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Abstract

This work investigates the electrochemical behavior of hybrid supercapacitors 
with carbon-based electrodes of different porosity using 5M NaNO3 + 0.5M KBr 
electrolyte to optimize energy storage processes. Three types of carbon materials 
were synthesized: activated carbon from rice husk (RH) with a specific surface area 
of ~2300 m2/g and pore size < 1 nm, and templated carbons from magnesium citrate 
(MP-8) and glucose with SiO2 as a template (G7), having surface areas of 1976 and 
1320 m2/g and pore sizes of 3.4 and 7 nm, respectively. The microporous structure 
of activated carbon (AC) obtained from RH shows limitations in the diffusion of 
electrolyte ions, which affects the charge-discharge kinetics. In contrast, the larger 
mesoporous structures of templated carbons promoted better adsorption and ion 
transport, significantly affecting the dynamics of redox reactions. The RH/MP-8 
hybrid capacitor, combining high surface area and large pore size, demonstrated 
a 54% increase in specific capacitance, 128% increase in specific energy and 51% 
increase in energy efficiency at high current densities of 5 A/g, comparing to the 
symmetric RH/RH hybrid capacitor. This study highlights the critical importance of 
the relationship between electrode pore structure and electrolyte composition for 
optimizing supercapacitor performance, which provides valuable information for the 
development of efficient energy storage technologies.
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1. Introduction

In recent years, there has been an increasing 
demand for renewable energy and electric vehicles 
worldwide. However, for a successful global green 
energy transition, the development of energy stor-
age systems such as capacitors, batteries, and super-
capacitors is needed, alongside the generation sys-
tems [1, 2]. Among energy storage systems, electric 
double layer capacitors (EDLCs) and hybrid superca-
pacitors have attracted considerable attention. High 
specific capacitance and power density allow hybrid 
capacitors to be used in applications requiring fast 

energy transfer, such as regenerative braking in hy-
brid and electric cars, or in smoothing fluctuations 
in electricity generated by wind farms [3–6].

Hybrid supercapacitors combine the advantages 
of classical EDLCs, which store energy in the electri-
cal double layer through electrostatic charge sepa-
ration, and reversible redox reactions. This combina-
tion provides hybrid supercapacitors with increased 
capacitance and energy density compared with clas-
sical EDLCs, as well as higher power density com-
pared with batteries [7–9].

There are two main methods for improving the 
performance of hybrid supercapacitors: developing 
new electrode materials and optimizing electrolytes 
[10, 11]. There are two main types of electrolytes 
in hybrid supercapacitors: aqueous and organic. 
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Aqueous electrolytes have several distinct advan-
tages over organic electrolytes, including higher 
conductivity, environmental sustainability, and cost 
effectiveness [10]. In this work, we used the aque-
ous electrolyte 5M NaNO3 + 0.5M KBr because of its 
high electrical conductivity and the ability of NaNO3 
to inhibit metal corrosion by bromine ions [11].

Typical materials used as electrodes in EDLCs in-
clude activated carbons, carbon aerogels, and other 
carbon nanomaterials [12–14]. Among them, acti-
vated and templated carbons are the most widely 
used due to its high specific surface area, low cost, 
simple and scalable fabrication process, and a wide 
range of available precursors [15, 16]. 

However, despite the extensive research on the 
development of new carbon materials, there are 
comparatively few studies that focus on optimizing 
the porous structure of electrodes for specific elec-
trolytes. The present work focuses on the optimiza-
tion of a hybrid capacitor using the promising aque-
ous electrolyte 5M NaNO3 + 0.5M KBr by fine-tuning 
the porous structure of carbon electrodes.

2. Experimental

2.1. Synthesis of porous carbon materials

Porous carbon materials with different struc-
tures were synthesized using chemical activation 
and template synthesis methods. Activated carbon 
from rice husk was obtained by carbonizing the 
feedstock sourced from farms in the Almaty region 
of Kazakhstan at 550 ºC in a nitrogen atmosphere for 
60 min. The obtained carbonizate was leached with 
a 2.5M NaOH solution at 90 ºC, followed by washing 
with distilled water until a neutral pH was reached. 
To develop a highly porous structure, the carbon-
ized rice husk was mixed with dry KOH in a 1:4 mass 
ratio. This mixture was placed in a stainless-steel re-
actor, which was heated to 350 ºC at a rate of 10 ºC/
min, holding isothermally for 30 minutes. Then the 
temperature was risen to 800 ºC at the same rate 
and kept for 60 min in a nitrogen atmosphere. The 
resulting activated carbon was washed with distilled 
water until a neutral pH was reached and then dried 
in a vacuum at 90 ºC [17, 18].

