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Activated carbons prepared from rice husk by chemical activation with dual activation agents, KOH and NaOH, have been
studied and characterized by BET, SEM, EDX, FTIR, Boehm titration, Raman, and TGA. It was found that the KOH/NaOH
impregnation ratio plays an important role on textural properties of AC. At the same amount of total alkali hydroxide, the
KOH/NaOH ratio higher than 1.33 resulted in larger speciﬁc surface area (2990∼3043 m2·g−1), microporous surface area
(2747∼2831 m2·g−1), and higher micropore volume (1.4250∼1.4316 cm3·g−1). The as-prepared samples exist in the form of
spherical-shaped particles with the size ranging from 20 to 60 nm and contain numerous surface functional groups. The asprepared activated carbons were then assessed as an electrode material of supercapacitor operating in the 0.5 M K2SO4
electrolyte in potential windows of −1.0∼0.0 V. The highest capacitance obtained was 205 F·g−1 at the scan rate of 2 mV·s−1 and
225 F·g−1 at a current density of 0.2 A·g−1. At the scan rate as high as 50 mV·s−1, all the as-prepared activated carbons in this
study have the speciﬁc capacitance greater than 100 F·g−1.

1. Introduction
It is well known that activated carbon (AC) is a material with
a porous structure and high speciﬁc surface area and is
widely used as an adsorbent in water/air treatment, catalyst
supporter, or electrical energy/gas storage material. By
utilizing agricultural wastes, the synthesis of AC becomes
more cost-eﬀective which helps us to speed up the commercialization process measurably.
The preparation of AC consists of two stages: the carbonization stage at lower temperature and the activation
stage at elevated temperature. Due to the advantage of lower
temperature, shorter time, and developed porous structure,
chemical activation is usually chosen over physical activation. In the chemical activation process, the chars (carbonized materials) are impregnated in activation agents such
as potassium hydroxide (KOH), sodium hydroxide (NaOH),
zinc chloride (ZnCl2), and phosphoric acid (H3PO4) followed by activation at temperature in the range between 600

and 900°C under nitrogen ﬂow. The characteristics of the
resulting AC are very sensitive to preparing conditions,
especially types of activating agents. The activated carbons
prepared from lapsi seed (Nepal) are highly porous when
activated by KOH or CaCl2 than nonactivating agent pyrolyzed char; on the other hand, the activated carbons
impregnated with MgCl2, FeCl3, and H2SO4 do not show
porous structure [1]. Activated carbons prepared from
macadamia nutshells have more microporous structure
when activated by KOH while have more mesoporous
structure when activated by ZnCl2 [2]. With agricultural
waste precursors, the alkali hydroxide activating agent
produces more developed surface area than other salts,
oxides, or acids. For example, Enteromorpha prolifera
(China) based activated carbon activated by KOH resulted in
higher surface area and larger total pore volume than that
activated by H4P2O7 [3]; tomato paste processing industry
waste (Turkey) established highest surface area that was
activated by KOH, much larger than by K2CO3 or HCl [4].
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Furthermore, for rice husk, because of its high silica content,
alkali hydroxide leaching is a preferable method for AC
preparation. Comparative researches between KOH and
NaOH have been conducted and showed that NaOH activation can satisfactorily control the mesopore volume of the
activated carbons [5]. The KOH ACs had higher micropore
volumes, whereas NaOH ACs had relatively higher densities
[6]. Another diﬀerence between the activation process by
KOH and NaOH is that KOH can be used eﬀectively with
any types of materials while NaOH only with disorder
materials. This is ascribed to the intercalating ability of
metallic K compared to metallic Na produced during the
redox reactions. Metallic Na can only intercalate into the
highly disorganized materials [7]. Nevertheless, no study has
been conducted to use both KOH and NaOH as well as the
eﬀect of the KOH/NaOH ratio on the properties of activated
carbon.
The main objective of this work is to prepare AC from
rice husk with high porosity and large speciﬁc surface area
using dual activating agent (KOH and NaOH) and investigate the eﬀect of the NaOH/KOH ratio on the speciﬁc
surface area, pore structure, morphology, and thermal stability of the AC samples. Moreover, the obtained materials
were characterized and evaluated for potential application as
supercapacitor electrode materials.

