p) level of theory. Distances in Angstroms.
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N2 or Ar atmosphere to obtain N/CC and N/CC/rGO5-45, or Ar/CC and Ar/CC/
rGO5-45 electrodes, respectively (Figure 3).

According to the EDS analysis, cotton fibers (COT) report a carbon mass percent
(% m of C) of 49.1%, which increases to 63.9% after the GO impregnation stage for
COT/GO45, presumably due to the presence of GO sheets on the cotton fibers
surface. Similarly, after the heat treatment there is a carbon content increment of
95.6% for Ar/CC. This large increase has been associated with the CO bonds break-
ing during the cellulose fiber polymerization process when it is treated at tempera-
ture higher than 400°C [37], but without an apparent alteration of the fibrillary
structure. The same behavior is observed for carbonized fibers covered by rGO,
with values of 90.7% (N/CC/rGO45) and 92.87% (Ar/CC/rGO45) of carbon mass
(% m of C), suggesting that the reduction of oxygenated groups in COT and the GO
is higher under Ar atmosphere (Table 1). This implies that the composition, crys-
tallinity, and porosity of carbonaceous electrodes are dependent on the atmosphere
used during carbonization. Both N2-made and Ar-made electrodes have a similar
fibrillary structure as seen in Figure 4a and c. However, at high magnification, it is
observed that samples N/CC/rGO5-45 and Ar/CC/rGO5-45 present a rough surface
covered by a porous carbon layer, which would indicate that the rGO sheets were
inserted efficiently and independently of the gas used in the heat treatment
(Figure 4b and d). There are marked differences between both systems where
samples treated under N2 atmosphere present a more compact rough surface with a
rather scaly appearance (Figure 4b). On the other hand, those heat treated under Ar
atmosphere show layers of rGO with a laminar appearance around the fiber and
regions of homogeneous roughness (Figure 4d).

IR spectroscopy permits to elucidate the type and degree of GO-COT, and rGO-
carbon fibers (CC) interactions. The main vibrational modes corresponding to the

Figure 3.
Schematic diagram of the synthesis of rGO-modified carbonized cotton fibers.

Sample COT COT/GO45 N/CC N/CC/rGO45 Ar/CC Ar/CC/rGO45

C mass % 49.1 63.9 93.3 90.7 95.6 92.9

O mass % 50.9 36.1 6.7 9.3 4.4 7.1

Table 1.
Carbon and oxygen mass percent obtained from EDX analysis for COT, COT/GO45, N/CC, Ar/CC and Ar/
CC/rGO45 samples [38].
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Figure 5.
Infrared and Raman spectra of (a, b) cotton fibers (COT) and GO-covered cotton fibers (COT/GO5-45) and
rGO-modified carbonized cotton fibers made under N2 atm. (N/CC and N/CC/rGO5-45) or Ar atm. (Ar/CC
and Ar/CC/rGO5-45). Raman laser source excitation of 532.5 nm.

Figure 4.
SEM image of rGO-modified carbonized made fibers made under N2 atmosphere (a, b) N/CC/rGO45, and Ar
atmosphere, (c, d) Ar/CC/rGO5-45.
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characteristic chemical bonds present in COT are reported before and after the
impregnation (COT and COT/GO5-45) and the carbonization stage (N/CC/rGO5-45

and Ar/CC/rGO5-45), respectively (Figure 5). After the first stage, it is observed
that the chemical groups C=O (1033.8 cm�1), CH2 (1322.2 cm

�1), C=O
(1639.5 cm�1), C-H (2893.2 cm�1) and O-H (cellulosic, 3325.3 cm�1) present an
intensity reduction which could be correlated with GO layer. This reduction can
also be associated with the interaction between the functional groups of GO and
cellulose fibers. Since the cellulose OH and C=O groups register a decreasing in their
intensities, it can be assumed that there exists a direct interaction between these
chemical groups by hydrogen bonds [38]. According to IR spectroscopy, the bands
at 979.8 and 1512.2 cm�1 are related to C-Cring and C=C bonds, respectively, verify-
ing a certain degree of graphitization. This thermal conversion has been described
by M. M. Tang et al. who found that cellulose in cotton fibers undergoes a break-
down of the glycosidic bonds at temperatures above 250°C, allowing the elimination
of various CO bonds and the breakdown of several C-C bonds along with a sub-
stantial mass loss due to H2O, CO and CO2 removal [39]. When the temperature is
greater than 400°C, the remaining fractions of C-H hydrocarbon rings start an
aromatization stage with H2 loss and the formation of C=C bonds as part of a carbon
polymeric structure [37]. It is observed that the conversion process to a graphitic
like structure is similar for N/CC/rGO5-45 and Ar/CC/rGO5-45 (Figure 5).