Template carbon from magnesium citrate (Labor-
farma LLP) was obtained by carbonizing the initial 
salt in a nitrogen atmosphere for 120 min at 900 ºC. 
The carbonizate was treated with a 3M HCl solution 
at room temperature for 24 h. The resulting templat-
ed carbon was washed with distilled water to neutral 
pH and then dried in a vacuum at 90 ºC [19].

The 30% aqueous colloidal suspension of SiO2 
with an average particle size of 7 nm (Ludox SM30 
colloidal silica, Sigma-Aldrich) was used as template 
to obtain nanoporous carbon from glucose (Labor-
farma LLP). The starting components were stirred 
in a 1:1 mass ratio (based on the dry weight of the 
template) on a magnetic stirrer for one hour. Car-
amelization was performed at 160 ºC for 8 h to fix 
the template in the matrix. Carbonization was per-
formed in a quartz tube reactor at 800 ºC in a nitro-
gen atmosphere for 2 h. To remove the SiO2 tem-
plate, the carbonizate was leached with a 3M NaOH 
solution at 90 ºC for 24 h. The resulting templated 
carbon was washed with distilled water until a neu-
tral pH was reached and then dried in a vacuum at 
90 ºC [17].

To remove the surface functional groups, all ob-
tained carbons were thermally treated at 800 ºC in 
a quartz tube reactor under nitrogen flow at a rate 
of 150 mL/min for 2 h. The post-treated activated 
carbon from rice husk, templated carbon from mag-
nesium citrate, and templated carbon from glucose 
are referred to as RH, MP-8, and G7, respectively.

2.2. Materials characterization 

The adsorption and desorption isotherms of gas-
eous nitrogen on the carbon samples were mea-
sured using a Micromeritics ASAP 2020 surface area 
and pore size analyzer at -196 ºC. Before measure-
ments, the carbon samples were vacuum dried at 
350 ºC for 12 h to remove any adsorbed gases and 
moisture. The specific surface area of each sample 
was determined using the Brunauer‒Emmett‒Tell-
er (BET) method. For pore size distribution analysis, 
two-dimensional nonlocal density functional theory 
(2D-NLDFT) was employed. The average pore size of 
the samples was calculated using the Dubinin‒Radu-
shkevich equation.

The Raman scattering spectra were obtained us-
ing a Solver Spectrum, NT-MDT instrument with a 
blue solid-state laser at a wavelength of 473 nm and 
a spectral resolution of 4 cm‒1. The graphitization 
value G(%) of the obtained samples was determined 
by the formula [20]:

𝐺𝐺𝐺𝐺, % = 𝐴𝐴𝐴𝐴(𝐺𝐺𝐺𝐺)
∑500

2000 𝐴𝐴𝐴𝐴
× 100% (1)

where A(G) is the area of the G band region, and
                is the sum of the areas of all peaks as a result
of decomposition under the regions of the D and G 
bands.

 ∑ A2000
500
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The surface morphology of the samples was in-
vestigated using a Quanta 200i 3D scanning elec-
tron microscope (SEM) at an accelerating voltage of 
HV=15kV.

2.2. Free-standing electrode’s fabrication

Freestanding electrodes were prepared by mixing 
85 wt.% of the obtained carbons with 5 wt.% con-
ductive additive (TIMCAL SUPER C45 Conductive Car-
bon Black) and 10 wt.% binder (60% aq. dispersion 
of PTFE, Sigma-Aldrich). The mixture was stirred on a 
magnetic stirrer overnight at a heating temperature 
of 70 ºC, with a small amount of isopropanol added 
to achieve a liquid consistency. Slow evaporation al-
lowed all the ingredients to mix evenly and contin-
ued until a clay-like mass was formed. The resulting 
electrode material was rolled at least 20 times on a 
flat hard surface using metal rollers with a 150 µm 
notch, to better mix the components and compact 
the electrodes. The formed freestanding electrodes 
were dried in a vacuum oven at 90 ºC overnight, af-
ter which electrodes of the required size were cut 
out using punches of different diameters. The mass 
balance was maintained by varying the area of the 
positive electrode, while the size of the negative 
electrode remained unchanged.