2. Materials and Methods
2.1. Materials and Chemicals. Rice husk was collected from
Vinh Phuc Province, Vietnam. The raw precursor was
washed, oven-dried at 110°C for 12 h, grounded, and then
sieved to obtain uniform particle with a diameter of 1.0 mm.
All chemicals used were of analytical reagent grade, and
distilled water was used to prepare all solutions.
2.2. Preparation of Activated Carbon. The prepared husks
were ﬁrst carbonized at 500°C for 90 min in nitrogen
atmosphere. The resulting chars were then impregnated
with KOH and NaOH under various impregnation weight
ratios as indicated in Table 1. For comparison, the chars
were also impregnated with only KOH or NaOH (with the
same molar ratio). The activation process was carried out
in a tube furnace under nitrogen ﬂow of 300 mL·min−1
and at heating rate of 10°C·min−1. The samples were
heated to 400°C and left for 20 min, and then afterwards,
the temperature was raised to 850°C and maintained for
90 min (following our previous research [8] and other
literatures [9]). The activated products were washed sequentially with 0.1 M HCl solution and hot distilled water
to the neutral pH range (6.6–7.0). Finally, the activated
carbon samples were dried at 120°C for 24 h and stored for
use. The as-prepared samples were labeled as presented in
Table 1.
2.3. Characterization of Activated Carbons. Textural properties of the ACs were measured from N2 adsorption/
desorption isotherms at 77 K (Micromeritics, TriStar
3020). The speciﬁc surface area (SBET) was calculated by
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Table 1: AC samples prepared under various impregnation ratios.
Sample
RH-K4N0
RH-K0N3
RH-K1N2
RH-K1.5N2
RH-K2N2
RH-K2N1.5
RH-K2N1

Impregnation ratio KOH : NaOH : char (wt. ratio)
4 : 0 :1
0 : 3 :1
1 : 2 :1
1.5 : 2 : 1
2 : 2 :1
2 : 1.5 : 1
2 :1 :1

the Brunauer–Emmet–Teller (BET) equation [10]; the microporous surface area (Smic), external surface area (Sext),
and micropore volume (Vmic) were evaluated by the t-plot
method [11]; and the mesopore volume (Vmes) was obtained
by the Barrett–Joyner–Halenda (BJH) method [12]. The total
pore volume (Vtot) was evaluated by the sum of microporous
and mesoporous volumes. The pore-size distribution of AC
samples was calculated using density functional theory
(DFT) [13] with the assumption that the pores of the sample
have slit shape.
The morphology of the activated carbons was observed
using a ﬁeld-emission scanning electron microscope S4800
(Hitachi). The element analysis was determined using SM6510LV (Jeol).
The surface chemistry characteristics were identiﬁed by
Fourier-transform infrared spectroscopy (Nicolet, Nexus
670) operating in a wave number range of 500–4000 cm−1
and employing the potassium bromide pellet method.
The concentrations of surface acidic/basic functional
groups were determined by following the Boehm titration
method [14] and were calculated under the assumption that
NaOH neutralizes carboxylic, phenolic, and lactonic groups;
Na2CO3 neutralizes both carboxylic and lactonic groups;
and NaHCO3 neutralizes only carboxylic groups. The
amount of basic groups was calculated from the amount of
hydrochloric acid consumed by the ACs.
Raman spectra were obtained with the Renishaw Raman
microscope using an excitation wavelength at 250 nm.
The thermal behavior was performed with the thermogravimetric analyzer (DTG-60H, Shimazu). Before
measurement, the AC samples were dried in air at 120°C in
2 h to remove adsorbed water. Then, the AC samples were
heated from 120 to 650°C in pure air (ﬂow rate 50 mL·min−1)
at a ramping rate of 10°C min−1. Measurements were made
using calcined alumina as reference material.
2.4. Electrode Preparation and Electrochemical Measurement.
A mixture of activated carbon, conductive additive (carbon
black), and binder (polytetraﬂuoroethylene) with weight
ratio 8 : 1 : 1 was dispersed in ethanol. The slurry was laminated on each side of the current collector (nickel foam) and
dried in oven at 120°C for 15 h. The resulting electrode was
then pressed under 20 MPa and cut into 1 cm × 1 cm geometry shape. Electrochemical measurements were conducted in a three-electrode cell using an Autolab 302N
instrument. The as-prepared activated carbon electrode was
used as the working electrode, with saturated calomel
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electrode (SCE) as the reference electrode, platinum sheet as
the counterelectrode, and 0.5 M K2SO4 as well as 0.5 M
Na2SO4 aqueous solutions as the neutral electrolytes. Cyclic
voltammetry (CV) measurements were performed with a
potential window from −1.0 to 0.0 V vs. SCE at scan rates
from 2 to 100 mV·s−1. Galvanostatic charge/discharge was
carried out with the same potential window at current
densities from 500 to 2000 mA·g−1.
Speciﬁc capacitance based on CV measurements was
calculated by the following equation:
CCV �

|I|Δt
,
2mΔV

(1)

while the gravimetric speciﬁc capacitance based on charge/
discharge curves was evaluated by the following equation:
I Δt
(2)
CCP � d d ,
mΔV
where  |I|Δt is the area of the current (A) against the time
(s) curve, m is the mass of the active material in the electrode
(g), Id is the discharge current (A), Δtd is the discharge time
(s), and ΔV is the potential interval (V).

3. Results and Discussion
3.1. Activated Carbon Characterization
3.1.1. Porous Texture. Nitrogen adsorption/desorption isotherms at 77K of AC samples prepared at diﬀerent KOH/
NaOH impregnation ratios are shown in Figure 1. All the
isotherms are a combination of type I at low relative
pressures (p/p°) and type IV at intermediate and high relative
pressures according to IUPAC classiﬁcation [15] with
hysteresis loops, indicating the coexistence of micropores
and mesopores.
Physical properties of AC samples obtained from N2
adsorption isotherms are summarized in Table 2. It can be
observed that the samples activated with single activation
agent, RH-K4N0 and RH-K0N3, have diﬀerent pore
structures despite having the same amount of alkaline
molecules. RH-K4N0 has higher speciﬁc surface area
(2696 m2·g−1) consisting mainly of micropores while RHK0N3 is detected with about 20% percent of mesopores
(0.4396 cm3·g−1). This result is in good agreement with other
research studies [16]. Nevertheless, the BET surface of single
agent activated samples is smaller than that of all the samples
activated with dual activation agents (SBET is in the range of
2365∼3043 m2·g−1). Therefore, it could be deduced that
using dual activation agents enhances the development of
the surface area of the activated carbon.
The eﬀect of employing the dual activation agent KOH
and NaOH on porous characteristic of the obtained activated
carbon can also be seen from Table 2. The speciﬁc surface
areas and the total pore volume were lowest when the alkali
hydroxide/char impregnation ratio is 3.0 (2365 m2·g−1 and
1.2002 cm3·g−1 for RH-K1N2; 2829 m2·g−1 and 1.3636 cm3·g−1
for RH-K2N1). When the alkali hydroxide/char impregnation
ratio is higher than 3.0, speciﬁc surface area and total pore
volume increased to a certain degree (2945∼3043 m2·g−1 and