The analysis of Raman spectra from Figure 5b, d and f show that N/CC/rGO5-45

electrodes present a slight improvement in their crystallinity with respect to the
modified cotton fibers, reporting a crystallite size from 19.39 (COT/GO30) to
20.10 nm (N/CC/rGO30), that is, an improvement of 4 to 5% (Figure 6). This
behavior is also observed in the variation of the defect density from Ar/CC to
Ar/CC/rGO5-45 and from N/CC to N/CC/rGO5-45.

For instance, Ar/CC/rGO30 register 21.9 � 1010 defects cm�2 compared to
N/CC/rGO30, whose value was 21.1� 1010 defects cm�2 (Figure 6). According to
Yo-Rhin Rhim et al. the peaks centered at 1620 cm�1, between 1500 to 1550 cm�1

and about 1100 cm�1, are associated with ordered π bonds, sp2 amorphous systems,

Figure 6.
3D graph of defect density (nD) as function of I(D)/I(G) ratio and crystallite size (La) from Raman
spectroscopy analysis.
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and sp3 bonds, respectively. Additionally, the systems under study were treated at
800°C, the restoration of the C=C bonds in the RGO is guaranteed and remains
stable inside of the carbon fiber matrix [32]. Similarly, Ar/CC and Ar/CC/rGO5-45

electrodes show a slight increase in crystallite size, for example, Ar/CC/rGO30

registered a value of 19.5 nm in contrast to that reported for its precursor COT/
GO30, i.e., 19.39 nm (Figure 6). Although this variation is small, the effect of the
carbonization stage is better appreciated when defect density is compared, e.g., Ar/
CC/rGO30 shows 21.8� 1010 defects cm�2 while COT/GO30 was 21.9� 1010 defects
cm�2. This result means that the GO sheets supported on the cotton fibers present
an excess of 0.1� 1010 defects cm�2 compared to Ar/CC/rGO30 sample. It can thus
be suggested that the nature of the inert atmosphere influences the degree of
graphitization of the obtained products. Under N2 atmosphere, a higher crystallinity
is observed in N/CC/rGO5 with a value equal to 20.3 nm and a defect density of 20.9
� 1010 defects cm�2. In the case of cotton fibers modified with GO treated under Ar
atmosphere, the optimal registered support is Ar/CC/rGO15 with a crystallite size of
19.6 nm and a defect density of 21.6 � 1010 defects cm�2.

According to IR and Raman analysis, it is confirmed that GO sheets are inti-
mately impregnated on cotton fibers through O-H or C=O interactions, and this
interaction intensifies after the carbonization stage [38]. This effect is corroborated
as an increase in crystallinity and a decrease in the density of defects (Figure 6).
Therefore, through Raman spectroscopy it is possible to elucidate those carbona-
ceous materials that present a higher degree of crystallinity, lower defect density
and higher density of sp2 carbons which providing a high electrical conductivity.
The evidence from these results suggests that samples such as N/CC/rGO5, N/CC/
rGO30, Ar/CC/rGO5 and Ar/CC/rGO30 are shown as promising matrices in the
design of supercapacitors.

On the other hand, N2 adsorption–desorption experiments were used to investi-
gate the surface characteristics of the synthesized samples. It was possible to deter-
mine the specific surface area (SBET), the degree and porosity type of the designed
materials. In the case of N/CC presents a SBET of 453.3 m2 g�1, shaped of a micro-
porous area (Smicro) of 265.9 m2 g�1 and with a size pore of 1.99 nm (Table 2).
Furthermore, N/CC/rGO15 and N/CC/rGO30 exhibit SBET values of 1221.3 and
1804.8 m2 g�1, respectively. These values suggest the presence of a highly porous
rGO layer on carbonized cotton fibers prepared under N2 atmosphere. Specifically,
a high microporosity of 882.4 and 1350.2 m2 g�1 is reported for the N/CC/rGO15 and
N/CC/rGO30, respectively, as a consequence of a large volume of micropores with
diameters close to 1.88 nm (N/CC/rGO15) and 1.80 nm (N/CC/rGO30). Similarly,
there was an increase in the SBET from 1073.6 to 1457.5 m2 g�1, but with a substan-
tial increase in mesoporosity from 298.6 to 729.8 m2 g�1 for the Ar/CC and Ar/CC/