2.3. Electrochemical and structure characterization

In this study, various combinations of hybrid cells 
were investigated to evaluate their electrochemical 
behavior. Table 1 provides an overview of the differ-
ent hybrid cell configurations, specifying the number 
of full cells and those with a reference electrode.

Table 1. Configurations of various cell types

# Cells with reference 
electrode 

(vs Ag/AgCl)

Hybrid cell configuration
Negative 

electrode (-)
Positive 

electrode (+)
1 Activated carbon 

from rice husk (RH) RH RH

2 Templated carbon 
from magnesium 
citrate (MP-8)

RH MP-8

3 Templated carbon 
from glucose (G7) RH G7

Electrochemical studies, such as cyclic voltamme-
try (CV) and galvanostatic charge-discharge (GCD), 
were conducted using the Elins P-40X potentiostat/
galvanostat (Russia). To determine the working 

voltage of the cell and for further mass balancing, 
measurements were carried out in three-electrode 
Swagelok-type cells with stainless steel current col-
lectors and an Ag/AgCl reference electrode. The 
explored potential range of the negative electrode 
varied from -1.3 to 0 V, and from 0 to 1 V for the 
positive electrode. Aqueous solution of 5M NaNO3 
+ 0.5M KBr was used as the redox electrolyte, and 
Whatman GF/A glass fiber filter was used as the 
separator.

After determining the working potential window 
for the positive and negative electrodes, mass bal-
ancing was carried out based on the following equa-
tion [21]:

		  C+×V+×m+ = C–×V–×m–  		      (2)

where C is the specific capacitance of the electrode 
(F/g) at a given potential, V is the maximum working 
potential of the electrode (V), and m is the mass of 
the electrode (g).

To calculate the specific capacitance of elec-
trodes in a three-electrode system, the following 
formula was used:

where Сel is the specific capacitance (F/g), Vb‒Va is 
the final and initial potential (V), I is the current (A), 
v is the scan rate (V/s), and mw is the mass of the 
working electrode (g).

For calculating the specific capacitance of elec-
trodes in a two-electrode system, the following for-
mula was used:

𝐶𝐶𝐶𝐶𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 2
𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑒𝑒𝑒𝑒×𝑣𝑣𝑣𝑣(𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏−𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡)∫𝑉𝑉𝑉𝑉𝑡𝑡𝑡𝑡

𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑉𝑉𝑉𝑉

where Сel is the specific capacitance (F/g), Vb‒Va is 
the final and initial potential (V), I is the current (A), 
v is the scan rate (V/s), and mtotal is the mass of the 
working electrode (g).

The methodology for calculating based on GCD 
data was similar to that presented in the work [2].

3. Results and discussion

3.1. Structure characterization

Scanning electron microscopy was employed as 
an effective method for investigating the morpholo-
gy of the obtained porous carbon materials. As can 

(3)

(4)

С𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = 1
2×𝑚𝑚𝑚𝑚𝑤𝑤𝑤𝑤𝑣𝑣𝑣𝑣(𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏−𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎)∫𝑉𝑉𝑉𝑉𝑎𝑎𝑎𝑎

𝑉𝑉𝑉𝑉𝑏𝑏𝑏𝑏 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝑉𝑉𝑉𝑉
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be seen in Fig. 1(a), activated carbon from rice husk 
has a developed surface and is characterized by a 
multitude of large pores, replicating the structure 
of the organic precursor. The particles of activated 
carbon have a wide size range from 10 to 50 µm. 
The average particle size of template carbon derived 
from magnesium citrate is 12 µm, as shown in Fig. 
1(b). Figure 1(c) presents images of template carbon 
from glucose, whose particles are characterized by 
distinct boundaries with an average size of 15 µm.

The results of Raman spectroscopy (Fig. 1d) didn’t 
show significant differences. All the obtained sam-
ples have similar spectra, confirmed by the results 
of the Lorentz decomposition presented in Table 2.

Figure 1d shows that all the samples have a high 
intensity of the D peak, indicating the presence of 
defects in the carbon structure. This is also evi-
denced by the intensity ratio of the D and G peaks 
(ID/IG) [22]. The absence of a distinct 2D peak in the 
2600‒2800 cm‒1 range indicates a lack of long-range 
order in the structure. The appearance of the G band 

is a characteristic feature of carbon materials with 
sp2 bonds. The crystallinity degree and the orderli-
ness of the carbon materials’ structure can be as-
sessed by the full width at half maximum (FWHM) of 
the G band [23].