1.7212∼1.8084 cm3·g−1, respectively), which indicate that
surface pyrolysis and interior etching processes happened
concurrently.
While the amount of impregnated alkali hydroxide tends
to aﬀect the pore texture of the AC samples, the KOH/NaOH
ratio however seems to have more inﬂuence. The SBET was
signiﬁcantly increased from 2365 to 3043 m2·g−1 at KOH/
NaOH ratios from 0.50 to 1.33. Nevertheless, as the KOH/
NaOH ratio further increased to 2.00, SBET decreased to
2990 m2·g−1. Additionally, the following points were observed from Table 2:
(i) At the same amount of alkali hydroxide, higher KOH
content gave larger speciﬁc surface area, microporous surface area, and higher micropore volume. RHK1N2 has SBET � 2365 m2·g−1, Smic � 2258 m2·g−1, and
Vmic � 1.0156 cm3·g−1, while RH-K2N1, at the same
amount of alkali hydroxide (alkali hydroxide/
char � 3.0), led to SBET � 2829 m2·g−1, Smic � 2736
m2·g−1, and Vmic � 1.2267 cm3·g−1. The same situation happened with RH-K1.5N2 and RH-K2N1.5
(alkali hydroxide/char � 3.5), and SBET, Smic, and
Vmic of RH-K1.5N2 (2945, 2745 m2·g−1, and
1.3811 cm3·g−1) are always lower than that of RHK2N1.5 (3043, 2831 m2·g−1, and 1.4250 cm3·g−1).
(ii) At the same amount of the KOH/char ratio, as the
NaOH/char ratio increased from 1.0 to 1.5 (RHK2N1 and RH-K2N1.5), speciﬁc surface area and
micropore surface area increased from 2829 and
2736 m2·g−1 to 3043 and 2831 m2·g−1. When the
NaOH ratio further increased to 2.0 (RH-K2N2),
speciﬁc surface area and micropore surface area
decreased slightly to 2990 and 2747 m2·g−1. However,
external surface area, mesopore volume, and total pore
volume increased with the increase of the NaOH
ratio from 1 to 2 (Sext, Vmes, and Vtot increase from
93 m2·g−1, 0.1369, and 1.3636 cm3·g−1 to 243 m2·g−1,
0.3768, and 1.8084 cm3·g−1, respectively).
(iii) At the same amount of the NaOH/char ratio, when
the KOH/char ratio increased gradually from 1
(RH-K1N2) to 1.5 (RH-K2N1.5) and 2 (RH-K2N2),
speciﬁc surface area as well as total pore volume
increased, reaching the highest value of 2990 m2·g−1
and 1.8084 cm3·g−1. This raise is resulted from the
increase of micropore and mesopore, which were
from 2258 and 107 m2·g−1 to 2747 and 243 m2·g−1.
The change in speciﬁc surface area and pore characteristic of AC samples with KOH/char and NaOH/char
ratios might be explained by the formation of alkali metal
through the reaction of hydroxide and carbon in the process
of preparation of AC [17, 18] and by the lower boiling point
of KOH (758°C) than NaOH (883°C [19]). It is easier for
potassium to diﬀuse into the layer of carbon, causing the
enhancement of pores (especially micropore), which in turn
increases the speciﬁc and microporous surface area as well as
the microporous volume of AC samples. As a result, the
variation of Na content only causes the change in external
site and mesopore of AC samples.
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Figure 1: Adsorption-desorption isotherms of N2 at 77K for AC samples (the same scale on the quantity adsorbed axes was maintained to
enable better comparison between graphs).

Figure 2 shows the pore-size distributions (PSDs) calculated from the N2 adsorption isotherm by applying the
DFT method. It can be noticed that a considerable amount
of pores is distributed in the range from 0.8 to 1.8 nm, and

from 1.8 to 5 nm, further indicating the concurrence of
micropores and mesopores, which corresponds well with
the observation from N2 adsorption/desorption at 77K in
Figure 1. Combined with the summarized data in Table 1, it
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Table 2: Physical properties deduced from N2 adsorption at 77K of AC samples.

Sample
RH-K4
RH-N3
RH-K1N2
RH-K1.5N2
RH-K2N1
RH-K2N1.5
RH-K2N2

SBET (m2·g−1)
2696
2360
2365
2945
2829
3043
2990

Smic (m2·g−1)
2470
2065
2258
2745
2736
2831
2747

Sext (m2·g−1)
226
295
107
200
93
211
243

Vmes (cm3·g−1)
0.3111
0.4396
0.1846
0.4200
0.1369
0.2962
0.3768

Vtot (cm3·g−1)
1.7369
1.5323
1.2002
1.8011
1.3636
1.7212
1.8084

Vmic/Vtot (%)
82.1
71.3
84.6
76.7
90.0
82.8
79.2

compact of the samples. There are more cracks and crevices
as the KOH/NaOH ratios increase, and the samples with
higher amount of impregnated KOH are more porous than
the other.
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Figure 2: Pore-size distribution of AC samples.

can be seen that the total volume is increasing with the
increase of alkali hydroxide/char ratios and Vtot is highest
with alkali hydroxide/char � 4.0 (RH-K2N2). At the same
amount of alkali hydroxide/char, the higher KOH content
resulted in the development of microporosity. Vmi/Vtot of
RH-K2N1.5 and RH-K2N1 (82.8% and 90.0%) are higher
than those of RH-K1.5N2 and RH-K1N2 (84.6% and
76.7%). According to Alcaniz-Monge and Illan-Gomez
[20], the development of microporosity is due to carbon
gasiﬁcation and the metal intercalation, and only KOH
generates supermicroporosity.
With the signiﬁcantly improvement of porous characteristic of activated carbons by employing dual activation
agents and by varying the KOH/NaOH ratio, we focus on
dual activation agents in further studies.
3.1.2. SEM Analysis. The SEM micrographs of AC samples
are shown in Figure 3. All samples exist in the form of
spherical-shaped particles with the size ranging from 20 to
60 nm. The impregnation ratios only have slight eﬀect on the

