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Abstract

Activated carbons (ACs) were prepared from a lignocellulosic-based waste
material by a chemical impregnation method using KOH, NaOH or CaCl, as
the activating agent. These ACs were characterized by different techniques
such as N, adsorption, FTIR, XRD and SEM. Electrostatic properties viz. pH
and pH
tration of surface oxygenated functional groups of the ACs was estimated fol-

of AC suspensions in aqueous media were measured. The concen-

pzc

lowing the Boehm titration method. Cyclic voltammetry was conducted in
H,SO, after fabricating two-electrode capacitor cells of the ACs. The correla-
tion of AC surface chemistry and morphology with electrochemical perfor-
mance (capacitance) of powdered electrodes is analyzed and discussed.
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1. Introduction

Electrochemical double layer capacitors (EDLCs) also known as supercapacitors
are promising high power energy sources for many different applications where
high power density, high cycle efficiency and long cycle life is needed [1] [2] [3]
[4] [5]. In electrochemical capacitors, the electrical energy is stored based on the
separation of opposite charges in a double layer across the electrode/electrolyte
interface. Activated carbons (ACs) have been widely used as electrode materials
for EDLCs because of their superior physicochemical stability, high surface area

and well-developed pore systems [1] [2] [6]-[14]. The double layer capacitance is
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partly determined by the morphological properties of the porous electrodes, es-
sentially, the surface area and pore size distribution of the carbon [15]. Further,
the electrochemical behavior of carbon electrodes is associated both with surface
roughness and the presence of oxygenated surface functional groups [4], [6],
[16], [17]. The surface morphology of ACs depends on both the activation
process and the nature of the precursor [1], [18] [19] [20] [21]. Considerable ef-
fort has been extended to find suitable precursor materials and activation
processes for ACs possessing the essential characteristics needed for EDLC ap-
plications [1], [2], [5], [7], [13].

ACs are generally prepared by either physical or chemical activation methods
from a wide range of precursor materials [1], [18] [19] [20] [21]. The physical
activation process involves carbonization of the material followed by gasification
with activating agents such as CO,, steam or a combination of both [18] [19]
[20] [21]. The chemical activation method involves impregnation of the precur-
sor with a chemical agent such as H;PO,, ZnCl,, NaOH, KOH, etc. and then ac-
tivated at a comparatively high temperature [19] [20] [21]. The chemical activa-
tion method is advantageous for producing very high surface area AC [19] [20]
[21].

The principal objective of the present work is to explore the feasibility of using
lignocellulosic-based ACs as an electrode material for EDLC application. The
ACs are prepared following a chemical impregnation method from the testas of
Mesua ferrea oil seed, extensively grown in the North Eastern part of India and
considered as waste material in biodiesel production [22]. Surface morphology
of the ACs is studied using various characterization techniques. Electrochemical

performance of the ACs as electrode materials in EDLCs is evaluated.

2. Materials and Methods
2.1. Preparation of AC

The precursor for production of porous carbon was waste material of the testa of

an oil seed, Mesua ferrea used in the production of biodiesel. Scheme 1 shows a
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450°Cin N,
L N Charcoal

Impregnated with
activating agent
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Scheme 1. Schematic representation of the preparation of activated carbon from Mesua
ferrea testa.
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photograph of the testa and the detailed scheme of the preparation of activated
carbon. The precursor material was first washed with distilled water to remove
water-soluble impurities and surface adhered particles and then dried at 60°C to
remove moisture and other volatile impurities. The dried material was cut into
small pieces. Prior to activation, the precursor was carbonized at 450°C for 30
min under a nitrogen flow rate of 100 cm’min™". The rate of heating and cooling
was 5°C min™". The charcoal was ground and sieved to particle size range of 20 -
30 BS (British Standard). This step was intended to produce a dense carbonized
material prior to impregnation and activation. ACs were prepared by chemical
activation using KOH, NaOH or CaCl, (activating agent, CAK, CAN and CAC
respectively) following an impregnation procedure. 4 g of charcoal was well
mixed by stirring with a solution that contained 20 ml water and 16 g of the ac-
tivating agent for 2 h at 70°C. The resulting slurry was dried at 110°C for 24 h in
an oven under air atmosphere. Activation was carried out in a vertical furnace
by heating (15°C min™") from 27°C to the final activation temperature (950°C
for 30 min) under a flow of nitrogen (100 cm*min™") before cooling at the same
rate and environment.

