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Abstract

Porous carbon materials with a specific surface area of 1200-1500 m2/g were obtained by carbonization of rice 
husks at 500 °C, followed by subsequent activation using potassium hydroxide at a temperature of 700, 800, 
900 °C, and studied by means of Raman spectroscopy and electrochemical methods. It was established that me-
chanical activation of rice husks makes it possible to increase the specific surface area (to 2315 m2/g) and the 
volume of micropores (to 0.84 cm3/g) in the carbon material. As a result, an increase in electrical capacity and a 
decrease in the internal resistance of supercapacitor cells with electrodes based on them are achieved.
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INTRODUCTION

Porous carbon materials (PCM) find broad ap-
plication as adsorbents, supports for catalysts and 
electrode materials [1–3]. The major sources of ob-
taining highly porous activated carbon materials 
are fossil brown and black coal, wood, wood char-
coal, peat, etc. A tendency is observed to use the 
wastes of plant raw material from agricultural 
production as precursors (fruit seeds, nut shells, 
husk of grain crops, straw, corn cobs, etc.) [4–6]. 

Special attention should be paid to a cheap 
and available renewable raw material – rice husk. 
The world amount of rice production is more 
than 500 million t per year, and rice husk is 
formed as the wastes in the amount of about 

140 million t [7]. Rice husk is usually used as a 
cheap source of energy; it is burnt in the fields or 
stored as wastes in enormous amounts, which has 
a negative effect on the environment. 

The major components of rice husk are cellu-
lose, hemicellulose, lignin, and mineral compo-
nents (mainly silicon compounds); their content 
depends on rice sort, climatic conditions, the 
chemical composition of soil, the methods of land 
cultivation and irrigation, fertilizers and other 
conditions. 

In this connection, the development of meth-
ods to obtain PCM based on rice husk is ur-
gent [8–12] because this allows us not only to 
make materials with unique adsorption and ca-
pacitive properties on the basis of cheap and 
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available raw material but also to solve the prob-
lem of waste utilization thus promoting conserva-
tion of the environment. 

The parameters of porous structure (the size, 
volume and structure of pores) may be regulated 
within a broad range by varying the conditions of 
carbonization, activation and removal of silicon 
oxide during obtaining PCM. In the case of chem-
ical activation, which is carried out at lower tem-
peratures than physical activation, the reagents 
used to increase porosity are potassium hydroxide, 
potassium carbonate, zinc chloride, phosphoric 
acid, etc. [2, 7, 13, 14]. However, the use of such 
activators as phosphoric acid, zinc chloride and 
some others requires additional leaching of resid-
ual silicon oxide. 

Because of this, especially interesting is the 
optimization of the technology of highly porous 
activated coal from rice husk by uniting the pro-
cess of silicon oxide removal and chemical acti-
vation. This is achieved by using potassium hy-
droxide as the activator: at high temperature, 
this compound not only promotes an increase in 
the specific surface of the formed carbon mate-
rial but also interacts with silicon oxide with the 
formation of water-soluble potassium silicate. 
Subsequent dissolution of potassium silicate in 
cold water is accompanied by an increase in po-
rosity [12, 13, 15]. 

Due to the highly developed structure of meso- 
and micropores, these materials are of interest for 
use as the electrodes in the systems of energy ac-
cumulation and transfer. Micropores provide high 
porosity for the adsorption of electrolyte ions, 
which leads to high specific capacitance, while 
mesopores in combination with macropores pro-
mote the formation of transport channels for elec-
trolyte ions. A three-dimensional multiscale struc-
ture simplifies the penetration of the electrolyte 
and ion diffusion, thus improving the access of 
electrolyte ions to the electrode. High chemical 
stability and good electrical conductivity provide 
excellent stability during multiple potential cy-
cling. The main factors affecting the characteris-
tics of the materials of electrodes in supercapaci-
tors (SC) are specific surface [16], pore size dis-
tribution [17], specific resistance [18, 19], and 
functional groups on the surface [20]. 