3.1.3. Element Analysis. The element analysis of AC samples was determined by EDX measurement and is given in
Table 3. All the samples have relatively high carbon content
(94.38∼95.23%) and no or less than 0.09% silica content.
This is due to the use of the alkali hydroxide activation
agent which reacts with silica (relatively rich in rice husk)
to form alkali silicate and be removed in the washing
process [21]. The presence of oxygen (4.54∼5.35%) is
owing to the adsorbed water and surface functional
groups. The existence of Cl, Cr, and Fe might be caused by
the reactor container during the activation process and by
HCl washing thereafter. Neither K nor Na has been detected, which demonstrates the eﬀectiveness of the
washing process.
3.1.4. FTIR Analysis. The FTIR spectra of all the AC samples
are shown in Figure 4, which have similar shapes with most
of the peaks located at the same wave number. The wide
bands located at 3450 cm−1 can be attributed to the presence
of –OH vibration [22]. The band at 2920 and 2860 cm−1 may
be assigned to the presence of aliphatic C–H vibration [23].
The strong band at 1630 nm represents the C�O vibration
[24]. The peak at 1384 cm−1 is ascribed to CH2 and CH3
groups [23]. There is no SiO2 absorption peaks (at 1101, 944,
and 789 cm−1 [25]), indicating that silica has been successfully removed from the samples. The obtained result is
consistent with earlier EDX studies, in which Si content of all
AC samples is less than 0.1%.
3.1.5. Boehm Titration. The acid/base properties of the
AC samples are evaluated by Boehm titration and shown
in Table 4. From the results in Table 4, it can be observed that the acidic sites are dominant over basic
sites. Total amount of acidic groups is in the range of
1.387∼1.771 mmol·g−1 whereas the amount of basic
groups is only from 0.346 to 0.704 mmol·g−1. The smallest
amount of total acidic groups is found at the RH-K1.5N2
sample (1.387 mmol·g−1) and the highest at the RHK2N1.5 sample (1.771 mmol·g−1). This result is in good
agreement with the EDX measurement that oxygen
content is lowest and highest in RH-K1.5N2 (4.54%) and
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(a)

(b)
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(c)
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(d)

(e)

Figure 3: SEM images of AC samples.
Table 3: EDX analysis of AC samples.

RH-K1N2
RH-K1.5N2
RH-K2N1
RH-K2N1.5
RH-K2N2

C
94.67
95.23
94.91
94.38
94.79

O
5.13
4.54
4.92
5.35
5.09

percentage
Cl
Cr
0.09 0.05
0.04 0.06
—
0.04
0.08 0.05
—
0.06

3450

Fe
0.06
0.05
0.06
0.05
0.06

Total
100
100
100
100
100

1384
2920
2850
Abs

Sample

Mass
Si
0
0.08
0.07
0.09
—

1630
RH-K2N2
RH-K2N1.5
RH-K2N1

in RH-K2N1.5 (5.35%), respectively. It can also be noticed from Table 4 that the numbers of carboxylic,
phenolic, and lactonic groups as well as total basic groups
are almost unrelated to the amount of alkali hydroxide
used or the KOH/NaOH impregnation ratio.
3.1.6. Raman Analysis. The degree of surface disorder and
defect of the as-prepared AC samples were evaluated by
Raman spectra and are illustrated in Figure 5 and Table 5.
There are graphite (G) peak at 1580 cm−1 and the defectdisorder (D) peak at 1350 cm−1. The G-peak is associated
with E2g, and the D-peak is corresponded to A1g. The ratio
of the integrated intensities of D-band and G-band (ID/IG)
is consistent with the degree of graphitization of carbonaceous materials, and ID/IG increases with the decreasing
in crystallinity [26]. The results from Table 5 reveal that
RH-K2N1.5 has the highest ID/IG value which indicates the
highest surface disorder degree of this sample. The ID/IG
values of RH-K1.5N2 and RH-K2N2 are 1.361 and 1.291,
suggesting that these two samples have higher degree of
graphite organization. This outcome conﬁrms the Boehm
titration results, since the surface disorder degree is

RH-K1.5N2
RH-K1N2
4000

3500

3000

2500
2000
1500
Wavenumbers (cm–1)

1000

500

Figure 4: FTIR spectra of AC samples.