Samples SBET/

m2 g�1

Smicro/

m2 g�1

Smeso/

m2 g�1

Smicro=Smeso Pore=nm

N2-made

electrodes

N/CC 453 266 187 1.4 2.0

N/CC/rGO15 1221 882 339 2.6 1.9

N/CC/rGO30 1805 1350 455 2.9 1.8

Ar-made

electrodes

Ar/CC 1074 775 299 2.6 2.1

Ar/CC/rGO15 1458 728 730 1.0 2.0

Ar/CC/rGO30 1207 784 423 1.9 2.0

Table 2.
Surface properties registered by N2 adsorption–desorption experiment [38].
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rGO15, respectively (Figure 7c). Additionally, it was observed that the Ar/CC/
rGO15 presents a balance between micro and mesoporosity with a ratio of 1: 1, in
contrast to Ar/CC (2.6: 1) and Ar/CC/rGO30 (1.9: 1). It can therefore be asserted
that the electrochemical properties could be modified in the same way and corre-
lated with the aforementioned texture properties [10].

Regarding to cyclic voltammetry test, a layer capacitive profile for N/CC
(Figure 8a), Ar/CC, Ar/CC/rGO15 and Ar/CC/rGO30 (Figure 8b) is observed, while
an increment of resistivity for N/CC/rGO15 and N/CC/rGO30 is registered

Figure 7.
N2 adsorption–desorption isotherms and pore size distribution of carbonized cotton fibers made under (a, b) N2

atmosphere. (N/CC and N/CC/rGO5-45) and (c, d) Ar atmosphere. (Ar/CC and Ar/CC/rGO5-45).

Figure 8.
Cyclic voltammetry of (a) N/CC, N/CC/rGO15 and (b) Ar/CC, Ar/CC/rGO15 and Ar/CC/rGO30 at
1.0 mV s�1 in H2SO4 1.0 Mol L�1. Charge–discharge test of (c) N/CC, (d) Ar/CC, (e) N/CC/rGO15 and
(f) Ar/CC/rGO15 at 1.5, 3.0, 6.0 and 12.0 mA for 120 s.
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(Figure 8a) [10]. This fact represents a reduction of N2-made electrodes specific
capacitance (Cs) from 70.3 (N/CC) to 45.3 F g�1 (N/CC/rGO15), revealing a grow-
ing capacitive current for Ar-made electrodes at same potential range from 69.6
(Ar/CC) to 197.8 F g�1 (Ar/CC/rGO15), as maximum. Both tendencies can be
associated to the micro/mesoporosity ratio (Smicro=Smeso) showed in Table 2, owing
to the high pore free energy that restricts the ionic charge transfer in the electrode-
electrolyte interface [34, 40]. Thus, a high microporosity implies a limited ionic
polarization at non-faradaic conditions, and a low capacitive charge retention [41].
In addition, capacitive current can be increased if the mesoporous surface area is
extended, as it has been seen for Ar-made electrodes.

According to galvanostatic charge–discharge test (GCD) [42, 43], specific
capacitance (CGCD) of N/CC tends to decrease while the impregnation time
increases (Figure 8c). This fact can be associated to the microporous surface area
(Smicro) increase, as shown in Figure 8c and e. This can also be attributed to the
presence of series-resistance in the pores (IRS) [34, 40]. Particularly, CGCD

decreases from 178 to 162 F g�1 at 0.4 A g�1 of applied current density for N/CC and
N/CC/rGO45, respectively (Table 3). On the other hand, if the inert atmosphere is
replaced by Ar flux at the same thermal treatment conditions, Ar/CC shows a
capacitive current increment with the impregnation time (Figure 8d and f). For
instance, Ar/CC shows a CGCD of 129 F g�1, while its rGO-modified electrode,
Ar/CC/rGO15, reports a value of 219 F g�1 at 0.4 A g�1 (Table 3).