Table 2. Raman peak decomposition data for the 
obtained carbon materials

RH MP-8 G7

FWHM (D) 229.61 256.08 240.39

FWHM (G) 76.24 83.09 72.01

G,% 26.83 27.24 24.64

ID/IG 0.96 0.93 0.98

In Table 3, the porous characteristics of the ob-
tained carbon materials RH, MP-8, and G7 are pre-
sented. The activated carbon derived from rice husk 
is distinguished by the largest specific surface area 
(SSA) of 2315 m2/g and microporosity with an aver-

Fig. 1. SEM images of porous carbons: (a) Rice Husk (RH), (b) MP-8, (c) G7, and (d) corresponding Raman spectrum 
for them.
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age pore width <1 nm. Templated carbons MP-8 and 
G7 have pore sizes around 3.4 and 7.2 nm, respec-
tively. The use of a SiO2 template with an average 
nanoparticle size of 7 nm allowed the creation of 
templated carbon with a controlled pore size and 
the largest volume of mesopores, approximately 
3.5 cm3/g, as well as a moderately high SSA of 1320 
m2/g. Templated carbon from magnesium citrate 
has a high SSA of 1976 m2/g and a large volume of 
mesopores, which collectively should contribute to 
greater capacity accumulation.

Table 3. Porosity data of carbon materials RH, MP-8 
and G7

Material SBET 
(m2/g)

Vmicro 
(cm3/g)

Vmeso 
(cm3/g)

d (nm)

RH 2315 0.84 0.19 0.9
MP-8 1976 0.40 1.36 1.36

G7 1320 0.52 1.89 1.89

3.2. Three-electrode cell studies

The CV data for each electrode were obtained 
using a T-type Swagelok three-electrode cell with 
an Ag/AgCl reference electrode at a scan rate of                 
2 mV/s and are shown in Fig. 2. To prevent redox 
reactions on the counter electrode, it mass was five 
times higher than that of the working electrode. As 
can be seen from the presented data, in the negative 
potential region, all electrodes are characterized by 
charge accumulation only in the electric double lay-
er (EDL). At the same time, reducing the potential 
to -1.3V leads to a significant increase in current, 
caused by the process of water decomposition and 
subsequent hydrogen evolution reaction.

The positive electrode is also characterized by 
charge accumulation in EDL in the potential range 
from 0 to 0.6V. However, increasing the potential 
above these values leads to an increase in current, 
caused by the Faradaic reactions within the system, 

Fig. 2. CV curves for (a) RH, (b) MP-8 and (c) G7 at different potentials and sweep rate of 2 mV/s and (d) dependence 
of specific capacitance on potential difference (ΔV).
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particularly the redox reaction of Br-/Br3
- transition. 

This, in turn, contributes to an increase in the elec-
trode’s capacitance (Fig. 2d) [24]. When the potential 
exceeded 1V, active corrosion of the metallic current 
collector by bromine was observed, making further 
voltage increase impossible in this configuration.

To accurately determine the operating voltage 
limit of the electrodes, the reversibility of the reac-
tion was evaluated by comparing the charge, per CV 
cycle.

	 	 η = Qdis/Qch × 100%		      (5)

Figure 2d shows the relationship between the 
specific capacitance and the electrode potential, in 
the positive and negative potential region.

Based on the data obtained, it is clear that the 
RH electrode has the highest specific capacitance in 
the negative potential range, which is 151 F/g with 
an efficiency of 95% at a voltage of 0.9 V. Template 
carbons MP-8 and G7 have values of specific capac-
itance much lower at the same potential. However, 

they have a significant capacitance advantage in the 
positive potential region due to larger pore size and 
volume.

3.2. Full cell studies

Based on the data obtained from three-electrode 
cells testing, several configurations with balanced 
electrode masses were assembled. Since the elec-
trode made from RH demonstrated higher specific 
capacitance values in the negative potential range 
than the templated carbons, it was chosen as the 
negative electrode for the hybrid capacitor.

In Fig. 3, CVs of two-electrode cells are present-
ed at various scan rates. As can be seen, all samples 
exhibit deviations from the ideal rectangular curve 
shape. Specifically, the system utilizing microporous 
carbon RH shows a less pronounced redox compo-
nent compared to other cells. An increase in pore 
size leads to a significant increase in current due to 
redox reactions occurring at higher voltage ranges. 

