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The article discusses the relationship between the porous and electronic structure of nanoporous bio-
carbon materials and their electrochemical behavior in an alkaline electrolyte. Based on the results of
X-ray diffraction and adsorption—desorption gas porometry, it was found that the synthesis temperature
of the carbon material affects both the content of the graphite phase and the parameters of the carbon
porous structure. The impedance behavior of supercapacitor electrodes made of synthesized carbons at
different bias voltages is analyzed. For the obtained Nyquist diagrams, equivalent electrical circuits are
constructed based on the modified de Levie model. The influence of the synthesis temperature on the
position of the Fermi level is determined by the nature of the change of the minimum in the volt—farad
dependence of the spatial charge region capacitance. It has been shown that the shift of the Fermi level
to the energy region with a high density of delocalized electron states helps unlock the Helmholtz layer’s

(2025)

capacity and, as a result, the specific capacitance of the carbon material increases.
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1. Introduction

The rapid growth of global energy consumption
necessitates the search for new energy generation,
conversion, and storage sources. Among them, elec-
trochemical energy storage devices such as batter-
ies and supercapacitors (SCs) can be distinguished.
Highly porous carbon-based materials play a key
role in these devices [1, 2]. The production of car-
bon materials involves methods such as physical
or chemical activation of carbon-containing precur-
sors [3], template synthesis [4], or the synthesis of
supramolecular compounds [5].

When activated carbon (AC) is employed as ac-
tive electrode material in SCs, the primary param-
eter characterizing SCs becomes the specific capac-
itance in a chosen type of electrolyte. Many studies
attempt to correlate the specific surface area with
the specific capacitance. Nevertheless, the results
are often contradictory. For instance, in [6], the au-
thors demonstrated that the specific capacitance of
the investigated types of carbon materials increases
linearly with the increase in the specific surface
area. In [7], 13 types of AC synthesized via differ-
ent methods were studied. Although no strict lin-
ear relationship between the specific surface area
and the specific capacitance was established, the
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authors introduced the concept of a “critical” pore
size for each electrolyte. Similarly, in [8], the au-
thors do not report a direct correlation between the
specific surface area and the specific capacitance of
carbon materials. The studies presented in [9, 10]
propose a model that integrates the porous and elec-
tronic structures, which affects the formation of the
electric double layer (EDL) on the carbon electrode
surface.

The capacitance of a non-metallic SC electrode is
the sum of three capacitances, connected in series:
(i) the capacitance of the space charge region (SCR)
in a solid body, C's¢, (ii) the Helmholtz capacitance,
Chy, and (iii) the Gouy—Chapman capacitance, Cg.
In aqueous electrolyte solutions, Cg > Cy, so the
total capacitance can be calculated as

_ GuCsc (1)
Cu + Csc

Unlocking the Helmholtz capacitance Cy is facil-
itated by an increase in the capacitance C's¢, which
is associated with the density of electronic states at
the Fermi level [11],

Csc = er/eeo D(F), (2)
where e is the electron charge, ¢ — dielectric per-
mittivity of the medium, ¢y — electric constant,

D(F) — deunsity of electronic states at the Fermi
level.
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The issue of unlocking the Helmholtz capacitance
is critical for carbon electrodes due to the relatively
large Debye screening radius in carbon materials [9].
Therefore, our study aimed to synthesize AC with
a similar pore distribution but varying specific sur-
face areas, determine its specific capacitance, and
analyze the influence of the carbon material’s elec-
tronic structure on this capacitance.

2. Experimental part

2.1. Synthesis of carbon materials

Agricultural waste, specifically pelletized wheat
straw, was selected as the raw material for syn-
thesis, which was conducted in two stages. In the
first stage, the wheat straw pellets underwent pre-
pyrolysis. A crucible containing the pellets was
placed in a furnace and subjected to pre-pyrolysis
at 400°C for 90 min. In the second stage, the ob-
tained char was added to an aqueous solution of
KOH and kept for 24 h. The mass ratio of char to
KOH was 1:3. The dried powder was heated in a fur-
nace at 10°C/min to the synthesis temperature and
maintained at this temperature for 90 min. The syn-
thesis temperatures were 600°C, 700°C, and 800°C.
The synthesized carbon samples are denoted in the
text as C600, C700, and C800, respectively.