A detailed analysis of the electrochemical behavior by electrochemical imped-
ance spectroscopy (EIS) experiments and non-linear complex fitting (NLCF) of
their equivalent circuits has been conducted. Nyquist diagrams show an electrolyte
resistance (RS) of 2 Ω approximately, as well as, non-ideal impedance loop for both
N2-made and Ar-made electrodes suggesting a non-ideal charge storage process at
the electrochemical interface [44, 45].

Regarding to N2-made electrodes, charge transport resistance (R1) increases
with the GO impregnation time at high frequencies range (104

–102 Hz)
(Figure 9a). NLCF shows that R1value varies from 5.6 (N/CC) to 100.3 Ω (N/CC/
rGO30), as maximum. Moreover, at medium frequencies range (102 – 10�1 Hz)
N/CC electrode shows an IRS of 6.3 Ω, whereas N/CC/rGO15 reports values of 33.6
Ω and N/CC/rGO30 present an IRS conformed by two circuit elements, R2 and R3

whose values are 125.8 Ω and 149.3 Ω, respectively. These results suggest that ionic
transport resistance in the inner porous surface is increased from N/CC/rGO15 to
N/CC/rGO30 as their microporosity becomes higher [46–48].

For the Nyquist diagram (Figure 9) the equivalent circuit was calculated,
resulting in ideal capacitive element C1ð Þ of 4.8 x 10�5 for N/CC/rGO30. This result
can be associated to the presence of the rGO layer on the fiber surface [49].
According to the transmission line model, N/CC/rGO30 internal capacitances are
represented by constant phase elements (Q2,Q3), where their behavior is related to

N2-made samples CGCD/F g�1 IRdrop/V Ar-made samples CGCD/F g�1 IRdrop/V

N/CC 178 0.1 Ar/CC 129 0.5

N/CC/rGO5 157 0.1 Ar/CC/rGO5 185 0.3

N/CC/rGO15 136 0.3 Ar/CC/rGO15 219 0.2

N/CC/rGO30 163 0.8 Ar/CC/rGO30 202 0.1

N/CC/rGO45 162 0.4 Ar/CC/rGO45 165 0.4

Table 3.
Double layer electrochemical capacitance by galvanostatic charge–discharge test (CGCD) for N2- and Ar-made
electrodes [38].
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a non-ideal capacitor [44, 46]. Interestingly, the internal capacitance shows a min-

imum value of 0.2 Ω�1 sα2 (α2, 0,90) for N/CC/rGO30 (Figure 10a) [50]. Further-
more, N/CC/rGO5 and N/CC/rGO45 show a similar correlation with the
impregnation time.

Besides, Ar-made samples report lower charge transport resistance (R1) than
N2-made electrodes. For instance, Ar/CC shows a R1 of 5.8 Ω, while Ar/CC/rGO15

reports a value of 2.1 and Ar/CC/rGO30 registers a R1 of 2.8 Ω. As well, IRS is
represented by a unique circuit element (R2) of 12.8 and 7.3 Ω for Ar/CC/rGO15 and
Ar/CC/rGO30, respectively. Remarkably, Ar-made samples report a laminar
mesoporosity, suggesting that ionic diffusion is controlled by the pore characteris-
tics. Hence, a finite diffusion element (M) is used to describe the capacitive behav-
ior at low frequencies (Figure 10b) [46, 47, 50]. In this sense, Ar/CC/rGO15

presents a constant phase element (Q3Þ of 0.6 Ω
�1 sα3 (α3, 0.99), and a Warburg

impedance (W) of 0.3 Ω
�1 s0:5. On the other hand, Ar/CC/rGO30 presents a non-

Figure 10.
Equivalent circuit of (a) N/CC/rGO30, (b)Ar/CC/rGO30. The inserted values are calculated from non-linear
complex fitting of the EIS measurements.

Figure 9.
Nyquist diagram of N2-made electrodes (a) N/CC, N/CC/rGO15 and N/CC/rGO30 and Ar-made electrodes
(b) Ar/CC, Ar/CC/rGO15 and Ar/CC/rGO30. Experimental (empty dots) and theoretical spectra (solid
lines).
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ideal capacitance of Q3 of 0.7 Ω
�1 sα3 (α3, 0.99) together to diffusion impedance W

of 0.3 Ω
�1 s0:5 (Figure 10b). In contrast, Ar/CC only shows an ideal capacitive

behavior of 3.0 x 10�5 F (Cdl) and internal one of 0.2 F.
Accordingly, the total capacity (CEIS) from the internal capacitive element (Qα

EIS)
is reported where the non-ideal constant (α) tends to one. For the estimation of the
electrochemically accessible surface (SEIS), a double layer charge density (Qo

dl) of
glassy carbon electrode of 3.0 x 10�5 F cm�2 is considered [51, 52],

SEIS m2g�1
� �

¼ Qα≈1:0
EIS = mxQo

dl

� �

(6)

Additionally, the electrochemically accessible surface ratio (RESA) registers the
fraction of interface surfaces available in the total physical surface area (SBET) [52].