The product was washed with hot deionized water several times. This was fol-
lowed by refluxing with 25% HNO, for 2 h at ~100°C before filtering and wash-
ing with hot deionized water for a number of times until the pH of the filtrate is
neutral (and free from chloride in case of CaCl, activation). Finally, the samples
were washed with methanol and dried at 110°C for 48 h in an oven. The samples
were preserved in a desiccator. The yield of ACs was in the range of 30% - 35%.
The proximate and ultimate analysis of the precursor and the ACs are given in
Table 1. Proximate analysis was carried out following standard methods. Ulti-
mate analysis of C, H, N, S, and O (by difference) was performed on a Perkin
Elmer 2400 Series II CHNS/O Analyzer.

Table 1. Proximate and ultimate analysis of precursor and activated carbons.

Analyses Precursor CAK CAN CAC

Proximate analysis (wt. %)

Moisture 17.8 2.4 3.3 4.3
Ash (db)* 8.3 0.1 0.2 0.2
Volatile matter (daf)’ 30.5 3.4 4.8 7.6
Fixed carbon (daf)’ 434 94.1 91.7 87.9

Ultimate analysis (wt. %)

Carbon (daf)? 54.3 87.2 85.0 79.4
Hydrogen (daf)t 10.6 3.2 3.9 5.1
Nitrogen (daf)’ 7.8 0.6 0.5 1.2
Sulphur (db)* 0.2 - - -
Oxygen (daf)', by difference 27.1 8.9 10.6 14.3

*dry basis; 'dry and ash free.
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2.2. Characterization of AC

Surface area of the ACs were estimated by physical adsorption of N, gas meas-
ured at 77 K with a Sorptomatic 1900 (Carlo Erba) using the BET model. Prior
to the experiments, the samples were outgassed at 250°C under vacuum for 24 h.
Total pore volumes were calculated using the Horvath-Kawazoe (HK) approach
[23]. Micropore and mesopore volumes of the ACs were calculated using the
Dubinin-Radushkevich (DR) [24] and Barrett-Joyner-Halenda (BJH) [25] me-
thods, respectively.

Fourier transformed infrared (FTIR) spectra were acquired using a Perkin
Elmer FTIR 1600 Spectrophotometer. The samples were mixed with KBr and a
mixture containing 0.1 wt. % materials was pressed into pellets. Spectra were
obtained by averaging 100 scans in the 4000 - 400 cm™' spectral range at a reso-
lution of 4 cm™. Surface morphology of the ACs was observed using a FEI In-
spect F Scanning Electron Micrograph (SEM) operating at an accelerating vol-
tage of 10 kV.

The ACs were characterized by the pH of their aqueous suspension measured

under standardized conditions [26], [27]. The point of zero charge (pH,,.) was

pzc

measured to investigate the total surface charge of the ACs in accordance to the

standard method [28]. At a solution pH lower than pH,,, the total surface

pze>
charge is positive on average, whereas at the higher solution pH it is negative
[29], [30]. The admixture of 100 mg of AC and 50 ml of 0.1 M KNO; solution
was agitated for 24 h at 27°C to allow it to reach the equilibrium state. The initial
pH of KNO, solution was changed from 2 to 10 using 0.1 M HNO; and 0.1 M
KOH. When the equilibrium pH did not change with increasing the initial pH,
the constant pH value was considered as the point of zero charge for the AC.
The equilibrium solution pH was measured by a Thermo Scientific ORION 4
STAR digital pH meter.