resulting from high amount of surface functional groups.
The crystalline size along the basal plane (La) in Table 5 was
calculated by the following equation [27]: La (nm) � (4.35 ×
IG )/ID (3). RH-K1.5N2 and RH-K2N2 have low value of ID/
IG; consequently, their calculated crystallite sizes are
towering over other samples.
3.1.7. TGA Analysis. Figure 6 shows the TGA-DTA curves
of AC samples prepared at diﬀerent KOH/NaOH/char
ratios. All samples show a similar behavior in the temperature range under study, which occurs in two weightloss stages: 120∼350°C and 350∼600°C. The weight loss in
the temperature range of 120∼350°C is summarized in

7

Functional groups (mmol g−1)
Acidic
Carboxylic Phenolic Lactonic
site
0.500
0.850
0.250
1.600

Sample
RH-K1N2
RHK1.5N2
RH-K2N1
RHK2N1.5
RH-K2N2

Basic
site
0.630

0.495

0.397

0.495

1.387

0.693

0.350

0.550

0.600

1.500

0.690

0.260

0.990

0.521

1.771

0.704

0.445

0.595

0.545

1.585

0.346

TGA (%)

Table 4: Functional groups on the surface of AC samples by Boehm
titration.
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Figure 6: TGA-DTA curves of AC samples.
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RH-K1.5N2

Table 6: Weight loss of AC samples and total carboxylic and
lactonic groups.
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Figure 5: Raman analysis of AC samples.
Table 5: ID, IG, ID/IG, and La.
Sample
RH-K1N2
RH-K1.5N2
RH-K2N1
RH-K2N1.5
RH-K2N2

ID (a.u.)
1875
1870
1889
2205
2021

IG (a.u.)
838
1374
859
918
1566

ID/IG
2.237
1.361
2.199
2.402
1.291

La (nm)
1.94
3.20
1.98
1.81
3.37

Table 6. The weight loss of all the samples in this range is
lower than 5.09% and is due to the decomposition of some
oxygen containing groups (carboxylic 100–250°C and lactonic
200–400°C [28]). Hence, for the convenience of comparison,
the amount of carboxylic and lactonic groups evaluated from
Boehm titration is also presented in Table 6. Table 6 shows
that there is a consistency between the weight loss and the
total amount of carboxylic and lactonic groups, which further
conﬁrms the Boehm titration results above.
It also has to be pointed out that the main diﬀerence
between TGA-DTA curves is only shown in the exothermic
peaks of the second weight loss range. At the same impregnated alkali hydroxide amount, the exothermic peak
temperature is lower for higher KOH content (between
RH-K2N1.5 and RH-K1.5N2 or between RH-K2N1 and
RH-K1N2) conﬁrming that KOH is a more reactive agent, in
comparison with NaOH [29].

RH-K1N2
RHK1.5N2
RH-K2N1
RHK2N1.5
RH-K2N2

Weight loss (%) in the
Total carboxylic and
temperature range
lactonic groups (mmol g−1)
°
of 120∼350 ( C)
4.01
0.750
5.09

0.990

4.45

0.950

4.10

0.781

5.02

0.990

3.2. Electrochemical Features. The electrochemical performance of electrodes made of the as-prepared AC samples
was evaluated using cyclic voltammetry and galvanostatic
charge/discharge. Figure 7 depicts cyclic voltammograms of
AC electrodes in 0.5 M K2SO4 electrolyte at four typical scan
rates 2, 10, 30, and 50 m·V s−1 in the potential windows of
−1.0∼0.0 V vs. SCE. At 2 mV·s−1, CV curves exhibit a
symmetric rectangular shape with a slight distortion, indicating an ideal electrochemical double-layer capacitor
behavior. The little hump appeared in CV curves of AC
electrodes can be accounted for the reaction of surface
functional groups [30].
In detail, as the scan was initiated at 0.0 V in negative
direction to −1.0 V, the K+ ions immigrated to the activated
carbon surface, diﬀused into the pores, and adsorbed onto
the surface as well as inside the pores to form an electrical
double layer. The speciﬁc capacitance of activated carbon is
caused by the double-layer capacitance of the adsorbed K+
ions (positive charge) and the electrons accumulated on the
carbon surface (negative charge) as well as the pseudocapacitance provided by the reduction of surface functional
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Figure 7: Cyclic voltammograms of AC samples in 0.5 M K2SO4 at diﬀerent scan rates from 2 to 50 mV·s−1. (a) v � 2 mV·s−1,
(b) v � 10 mV·s−1, (c) v � 30 mV·s−1, and (d) v � 50 mV·s−1.