However, the use of the excess amount of po-
tassium hydroxide as the activating agent leads 
first of all to an increase in the volume of ma-
cropores and large mesopores, which causes a de-
crease in Van der Waals forces inside the pores 
and has a negative effect on capacitance charac-

teristics; second, this causes a decrease the den-
sity of the material as a result of more rigid acti-
vation conditions, which inevitably causes a de-
crease in volume capacitance, the most practically 
significant characteristic in the area of miniaturi-
zation of electronics; third, this causes a decrease 
in the total yield of carbon material, which leads 
to an inevitable increase in the net cost of the 
production of capacitors. 

In this connection, it is most relevant to inves-
tigate the processes of obtaining and properties of 
PCM based on carbonized rice husk treated with 
the use of an optimal amount of activator (potas-
sium hydroxide) because this allows obtaining 
carbon material under softer conditions, in a high 
yield, with prevailing microporosity combining a 
moderate fraction of mesopores, which would 
provide simplified change propagation at a high 
scanning rate. 

The goal of the present work was to study the 
effect of the conditions of chemical and mechani-
cal activation of carbonized rice husk on the 
structural features of the obtained carbon mate-
rials and on the capacitance characteristics of the 
electrodes of SC on this basis. 

ExpERImENTal

Materials

Highly porous activated carbon materials based 
on rice husk (RH) collected in the Almaty Region 
of the Republic of Kazakhstan were chosen as 
the object of investigation. The carbon materials 
were obtained at the Institute of Combustion 
Problems (Almaty, the Republic of Kazakhstan) 
according to the following procedure: rice husk 
was preliminarily purified, dried and carbon-
ized at 500 °C in the atmosphere of nitrogen 
for 40 min (RH-C-500). Then carbonized husk 
RH-C-500 was mixed with KOH at a mass ratio 
of 2 : 1, placed in a crucible made of stainless 
steel and activated in the atmosphere of nitrogen 
at a temperature of 700, 800 and 900 °C for 1 h. 
The resulting mixture was washed with cold 
water to achieve the neutral medium (pH) by 
separating from the liquid phase by decanting, 
and then dried at 110 °С for 1 h. The samples of 
the activated carbon material obtained as a result 
of chemical activation with potassium hydroxide 
(RH-CА-700, RH-CА-800 and RH-CА-900) were 
studied using different methods. For comparison, 
RH(M)-CA-800 sample was prepared on the basis 
of rice husk after preliminary mechanical activa-
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tion (comminuted to the size fraction of 500 µm); 
this sample was subjected to carbonization and 
activation under the conditions similar to those 
for the RH-CА-800 sample. 

Physicochemical investigations

Specific surface and pore volume were esti-
mated with the help of Autosorb-1 sorbtometer 
(Quantachrome instruments, UK) according to 
Brunauer–Emmett–Teller method (BET) relying 
on the isotherms of low-temperature (77 K) sorp-
tion of nitrogen. Before analysis, carbon materials 
were degassed at 350 °C for 12 h in vacuum. 

Investigation of the samples by means of Raman 
spectroscopy (RS) was carried out with the help of 
a Renishaw InVia Basis spectrometer (Renishaw, 
UK) with the excitation wavelength of 514.5 nm 
and exposure for 90 s per each spectrum.

Electrochemical measurements

Electrochemical measurements were carried 
out in a two-electrode cell of symmetrical design 
with graphite current collectors with the help of 
a Parstat 4000 potentiostat-galvanostat-impedan-
cometer (Princeton Applied Research, USA) using 
aqueous solutions of 1 M H2SO4 or 6 M KOH as 
electrolytes, and a porous polypropylene mem-
brane PORP-A1 (Russia) as a separator. 

The curves of cyclic voltammetry (CVA) were 
recorded within the potential window from –1 V 
to + 1 V with the potential scanning rates 10, 20, 
40 and 80 mV/s. 

Measurements by means of galvanostatic 
charging-discharging were carried out with the 
charging current +10 mA, discharging current 
–10 mA, time of discharging/charging 10 s, cur-
rent density 0.5 A/g (calculated for the mass of 
two electrodes). On the basis of the data obtained, 
we calculated specific capacitance and internal 
resistance. 

Impedance measurements were carried out in 
the potentiostatic mode within a frequency range 
of 10–2 to 104 Hz.

The procedure for the calculation of capaci-
tance characteristics was reported in [21–23].