Boehm titration method was used to determine the oxygenated functional
groups of the ACs [31] [32] [33]. In this method, the following assumptions
were made to distinguish the surface-oxygen functional groups based on their
acidity: C,H,ONa neutralizes carboxylic, lactonic, phenolic and carbonyl groups;
NaOH neutralizes carboxylic, lactonic and phenolic groups; Na,CO; neutralizes
carboxylic and lactonic groups and NaHCO, only neutralizes carboxylic groups
[34] [35] [36]. 1 g of AC was separately mixed with 15 ml of the above-men-
tioned basic solutions and agitated at 150 rpm for 48 h to complete the neutrali-
zation. From the remaining basic solution, 5 ml was separated and back titration
was performed with 0.1 M HCI using methyl red as a colour change pH indica-

tor.

2.3. Electrochemical Studies of AC

To prepare the electrodes, a slurry of AC and polytetrafluoroethylene (PTFE)
binder (20:1 weight ratio) was pressed on a stainless-steel-foil current collector
of 2 cm® and subsequently dried at 100°C for 12 h under vacuum. A two-elec-

trode capacitor cell was fabricated to examine the electrochemical performance
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of the AC electrodes in a capacitor. The cell was assembled with two facing AC
electrodes, sandwiching a piece of filter paper as separator. Cyclic voltammetric
measurements were conducted between —1.0 and 1.0 V at different sweep rates
in 1 M H,SO,. The capacitance of the AC electrodes were calculated from inte-

gration of the voltammogram within the potential range applied.

3. Results and Discussion

3.1. Material Characterization

The N, adsorption isotherms at 77 K were used to assess the pore characteristics
of the ACs and are presented in Figure 1. This set of isotherms allows us to ob-
serve the effect of the activating agents during the pyrolysis step. All isotherms
exhibit Type I profile typical of microporous materials according to BET classi-
fication systems [37] and show an increase in the adsorption at low P/P° (0.0 to
0.05), an indistinct inflection (P/P° = 0.1 to 0.3) and a long plateau extending to
P/P° ~1.0. The adsorption isotherms provide further information on the pore
size distribution and the dependence on the nature of the activating agents. The
overall shape of the isotherms suggests that the ACs possess uniform pore size
and the contribution of mesoporosity being considerably low (from the magni-
tude of the inflation). These observations are in agreement with the porous tex-
ture results listed in Table 2. The results further indicate that activation with

KOH produced the best quality AC with regards to porous texture.
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Figure 1. N, adsorption isotherm at 77 K of CAK, CAN and CAC carbons.

Table 2. Specific surface area and pore structure parameters of activated carbons.
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Carbon [~ Vo (HK) Ve (DR) Vmes (BJH) Micropore
(m*g™) (cm*g™) (cm*g™) (cm*g™) (%)
CAK 1604 1.27 0.86 0.32 67.7
CAN 1367 0.88 0.64 0.17 72.7
CAC 974 0.62 0.47 0.11 75.8
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The pore size distribution graphs of the ACs are presented in Figure 2. The
Hovarth-Kawazoe (HK) methodology [23] is used for the micropore size distri-
bution data (Figure 2(a)) whereas mesopore size distribution diagrams are ob-
tained from the Barret-Joyner-Halenda (BJH) methodology [25] (Figure 2(b)
and Figure 2(c) and Figure 2(d)). From Figure 2(a), it can be concluded that
the micropores have a narrow size distribution with a mean pore diameter of
12.5 - 13.5 A". The mesopore size distribution diagrams of the ACs as displayed
in Figure 2(b) and Figure 2(c) and Figure 2(d). The curves show multiple
peaks demonstrating a heterogeneous distribution of pores sizes. It is seen that
CAC carbon has a broad mesopore size distribution.

SEM was used to determine the morphology of the lignocellulosic derived
ACs. Clearly, the distribution and sizes of the pores is critical in determining the
applicability of ACs [38]. The plan view SEM images of the three ACs presented

in Figure 3 show that these carbons have an irregular and highly macroporous
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Figure 2. (a) Differential micropore pore size distribution based on the Horvath-(HK)
methodology, and (b), (¢c), (d) differential mesopore size distribution based on the Bar-
rett-Joyner-Halenda (BJH) methodology of CAK, CAN and CAC carbons.