Fig. 3. CV at different scan rates for hybrid capacitors (a) RH-RH, (b) RH-MP-8, (c) RH-G7, and (d) dependence of 
specific capacitance on scan rates.
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As demonstrated in Fig. 3a, at a scan rate of 10 mV/s 
with the RH sample, a peak attributable to the bro-
mine redox reaction is evident. With increasing scan 
rates, this peak gradually smoothens, approximating 
a rectangular shape. This phenomenon can be ex-
plained by the diffusion limitations imposed by the 
micropores (<1 nm) of the activated carbon, which 
do not allow for the timely adsorption of electrolyte 
ions. Consequently, electrochemical reactions are 
confined to the electrode surface, failing to utilize 
the full internal volume of the pores.

Figure 3(b) and 3(c) show that the redox peak 
proportionally increases with the scan rate. This 
may be attributed to the fact that the templated 
carbons G7 and MP-8 possess a mesoporous struc-
ture with pore sizes of 8 nm and 3.5 nm respective-
ly, which are significantly larger than the size of the 
hydrated ions of the electrolyte. The large pore size 
facilitates easy adsorption of electrolyte ions into 
the electrode pores. Consequently, the occurrence 
of redox reactions is clearly observable in the CV 
graphs regardless of the scan rate. Comparison of 
the samples indicates that the RH/RH hybrid capac-
itor exhibits a substantial double-layer capacitance 
but considerably less capacitance due to redox re-
actions (Fig. 3). The increase in scan rate leads to 
a significant decrease in the specific capacitance of 
the system (Fig. 3d). We attribute this to the slow 
kinetics of electrochemical reactions occurring at 
the electrode surface and transport limitations in 
charge transfer at high scan rates.

The hybrid capacitor RH/MP-8, which has a posi-
tive electrode with significant surface area and pore 
size, possesses the highest specific capacitance. The 
RH/RH hybrid capacitor exhibits a lower specific 
capacitance, presumably due to limitations in elec-
trolyte diffusion. The system comprising the RH/
G7 electrode combination also has a lower capac-
itance, owing to the small surface area of the posi-
tive electrode.

Figure 4 (a-c) shows the GCD curves of two-elec-
trode cells at varying current densities. In this case, 
the redox reactions are facilitated by an electrolyte 
containing bromine, therefore, the porous structure 
of carbon plays a significant role in the reaction ki-
netics. An ideal supercapacitor would exhibit a lin-
ear relationship in its galvanostatic charge/discharge 
curve. However, the occurrence of redox reactions 
slows down the charge and discharge processes, al-
tering the curve shape at high voltages [10].

As can be observed from Fig. 4 (a-d), the GCD 
curves of all three hybrid capacitors exhibit a bat-
tery-like GCD curve shape. The redox reaction 

peaks, observed in the CV mode as a current in-
crease, cause a deceleration in the charging rate on 
the GCD graphs due to the time required for the re-
dox reaction to occur at a fixed current density.

As can be seen in Fig. 4 (e-f), the calculated ca-
pacitance values are significantly different from the 
actual values when only the discharge time is tak-
en into account. The hybrid capacitor with RH/MP-8 
electrodes has the highest specific capacitance. 
When the nonlinearity of the discharge curve is tak-
en into account, the actual capacitance of the RH/
G7 capacitor is significantly higher than the direct 
calculation data, surpassing the RH/RH capacitor in 
this parameter. The change in specific capacitance 
of the RH/RH capacitor is not significantly different 
from the direct time-based calculation because the 
occurrence of the redox reaction is minimal.

Figure 4 (g-h) shows the specific energy and en-
ergy efficiency data. The RH/MP-8 capacitor exhib-
its the highest energy efficiency compared to the 
other samples, maintaining an efficiency level of 
82% even at current densities above 5 A/g, which 
is higher than the other systems presented even at 
lower current densities.

Due to the greater accessibility of the pores in 
templated carbons for redox reactions, their specific 
energy values are higher than those of the micro-
porous RH. The specific energy values for the RH/
MP-8 capacitor are approximately 27 Wh/kg, while 
for the RH and G7 systems they are 20 and 23 Wh/kg 
respectively at 0.5 A/g. 