REsUlTs aND DIsCUssION

The porous material obtained as a result of rice 
husk carbonization is characterized by not very 
large specific surface area (149 m2/g) and contains 
a substantial amount of amorphous silicon oxide. 
Chemical activation of carbonized husk with the 
help of KOH causes a substantial increase in spe-
cific surface and porosity, especially after the re-
moval of silica. After activation at a temperature 
of 800 °C, specific surface and total pore volume 
reach the maximal values; further temperature 
rise to 900 °C causes a decrease in porosity (Fig. 1). 
So, 800 °C is the optimal temperature for the 
high-temperature activation of carbonized rice 
husk with the help of potassium hydroxide. It was 
established that preliminary mechanical activa-
tion of rice husk allows an additional increase in 

Fig. 1. Texture characteristics of carbon materials based on rice husk: a – specific surface area; b – volumes of meso- and 
micropores. 
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the specific surface area and micropore volume by 
a factor of approximately 1.5. 

The Raman spectra of the samples are shown 
in Fig. 2. One can see that the behaviour of the 
curves in the spectrum of carbonized rice husk 
(RH-C-500) (see Fig. 2, a) changes sharply after 
its mechanical and chemical activation (see 
Fig. 2, b–e). The high intensity of luminescence 
background (see Fig. 2, a) is evidence of the 
presence of not only С–С bonds but most prob-
ably also oxygenated functional groups in the 
structure of the material. Analysis of the Raman 
spectra of the first order involves their decom-
position according to the 5V model (five vibra-

tions described by pseudo-Voigt functions), fol-
lowed by the calculation of numerical charac-
teristics to describe the degree of imperfection 
of the carbon framework of materials under 
investigation. 

Within the spectra range of 900–1900 cm–1, 
the following bands were assigned to the basic 
vibrations of carbon atoms included in various 
molecular formations [24–27]:

D4-band ~1200 cm–1 (mixed structure involv-
ing sp3-sp2-hybrid carbon);

D-band ~1360 cm–1 (sp3-atoms of carbon in a 
diamond-like structure or the presence of heter-
oatoms in the graphite plane);

Fig. 2. Raman spectra of carbon materials based on rice husk: RH-С-500 (a), RH-CA-700 (b), RH-CA-800 (c), RH-CA-900 (d), 
RH(М)-CA-800 (e).
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D3-band ~1520 cm–1 (interstitial defects out-
side the graphite layers, due to the formation of 
organic molecules, fragments or functional groups 
forming amorphous carbon phases);

G-band ~1585 cm–1 (vibrations of sp2 carbon 
atoms in graphite planes);

D2-band ~1620 cm–1 (edge defects of the sp2 
graphite plane).

With an increase in activation temperature 
from 700 to 900 °C, the ratio of the integral inten-
sities of D- and G-bands (ID/IG), which shows the 
extent of structural disordering, decreases from 
0.92 to 0.76, that is, the structure becomes less 
deficient. At 800 °C, the maximal ID/IG value 
equal to 1.05 is observed. So, it may be assumed 
that an increase in temperature from 700 to 
800 °C leads to a substantial rearrangement of 
the carbon structure, followed by ordering at 
900 °C. A narrow intense band at ~2700 cm–1 is 
detected in the Rama spectrum of RH-CA-900 
sample (see Fig. 2, d), which is characteristic of 
graphite and other highly symmetric carbon ma-
terials with the low content of structural defects. 
Most probably, this phenomenon may be related 
to the initial stage of graphitization of the carbon 
material. 

Additional confirmation of this assumption 
may be the position of the maximum of intensity 
(frequency shift, ν, cm–1) and half-widths of spec-
tral bands (∆ν, cm–1) of the basic vibrations. The 
G-band in the Raman spectrum of RH-CA-700 
sample may be described by the following values: 
ν(G) = 1602 cm–1 and ∆ν(G) = 78 cm–1. The char-
acteristic for the D-band is: ν(D) = 1354 cm–1 and 
∆ν(D) = 183 cm–1. This means that graphite-like 
crystals incorporated into the structure of car-
bonizate are composed of conjugated benzoic 
rings having a shorter bond length in comparison 
with the saturated six-membered rings, which 
leads to the high ν value of the G-band.