groups. By reverse scan from −1.0 to 0.0 V, the K+ ions are
desorbed and diﬀused out of the pores. Simultaneously with
this process, there exists the oxidation of surface functional
groups. According to Frackowiak and Béguin [31], the redox
reaction can be described as follows:
> C − OH⇄ > C � O + H+ + e
−COOH⇄−COO + H+ + e

(3)
−

> C � O + e⇄ > C − O

As the scan rate increases from 2 to 10, 30, and further to
50 mV·s−1, the CV curves are deformed. The deviations from
the rectangular shape are more pronounced with increasing
scan rate and in the order RH-K2N2 < RH-K2N1.5 < RH-

K1.5N2 < RH-K1N2 < RH-K2N1. This is due to the kinetic
limitation of the adsorption/desorption rate of K+ ions
which is directly aﬀected by the diﬀusion of K+ ions into and
out of the micropores of AC electrodes. This, in turn, will
increase the resistance of AC materials, leading to a deformed rectangle [32]. RH-K2N2 has the largest external
surface (243 m2·g−1); thus, it is the least aﬀected by the scan
rate. By contrast, as the external surface of RH-K2N1
(93 m2·g−1) is smallest, its CV curve is the most deviated
from the ideal shape.
The speciﬁc capacitances calculated from CV curves at
diﬀerent scan rates are summarized in Table 7. All the
calculated CCV are in the range of 160∼205 F·g−1 at the scan
rate of 2 mV·s−1. These values are about 1.6∼2 times of the
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Table 7: CCV at diﬀerent scan rates.

Sample
RH-K1N2
RH-K1.5N2
RH-K2N1
RH-K2N1.5
RH-K2N2

2 mV·s
160
197
191
205
193

−1

5 mV·s
155
182
179
193
184

−1

CCV (F g−1) at diﬀerent scan rates
10 mV·s−1
20 mV·s−1
30 mV·s−1
147
134
123
167
144
128
169
149
134
179
157
140
176
162
149

PICATIF activated carbon in the same testing conditions
[33]. This is owing to the high speciﬁc surface area of the asprepared activated carbons. RH-K2N1.5 and RH-K1N2 has
the highest and lowest speciﬁc surface area (3043 vs.
2365 m2·g−1); for that reason, the Ccv of RH-K2N1.5 is the
highest (205 F·g−1) and of RH-K1N2 is the lowest (160 F·g−1).
Besides, the contribution of surface functional groups
should be taken into account, especially at the low scan rate.
The highest amount of acidic and basic groups of RHK2N1.5 (2.475 mmol·g−1) also help raising its speciﬁc
capacitance.
As the scan rate increases, the speciﬁc capacitance of the
sample decreases. However, at the scan rate heighten up to
50 mV·s−1, speciﬁc capacitances of all samples are still
greater than 100 F·g−1, which implies the good capacitance
of the as-prepared activated carbon in the K2SO4 electrolyte. With the increasing scan rate, the speciﬁc capacitance decreases gradually, which could be due to the
limited diﬀusion of K+ ions. At the scan rate as high as
100 mV·s−1, the highest speciﬁc capacitance of 90 F·g−1 was
observed with the RH-K2N2 sample while the lowest of
69 F·g−1 was seen in the RH-K2N1 sample. This result
might be explained by the eﬀect of the external area of the
samples as described above.
Figure 8 displays the charge/discharge curves of AC
electrodes at two typical current densities 0.5 and 3.0 A·g−1
in 0.5 M K2SO4 electrolyte. A good linear variation of potential vs. time is observed for all curves, and the charge curves
are symmetric to the corresponding discharge counterparts.
There are only small Ohmic drops at high current density,
implying the small resistivity of the cell. The Ohmic drops
increase with but not proportional to the increasing of current
density. At current density of 0.5 A·g−1, the Ohmic drops
increase in the order RH-K2N2 RH-K1.5N2 < RH-K2N1 RHK1N2 < RH-K2N1.5. At current density of 3.0 A·g−1, however, the order changes to RH-K2N2 < RH-K2N1.5 < RHK1.5N2 < RH-K1N2 < RH-K2N1.
The diﬀerence in the Ohmic drop is owing to the internal resistance of materials, and the less mesopores (lower
external surface), the higher the internal resistance. However, the surface disorder of the material also adds up to the
increase of internal resistance. The Raman results in Table 5
show that the surface disorder increase in the following order: RH-K2N2 < RH-K1.5N2 < RH-K2N1 < RHK1N2 < RH-K2N1.5. This means that the surface conductivity of the samples decreases in order RH-K2N2 > RHK1.5N2 > RH-K2N1 > RH-K1N2 > RH-K2N1.5, which is
consistent with the magnitude of Ohmic drops at low