Figure 5 shows the cyclic stability data of the cells 
at a current density of 2 A/g. This current density 
maintains high specific performance and has an op-
timum charge-discharge time for long-term testing.

Figure 5(a) shows a significant increase in Cou-
lomb efficiency during the first 400 cycles, followed 
by a smooth increase to values above 99% during 
the cycling process. However, Fig. 5(b) shows a de-
crease in specific capacitance values by more than 
24% for the RH/RH and RH/MP-8 systems as the 
number of cycles increases. The RH/G7 cell demon-
strates the best capacitance retention, maintaining 
capacitance values at 84% after 5000 cycles. This 
decrease in capacitance may indicate that during 
long-term cycling, there is a depletion of the elec-
trolyte due to incomplete reversibility of the redox 
reaction or shuttle effect, in which the products of 
the redox reaction irreversibly pass into the electro-
lyte volume [25].

The performance of the hybrid capacitor with 
asymmetric electrodes improved compared to the 
symmetric configuration due to several factors. 
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Fig. 4. GCD curves for (a) RH/RH, (b) RH/MP-8, and (c) RH/G7 at various current densities and (d) comparative 
assessment at 0.5 A/g. Specific capacitance values calculated from GCD curves using (e) the standard equation for 
EDLC and (f) taking into account the nonlinearity of the discharge curve and (g) dependence of specific energy and 
(e) energy efficiency on current density.



209V.V. Pavlenko et al.

Eurasian Chemico-Technological Journal 25 (2023) 201‒210

Firstly, the specific capacitance of the positive elec-
trode changed depending on the porous structure. 
This was demonstrated in the three-electrode cell, 
where an increase in capacitance was observed 
due to the active occurrence of redox reactions in 
templated carbons with larger pore volumes. Si-
multaneously, the activated carbon electrode with 
a microporous structure (RH) may experience lim-
itations in the diffusion of electrolyte ions, which 
can affect the reaction kinetics. Secondly, the com-
bination of the large surface area of the negative 
electrode of microporous RH, where the charge is 
mainly accumulated by the electric double layer 
(EDL) mechanism, and the positive electrode with a 
large pore volume allows for an increase in specific 
capacitance and specific energy by optimizing the 
electrode mass. This optimization contributes to the 
overall efficiency of the asymmetric configuration.

Thus, by optimizing the porous structure of the 
hybrid capacitor and by selecting the most efficient 
electrode materials of the cathode and anode it 
was possible to increase the specific capacitance by 
54%, the specific energy by 128% and the energy 
efficiency by 51% at a high current density of 5 A/g 
comparing to the symmetric RH/RH hybrid capac-
itor, and the capacitance retention for the Rh/G7 
system was improved by 9% for long-term cycling at 
a current density of 2 A/g.

4. Conclusion

In this study we demonstrated that optimizing 
the porous electrode structure significantly im-
proves the efficiency of hybrid capacitors. It was 
shown that microporous carbons suit well as EDLC 
type electrode, accumulating high capacitance due 

Fig. 5. Cyclic stability of hybrid capacitors at 2 A/g: (a) Coulomb efficiency and (b) capacitance retention.

to their large specific surface area. On the other 
hand, templated carbons with a mesoporous struc-
ture performed well as positive electrodes in the 
system where the redox reaction occurs, which 
leads to a significant improvement in energy stor-
age performance. Thus, cells with templated car-
bon G7, having the lowest surface area as a positive 
electrode together with RH as a negative electrode, 
shows better energy storage performance compar-
ing to the symmetric system. The RH/MP-8 hybrid 
capacitor shows a 54% increase in specific capaci-
tance, 128% increase in specific energy, and 51% in-
crease in energy efficiency at a high current density 
of 5 A/g comparing to the symmetric RH/RH capac-
itor, and the capacitance retention for the RH/G7 
system was improved by 9% for long-term cycling at 
a current density of 2 A/g. These data demonstrate 
the significant role of porous electrode structure 
in the design of next-generation capacitors. How-
ever, it should be noted that large pore sizes are 
much less able to hold ions in the carbon structure, 
which increases the chances of shuttling oxidation 
products into the electrolyte volume, which in the 
operating conditions can lead to depletion of the 
electrolyte and to significant decrease of its per-
formance. Therefore, depending on the electrolyte 
type, a careful selection of the porous electrode 
structure may be required.
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