An increase in the temperature of chemical ac-
tivation to 800 °C only slightly changes the spectral 
characteristics: ν(G) = 1601 cm–1, ∆ν(G) = 87 cm–1, 
ν(D) = 1356 cm–1, ∆ν(D) = 215 cm–1. Broadening 
of G- and D-bands is the evidence of an increase 
in structural disordering: defects appear that had 
not been present previously in graphite-like crys-
tallites. For this reason, the RH-CA-800 sample is 
characterized by the high value of the parameter 
ID/IG (1.05). 

Further increase in temperature to 900 °C 
leads to the change of the vibrational spectrum: 
the bands possess the minimal width, and 

the G-band shifts to the spectral region charac-
teristic of graphite: ν(G) = 1587 cm–1, ∆ν(G) = 43 
cm–1, ν(D) = 1353 cm–1, ∆ν(D) = 87 cm–1. Thus 
the carbon structure of the RH-CA-900 sample is 
the most ordered one, with the smallest number 
of defects. This is the reason for a decrease in the 
specific surface area (see Fig. 1).

The parameters of D-band (ν(D) = 1353 cm–1, 
∆ν(D) = 176 cm–1) for sample RH(М)-CА-800 which 
was preliminarily mechanically activated differ 
from the parameters of the sample without me-
chanical activation (RH-CА-800). The characteris-
tics of G-band (ν(G) = 1601 cm–1, ∆ν(G) = 86 cm–1) 
are close for both samples, which means that pre-
liminary mechanical activation has not affected 
the formation of the ordered phase. A decrease 
in the width of D-band may be a consequence 
of annealing some structural defects. For the 
RH(M)-CA-800 sample, ID/IG = 1.25, which means 
that the structure of this sample contains a larger 
amount of defects. This is most probably connect-
ed with an increase in the fraction of edge de-
fects (D4-band), which appear in the Raman 
spectrum in the high-frequency shoulder of the 
G-band. An increase in the intensity of D4-band 
is accompanied by a decrease in the intensity of 
G-band, so the value of ID/IG increases. An in-
crease in the amount of edge defects of graphite-
like crystallites leads to an increase in the spe-
cific surface of the sample (see Fig. 1). 

The CVA curves of symmetrical SC cells are 
shown in Fig. 3. One can see that SC cells with 
the electrodes based on carbonized husk RH-C-
500 without chemical activation do not exhibit 
capacitance properties in the alkaline electrolyte 
and in the acid; the shapes of curves are not rec-
tangular, and the area limited by CVA curves 
is insignificant. The maximal value of current at 
80 mV/s does not exceed 0.6–0.7 mA (or 0.03 A/g); 
the capacity of electrodes at the scanning rate of 
10 mV/s was 32–34 F/g, while at 80 mV/s – 
4–5 F/g. For the cells with electrode materials 
based on the samples subjected to high-tempera-
ture chemical activation (RH-CA-700, RH-CA-800, 
RH-CA-900), the shape of curves is close to rec-
tangular, especially for RH(M)-CA-800 sample 
that was preliminarily activated mechanically, 
which is characteristic of SC accumulating ener-
gy due to the double electric layer (DEL). The 
areas limited by CVA curves are many times 
larger for activated samples than for the case 
when non-activated carbonized rice husk is used 
(RH-C-500). Current densities in the cases when 
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RH-CA-700, RH-CA-800, RH-CA-900 were used 
at 80 mV/s reached 4–5 A/g (calculated for the 
mass of two electrodes). 

The dependences of specific capacitance (С) of 
electrodes in symmetrical SC cells on the rate of 
potential scanning (v) are shown in Fig. 4. One 

can see that the highest capacity is observed 
when the electrode material is preliminarily 
ground carbonized husk subjected to chemical 
activation at 800 °C (RH(M)-CA-800): 491 F/g – 
in 6 M KOH solution, 469 F/g – in 1 M H2SO4 
solution.

Fig. 3. CVA curves of the symmetrical supercapacitor cells in the alkaline (a, c, e) and acid (b, d, f) electrolytes. Electrode 
materials: a, b – RH-С-500; c, d – RH-CA-800; e, f – RH(М)-CA-800. 
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Comparing the data obtained in the studies in 
two electrolytes, we see that at high scanning 
rates somewhat higher parameters were revealed 
for the cell with the alkaline electrolyte (6 M KOH). 
Among the samples activated in the alkaline 
electrolyte, the smallest capacitance was observed 
for RH-CA-900 sample: in the acid electrolyte 
(1 М H2SO4) at low scanning rates (10 mV/s) the 
capacity of this electrode material was 458 F/g, 
which is comparable with the capacitance of 
RH(M)-CA-800. However, unlike for the latter, 
the shape of CVA curves is not rectangular but 
extended across the diagonal, and at scanning 
rate of 80 mV/s the capacitance of RH-CA-900 
noticeably decreases to 235 F/g.