(a) (®) ()

Figure 3. Plan view SEM images of (a) CAK; (b) CAN and (c) CAC carbons.
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cell-like structure (note that a sizeable fraction of pores belongs to the macro
domain (<30%)) but a range of pores of different sizes and shapes could be ob-
served. The reason for the development of cavities is not clear but the range of
porosities in these materials from the sub nm range through to micron sized
pores is probably highly advantageous in terms of material transport. The cell-
like structures may have arisen from the evaporation of the activating agent
during activation leaving the large void structures observed here. As well as this,
the activation temperature is relatively high (950°C) and caking and agglomera-
tion could have occurred on the char structure resulting in the formation of char
with an intact external surface. The images further reveal that the surface mor-
phology of the three carbons is different. Pores are well developed and relatively
higher in CAK and CAN carbons. It appears that the porous texture characteris-
tics are governed by the nature of the activating agent used in the chemical acti-
vation process.

FTIR spectroscopy provides valuable information on the chemical structures
of the ACs. Figure 4 shows the FTIR spectra of the three ACs. A broad absor-
ption band can be identified for all materials at 3600 - 3200 cm™ and can be as-
signed to the O-H stretching mode of hydroxyl/adsorbed water. The position
and asymmetry of this band at lower wave numbers indicates the presence of
strong hydrogen bonds [39]. Further, a weak but sharp peak was observed at
3729 cm™ in all the ACs indicating the presence of isolated O-H groups.

The FTIR spectra of the ACs show absorption bands due to aliphatic C-H in
—-CH,- (2924 cm™ and 2857 cm™) and —-CH,- deformation (1450 cm™). Bands
due to the C-H stretching mode (3045 cm™ and 3025 cm™) and out-of-plane
deformation mode (886 cm™ and 800 cm™) of aromatic structures are identified
in the spectra. The out-of-plane deformation modes derive from variously subs-
tituted benzene rings. The intensity of these bands is low and suggests the eli-

mination of a large fraction of C-H bonds during pyrolysis and the formation

CAK
3
8
E CAN
172}
g
=
B CAC
I
4000 1800 400

Wave number, cm™!

Figure 4. FTIR spectra of CAK, CAN and CAC carbons.
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of the carbon network. This observation is in concordance with the results of
elemental analysis (Table 1) which indicated low hydrogen contents. The spec-
tra also show a weak band in the region of 1600 - 1580 cm™". This absorption
band is due to C=C stretching vibrations in aromatic ring structures. The spectra
also show a strong peak at ~1720 cm™. This band is usually assigned to C=0
stretching vibrations of ketones, aldehydes, lactones or carboxyl groups. Broad
bands at 1300 - 1000 cm ™ have been attributed to the C-O stretching in acids,
alcohols, phenols, ethers and esters [39], [40]. Moreover, a new strong band
centering at ~1557 cm ™' and another weak band at ~1280 cm™ are observed in
the spectra of all the three ACs. These peaks are attributed to the symmetric and
asymmetric vibrations of -NO, groups [41]. The presence of this group probably
arises from the washing stage and the HNO, reflux used. The various car-
bon-oxygen groups are probably due to oxidation of the carbons by HNO,. Ele-
mental analysis further supports this suggestion (Table 1).

The acid-base properties of AC are important when this class of material is
used as electrode material/adsorbents. The pH of carbon suspension in
de-ionized water is highly acidic as is evident from the results of Table 3. There
are however, variations in the pH of the carbon suspensions. This is obviously
due to the effect of the activating agents used in the preparation stage. AC pre-
pared using NaOH produced the most acidic carbon suspension. The point of
zero charge (pH,,.) values listed in Table 3 were obtained from Figure 5 where
the equilibrium solution pH was plotted against the initial solution pH for all the
three ACs. The constant equilibrium solution pH exhibits the point of zero
). The pH

which is promising for use as aqueous phase adsorbents [42]. There is a minor

charge (pH values of the three ACs fall in a narrow range of 6.7-7.5

pzc pzc

variation in pH,, for the materials due to the chemicals used in the activation

process. Table 3/Figure 5 indicate that pH and pH,,. are on the acidic side of

pzc
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Figure 5. Relationship of equilibrium solution pH (pHj,,) and initial solution pH

(PH,ia) for the determination of pH ,. of AC suspensions.
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Table 3. Electrostatic (acid-base) properties of activated carbons.