2.2. Methods of experimental investigation

The macroscopic structure of the synthesized car-
bon materials was studied using a Phenom ProX
scanning electron microscope. The microstruc-
ture was analyzed through X-ray diffraction using
a DRON-3 diffractometer with monochromatized
Cu K,-radiation (A = 0.1542 nm) over the diffrac-
tion angle range 26 = 10°-80°.

The porous structure of the synthesized sam-
ples was investigated using the nitrogen adsorp-
tion/desorption method at its boiling point with a
Quantachrome NOVAtouch LX2 porometer.

The SC electrodes were fabricated using carbon
particles ground to 40-63 pum. Polyvinylidene fluo-
ride (PVDF) was used as the binding agent, with
a mass ratio of AC to PVDF of 19:1. The active
material was applied to a nickel mesh and pressed
with a hydraulic press at a force of 500 N/cm?.

The specific capacitance of the synthesized AC
in a 30% aqueous KOH solution was determined
based on galvanostatic charge/discharge measure-
ments [10].

Impedance studies of AC were conducted in a
three-electrode cell with a silver chloride reference
electrode over the frequency range of 1072-10° Hz
using an AUTOLAB PGSTAT-100 impedance spec-
trometer.
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3. Results and discussion

3.1. Structural investigations

Scanning electron microscope (SEM) images of all
synthesized samples (Fig. la—) clearly demonstrate
the macroscopic porous structure of AC.

In all cases, the carbon particles retain the mor-
phological features of the raw material — here,
wheat straw — regardless of the synthesis temper-
ature. However, the synthesis temperature does in-
fluence the carbon material microstructure, as ob-
served via X-ray diffraction. As shown in Fig. 2,
all samples consist of an amorphous phase along
with an additional identified phase of silicon diox-
ide SiO5. Furthermore, the diffractograms of sam-
ples C600 and C700 exhibit a distinct peak corre-
sponding to the reflection from the (002) graphite
plane (d(002) =0.335 nm).

Analysis of the broad diffuse maximum for
sample C600 revealed the interlayer distances of
d ~ 0.42 nm (reflection from the (002) plane). This
indicates significant disorder in the amorphous car-
bon phase due to weakened Van der Waals in-
teractions, caused by the azimuthal misorientation
of adjacent graphene layers relative to each other.
The diffractogram of sample C700 also exhibits a
broad maximum corresponding to the interlayer
distances of d =~ 0.41 nm. As seen in Fig. 2, the
diffractogram of sample C800 shows a significant
increase in background scattering at lower diffrac-
tion angles, characteristic of microporous materi-
als. The angular position of the main maximum
at 20 ~ 19° corresponds to the interlayer distance

Fig. 1.

SEM images of synthesized carbon materi-
als: C600 (a), C700 (b), and C800 (c).
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Fig. 2. X-ray diffractograms of synthesized carbon
materials; * — identified SiO2 peaks.
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Fig. 3. Nitrogen adsorption/desorption isotherms
of synthesized carbon materials.

of d = 0.47 nm. The absence of a distinct graphite
peak at 20 ~ 27° suggests a higher degree of atomic
disorder compared to the C600 and C700 samples.

Nitrogen adsorption/desorption isotherms for
all synthesized samples are qualitatively similar
(Fig. 3). Their shape can be classified as type I
isotherms, characteristic of microporous solids [12].
Additionally, all isotherms exhibit H4-type hystere-
sis [12], indicative of slit-like pores.

The specific surface area and total pore vol-
ume were determined using the Brunauer—-Emmett—
Teller (BET) method [13]. The calculation results
are presented in Table I. As evident from the
data, increasing the synthesis temperature from 600
to 800°C leads to an increase in both the specific
surface area and the specific pore volume of the car-
bon samples.

Since the isotherms in Fig. 3 are characteristic
of microporous samples, the microporous structure
parameters were calculated using the ¢-method [13]
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Fig. 4. Nyquist diagrams for synthesized carbon
materials (bias voltage AU = 0 V). Inset: Equiv-
alent electrical circuit modeling the SC frequency
response.

TABLE I

Parameters of porous structure of synthesized carbon
materials.