Results of the calculations carried out on the 
basis of the curves of galvanostatic charge-
discharge are shown in Table 1. 

In comparison with CVA data, relatively lower 
cell capacitance values calculated from discharge 
curves are due to higher rates of potential change, 

especially for the samples with low capacitance 
and high internal resistance. The highest capacity 
and the smallest internal resistance were observed 
with the RH(M)-CA-800 sample used in the alka-
line electrolyte. One can see that the high-temper-
ature chemical activation of carbonized rice husk 
by potassium hydroxide allows a 55–95 times in-
crease in capacitance and a 150–300 times de-
crease in the internal resistance in comparison 
with the electrode material RH-C-500.

The Nikewist diagrams and the dependences 
of the phase angle (ϕ) on frequency (f ) for SC 
cells with the electrode materials under investi-
gation are shown in Fig. 5. The lowest resistance 
is observed when carbon materials activated at 
800 °С are used, especially RH(M)-CA-800 sample 
which was prepared by preliminary mechanical 
activation. Nikewist diagrams for the cells with 
electrodes based on RH-CA-800 and RH(M)-CA-800 
samples correspond in their shape to the hodog-
raphs of SC impedance, in which the dominating 

TABLE 1

Specific capacitance of the electrodes and internal resistance  
of supercapacitor cells calculated from the discharge curve 

Sample Specific capacitance, F/h Internal resistance, Ohm

6 М KOH 1 M H2SO4 6 М KOH 1 M H2SO4

RH-C-500 3 2 963.0 971.0

RH-CA-700 167 174 5.6 5.8

RH-CA-800 193 181 3.9 4.0

RH-CA-900 175 172 4.8 6.2

RH(М)-CA-800 206 189 3.2 3.4

Fig. 4. Dependence of specific capacitance of electrode materials on the rate of potential scanning in the alkaline (a) and 
acid (b) electrolytes. 
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contribution into capacity is made by the DEL; for 
other electrode materials, a substantial increase in 
the active component of the impedance and a de-
crease in phase angle are observed with a de-
crease in current frequency. For chemically non-
activated sample (RH-C-500, not shown in Fig. 5), 
the phase angle is within the range 15–25 deg, 
the active and reactive components of the imped-
ance are 0.5–2 kOhm, which is in agreement with 
the data of CVA, galvanostatic charge-discharge 
and points to the low capacitance characteristics 
and impossibility to use non-activated rice husk 
as electrodes in SC. For the activated sample, the 
lowest active component of the impedance is ob-
served for the sample activated at 800 °C. Addi-
tional preliminary mechanical activation of car-
bonized husk promotes a decrease in the active 
component of the impedance to 2–3 Ohm at the 
frequency of 0.01 Hz and an increase in phase 
angle to 80 deg. This is evidence that the major 

contribution to capacitance is explained by charge 
accumulation due to DEL. 

CONClUsION

Highly porous activated carbon materials ob-
tained through carbonization of rice husk followed 
by activation with potassium hydroxide were 
studied with the help of Raman spectroscopy and 
electrochemical methods. The samples are char-
acterized by the high specific surface (1200–
2300 m2/g) and pore volume (up to 1.03 cm3/g), in 
particular micropores (up to 0.84 cm3/g). It was 
established that the optimal temperature of chem-
ical activation is 800 °C. It was determined that 
preliminary mechanical activation of rice husk 
followed by chemical activation with the help of 
potassium hydroxide allows a substantial increase 
in the specific electrical capacitance to 450–
490 F/g and decrease the impedance of cells, 

Fig. 5. Nikewist diagrams (a, b) and the dependences of phase angle (ϕ) of supercapacitor cells on current frequency (f) 
(c, d) in different electrolytes. 
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which is due to an increase in the concentration 
of defects in the structure, an increase in the spe-
cific surface area and the volume of pores, first of 
all micropores. 
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