Acidic surface functional groups (mmol/g)

Carbon pH PH,,
Carboxylic ~ Phenolic ~ Lactonic ~ Carbonylic Total
CAK 5.3 7.5 1.43 0.16 0.07 0.25 1.91
CAN 4.8 6.7 1.57 0.21 0.07 0.36 2.21
CAC 5.1 6.9 1.38 0.23 0.06 0.28 1.95

the pH scale for CAN and CAC carbons. This is consistent with the variation in
the level of acidic surface functional groups (Table 3). Of the four types of acidic
functional groups present carboxylic and phenolic groups are primarily respon-
sible for the acidic properties observed. These two functional groups dissociate
readily in water to generate H" when compared to lactonic and carbonylic
groups. The overall amount of carboxylic and phenolic groups are highest for
the CAN and CAC carbons and explains their acidity.

3.2. Electrochemical Investigations

The electrochemical properties of the ACs as electrode materials for EDLCs/su-
percapacitors were evaluated using cyclic voltammetry (CV) measurements. The
CVs of the AC electrodes are shown in Figure 6 with different voltage sweep
rates from 5 to 50 mV-s™". For all ACs, the low voltage sweep rate (5 and 10
mV-s™') CVs are almost rectangular in shape suggesting the unrestricted motion
of electrolytes into the pores at this slow rate of double layer formation. Howev-
er, the distortion of the voltammograms increases with increasing voltage sweep
rate for all the materials. This indicates that these ACs are not suitable for quick
charge-discharge operations. Thus, at high sweep rates, the ohmic resistance of
electrolyte motion in the pores has affected the double layer formation mechan-
ism which is important for the charge storage [43], [44]. This may arise from in-
creased induced current with higher sweep rates. This induced current can in-
crease the potential difference between the mouth and bottom of the pores the-
reby resulting in the delayed current response [13]. However, the situation for
CAK carbon is different to a certain extent. The voltammogram of this AC is less
tilted at higher sweep rates in comparison to the other two AC electrodes. This
indicates somewhat superior capacitive behaviour of the AC even in quick
charge-discharge operations. This could be due to better accessibility of the ions
to the electrochemically active surface at high voltage sweep rates.

The specific capacitance value (expressed in Farad (F)) of the electrode mate-
rials is calculated from the cyclic voltammograms and the results at different
sweep rates are listed in Table 4. It is evident that there is little variation in the
specific capacitance of the ACs. CAN carbon shows the highest capacitance val-
ue of 183.8 F-g™" at a slow sweep rate of 5 mV s whereas CAC carbon shows the
lowest capacitance value of 15.3 F-g™" at a high sweep rate of 50 mV-s™". The rela-
tionship between the retained capacitance ratios (ie., capacitance decay) and

voltage sweep rate is plotted in Figure 7(a). Here, the specific capacitance values
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Figure 6. The two-electrode cyclic voltammograms sweep between —1.0 and 1.0 V at vol-
tage sweep rates of (a) 5 mV/s; (b) 10 mV/s; (c) 20 mV/s and (d) 50 mV/s in 1 M H,SO,
for CAK, CAN and CAC electrodes.
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Figure 7. Plots of (a) capacitance decay against voltage sweep rate and (b) capacitance
against reciprocal voltage sweep rate for CAK, CAN and CAC carbons.

Table 4. Capacitance of activated carbons at different voltage sweep rates.