50 mV·s−1
103
111
102
114
127

100 mV·s−1
72
83
69
74
90

current density (0.5 A·g−1). At high current density, the
Ohmic drop strongly depends on the mesopores amount.
RH-K2N2 has the highest mesopores amount (BET result in
Table 2); therefore, it has the smallest Ohmic drop. In
contrast, the Ohmic drop of RH-K2N1 is highest owing to its
low mesopores amount.
The gravimetric speciﬁc capacitances at diﬀerent
current densities calculated from equation (2) are illustrated in Figure 9. It can be seen from Figure 9 that the
speciﬁc capacitance decreases with the increasing of
current density. As current density increases from 0.2 to
3.0 A·g−1, the speciﬁc capacitance of RH-K2N1.5 decreases
from 225 to 154 F·g−1. It also can be seen from Figure 9
that the change in the speciﬁc capacitance of AC samples
with current density is similar to the change with the scan
rate (described above). This result conﬁrms the CV result
and can also be explained due to Raman as well as BET
result.

4. Conclusions
High surface area activated carbons from rice husk have
been prepared by chemical activation with dual activation
agents, KOH and NaOH. The activation condition, namely,
total alkali hydroxide/char and KOH/NaOH ratio can aﬀect
the pore structure of the activated carbons. The as-prepared
activated carbon samples have a porous structure with developed speciﬁc surface area (2365∼3043 m2·g−1) and high
pore volume (1.2002∼1.8084 cm3·g−1). The alkali hydroxide/
char and KOH/NaOH ratio have a signiﬁcant eﬀect on the
pore texture of AC samples. The AC sample prepared with
alkali hydroxide/char � 3.0 and KOH/NaOH � 0.5 has speciﬁc surface area and pore volume as 2365 m2·g−1 and
1.2002 cm3·g−1, respectively. Alkali hydroxide/char � 3.5 and
KOH/NaOH � 1.33 give the highest speciﬁc surface area of
3043 m2·g−1 and pore volume of 1.7212 cm3·g−1. The asprepared AC samples have particle size in the range of
20∼60 nm and were estimated to have more than 94%
carbon, about 5% oxygen, and a trace amount of other elements (Si, Cl, Cr, and Fe). The presence of oxygen is due to
the adsorbed water and surface functional groups
(1.931∼2.475 mmol·g−1). All the AC samples exhibit a good
capacitive behavior when used as an electrode material of
supercapacitors. In the 0.5 M K2SO4 electrolyte, the highest
capacitance obtained is 205 F·g−1 at the scan rate of 2 mV·s−1
and is 225 F·g−1 at the current density of 0.2 A·g−1. This result
shows the potential for valorization of rice husk waste by

Journal of Chemistry
0.1

0.1

–0.1

–0.1

–0.3

–0.3

–0.5

E vs SCE (V)

E vs SCE (V)

10

–0.94
–0.96

–0.7

–0.5

–0.75
–0.80
–0.85
–0.90
–0.95
–1.00
40

–0.7

–0.98
–0.9

–0.9

–1.00
300

350

400

450

50

60

–1.1

–1.1
0

200

400

600
t (s)

RH-K1N2
RH-K1.5N2
RH-K2N1

800

1000

0

20

40

60

80

100

120

140

t (s)
RH-K2N1.5
RH-K2N2

RH-K1N2
RH-K1.5N2
RH-K2N1

RH-K2N1.5
RH-K2N2
(a)

(b)

Figure 8: Charge-discharge curves of AC electrode at two diﬀerent current densities. (a) i � 0.5 A·g−1 and (b) i � 3.0 A·g−1.
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controlling the speciﬁc surface area and pore structure of the
prepared activated carbon toward the application as a
supercapacitor electrode.
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