RESA ¼ SEIS=SBET (7)

The difference between CEIS and CGCD values show the total charge related to
the electrochemical double layer, whereas the GCD test also registers the faradaic
charge caused by the surface carbon and oxygen groups [52, 53]. As we can observe
in Table 4, N2-made samples present a decrease of the RESA (from 0.6 to 0.2) which
can be related to the increment of the free energy adsorption promoted by their
microporosity. The opposite occurs in Ar-made electrodes where RESA increases
(from 0.2 to 0.4) and it can be related to their laminar mesoporous surface which
results in a controlled ionic diffusion. Based on the RESA results, Ar/CC/rGO15 and
Ar/CC/rGO30 electrodes emerge as promising candidates for the design of
supercapacitors.

The aforementioned results enable us to conclude that the inert atmosphere has
a strong influence on the surface and electrochemical characteristics of the
synthetized carbon-based electrodes. Under N2 atmosphere, N/CC and N/CC/
rGO5-45 show a remarkable microporous surface area. Unfortunately, this high
microporosity affects the ionic diffusion, capacitive behavior and resistive charac-
ter. Otherwise, under Ar atmosphere, an increase of the mesoporous surface is
reported, based on a laminar pore distribution, associated with controlled ionic
diffusion in the electrochemical cell, resulting in an increase of the capacitance.

Samples CGCD/

F g�1
Qα≈1:0

EIS /

F

CEIS/

F g�1

SEIS/

m2 g�1

SBET/

m2 g�1

RESA

N2-made

electrodes

N/CC 178 0.3 85 285 453 0.6

N/CC/rGO5 157 0.2 60 198 — —

N/CC/rGO15 136 1.0 112 373 1221 0.3

N/CC/rGO30 163 0.2 94 315 1805 0.2

N/CC/rGO45 162 0.3 57 191 — —

Ar-made

electrodes

Ar/CC 129 0.2 64 212 1074 0.2

Ar/CC/rGO5 185 0.4 108 359 — —

Ar/CC/rGO15 219 0.6 172 573 1458 0.4

Ar/CC/rGO30 202 0.7 149 497 1207 0.4

Ar/CC/rGO45 165 0.3 111 369 — —

Table 4.
Comparative chart between double layer electrochemical performance and superficial characteristics for N2-
and Ar-made carbon-based electrodes [38].
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Remarkably, both Ar/CC/rGO15 and Ar/CC/rGO30 exhibit a promising capacitive
behavior, as well as an optimal electrochemical accessible surface.

In this sense, the design of carbon-based electrodes from biomass-derived
materials represents an outstanding way to obtain several energy-store electro-
chemical systems [54–56]. In addition, a remarkable capacity retention depending
on pore size distribution looks like a constant effect on the constitution of double
layer interface (DLI).

For instance, L. Jiang et al., reported a high performance of cellulose-derived
microporous electrodes of 115 F g�1 and > 87% of capacity retention [54]. As well,
Y. Zou et al., described rGO-intercalated carbon cloth fibers electrodes with a
meso/micro-porous distribution and 64.5 mF cm�2 of specific capacitance [55].
Sheng-Heng C. et al. show that macro/micro-porosity to carbonized cotton fibers
produce carbons with notable surface area [56]. On the other hand, Hui Shao et al.,
have paid special attention to nanoscale pores on carbon materials obtained by
templates and double layer capacitance behavior at inside of this nanoscale pores
[57]. Therefore, this fact is still discussed, owing to non-clear description is
achieved by a cylindrical pore model in overall cases. Other parameters as the kind
of inert atmosphere are considered in this work. Herein, a brief explanation of
porosity-electrochemical performance is described, and inert atmosphere influence
has been exposed as a significant parameter, as well as gas flux and temperature,
certainly [38, 39].
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