Sample Seer v S Ve
[m*/g] | [em®/g] | [m*/g] | [cm®/g]
C600 619.5 0.359 589.6 0.299
C700 842.1 0.462 816.0 0.414
C800 1161.7 0.661 1113.9 0.563

(Table I). The results confirm the microporosity of
all samples, since the content of mesopores and
macropores is negligible.

3.2. Electrochemical studies

Galvanostatic charge—discharge tests at a cur-
rent density of 1 A/g for SCs based on synthesized
carbon materials revealed specific capacitances of
123.4 + 3.8 F/g for AC C600, 189.5 + 2.1 F/g for
AC C700, and 148.3 + 2.5 F/g for AC C800. Thus,
AC C700 exhibits the highest specific capacitance.

To analyze the influence of carbon’s porosity and
electronic structure on its electrochemical perfor-
mance, impedance measurements were conducted
and Nyquist plots were constructed over a voltage
range from 0.8 to +0.2 V. The typical Nyquist dia-
grams are shown in Fig. 4.

The obtained Nyquist plots are characteristic of
carbon electrodes with charge accumulation in EDL
at the electrode/electrolyte interface. For electrodes
fabricated from C600, a distinct semicircle in the
high-frequency region is observed, associated with
Faradaic processes [14]. These processes likely stem
from quasi-reversible electrochemical reactions of
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Fig. 5. Voltage—capacitance dependence of spe-
cific SCR capacitance in synthesized carbon mate-
rials.

reduction oxygen-containing surface groups in alka-
line solutions. For C700 and C800, the semicircles
in the high-frequency region are smaller, and the
Nyquist plots are quite similar.

To gain deeper insights, the Nyquist plots for elec-
trodes fabricated from C700 and C800 were mod-
eled using an equivalent electrical circuit based on a
modified de Levie model in the ZView 3.4 software.
This modification includes the sequential addition
of an R4C4-branch (Fig. 4, inset), representing the
resistance and capacitance of the SCR in the carbon
material. The model includes a constant phase ele-
ment CPE1, which accounts for the distributed ca-
pacitance due to the porous structural heterogene-
ity of the carbon.

The specific SCR capacitance C4 calculated from
the equivalent electrical circuit in Fig. 4, inset, as
a function of the applied bias voltage is shown
in Fig. 5. The minimum SCR capacitance for C700
occurs at AU = —0.29 V, while for C800 it is at
AU = —-0.38 V.

The position of the minimum in the voltage—
capacitance dependence determines the chemical
potential u g of each material in the electrolyte [11]

pe = F—eps, (3)
where I is the position of the Fermi level, o5 — po-
tential corresponding to the minimum in the C'(AU)
dependence.

Since the electrolyte is identical for both samples,
their electrochemical potentials are equal

(4)
From 4, the shift in the Fermi level as a function

of the carbon material synthesis temperature can
be calculated as

FQ - F1 = 6(()052 — (psl) = 6(—0.29 - (—038)) =
(5)

KE1 = tE2, SO Fi—epsr = Fh—epgo.

0.09¢V,
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where the subscript “1” corresponds to C800 and
the subscript “2” corresponds to C700.

Thus, for sample C700, the positive shift in the
minimum C(AU) graph compared to C800 implies
that the Fermi level in C700 is shifted by 0.09 V
into an energy region with higher density of elec-
tronic states. According to (2), in the carbon mate-
rial, the density of electronic states determines the
SCR capacitance. Consequently, the positive Fermi
level shift is an essential factor contributing to the
higher specific capacitance of carbon samples with
lower specific surface area.

4. Conclusions

The conducted studies revealed a nonlinear
relationship between specific capacitance and spe-
cific surface area in biocarbon materials synthe-
sized at various temperatures using KOH activa-
tion. With the increase in synthesis temperature,
the total specific surface area increases; however,
the content of the graphite phase decreases, influ-
encing the electronic structure of the synthesized
carbon. Analysis of changes in electronic structure
based on voltage—capacitance dependences of SCR,
capacitance showed that, as the synthesis temper-
ature increases from 700 to 800°C, the Fermi level
shifts into an energy region with higher density of
delocalized electronic states. This shift results in the
Helmholtz layer capacitance unblocking by increas-
ing the SCR capacitance in the carbon material.
Consequently, the capacitance redistribution occurs
within the electric double layer of the supercapac-
itor, which leads to an increase in the specific ca-
pacitance of the carbon material.
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