Capacitance (F/g) at different voltage sweep rates

Carbon
5mV/s 10 mV/s 20 mV/s 50 mV/s
CAK 177.8 116.2 75.6 432
CAN 183.8 113.3 55.3 25.0
CAC 172.4 101.3 37.8 15.3

decrease with the increase of sweep rate for the three ACs. Further, it indicates
that there is always less electrochemically active surface area of pores being uti-
lized at higher voltage sweep rate. The CAK carbon retained the highest of their
initial capacitance even at the highest sweep rate of 50 mV-s™' amongst all the
ACs. The relationship of capacitance verses the reciprocal of the sweep rate is
shown in Figure 7(b). The linearity of these dependences and lines starting at
point (0, 0) confirm almost purely Coulombic character of the process tested.

The ability for charge accumulation depends upon the specific surface area of
AC. A direct relationship between capacitance and surface area exists and is
given by:

C=¢S/d

where, € is permittivity of the electrolyte, S is surface area of the electrode-elec-
trolyte interface, and d is distance between the polarized AC surface and the
maximum charge density of solvated ions [45], [46]. Generally, the higher the
specific surface area of the AC, the higher the ability for charge storage. The spe-
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cific surface area of CAN carbon is low in comparison to CAK carbon (Table 2),
but it shows the highest capacitance value. This could be due to the fact that at
slow sweep rate the ions have enough time to diffuse into the micropore surface
of CAN carbon (72.7% micropore fraction). Comparatively, both CAK and CAC
carbons possess less capacitance at slow sweep rate of 5 mV/s; however, CAK
carbon can maintain most of their capacitance at high voltage sweep rate
(Figure 7(a)). This AC has the highest surface area and mesopore fraction
amongst all the ACs investigated, which explains this behaviour. The solvated
ions can diffuse fast enough into the mesopores of CAK carbon even at high
voltage sweep rate of 50 mV/s. However, it is difficult to establish a direct rela-
tionship between surface area and capacitance of the ACs investigated. This ob-
servation is well documented in Figure 8, which depicts the relation between
surface area and capacitance of the ACs.

The functional groups may import an additive enhancement of the specific
capacitance of polarizable electrode. The surface oxygen-containing moieties
such as carbonyl, hydroxyl, etc. are electrochemically active in both the capaci-
tive and Faradic sense. These Faradically active surface groups can contribute to
the measured charge and consequently to the capacitance values (ie., a pseudo-
capacitance) [16], [47], [48]. Interestingly, features due to pseudocapacitive
processes are not observed in the voltammograms. This does not necessarily as-
cribe the zero contribution of pseudocapacitance to the total capacitance of the
electrode systems. The functional groups on AC surface can be attractable for
the solvated electrolyte ions [49], [50]. The process is due to physical adsorption,
by electrostatic forces between the AC surface and electrolyte ions. Further, the
increase in oxygenated functional groups content may improve the wettability of
the AC surface in the electrolyte resulting in a corresponding increase of the real
area of the built-up double layer [50]. There are reports that higher capacitance
can be achieved through the attachment of a variety of functional groups using
thermal, chemical and electrochemical treatments [51], [52]. The relationship

between total acidic functional groups verses capacitance as shown in Figure 9,
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Figure 8. Dependence of capacitance (at voltage sweep rate, 5 mV/s) on specific surface
area of CAK, CAN and CAC carbons.
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Figure 9. Dependence of capacitance (at voltage sweep rate, 5 mV/s) on total acidic sur-
face functional groups of CAK, CAN and CAC carbons.

are indicative of the decisive role of surface concentration of oxygenated func-
tional groups in double layer formation and consequently capacitance. Figure 9
clearly demonstrates the reason why CAN carbon possesses the highest capacit-

ance value at slow sweep rate amongst the ACs tested.

4. Conclusion

The ACs prepared here are predominantly microporous with highly developed
surface area and porous texture. Further, the carbons possess sufficient oxyge-
nated and acidic surface moieties. EDLCs performances of the ACs have dem-
onstrated the dependence of capacitance on porous texture and concentration of
surface oxygen-containing functional groups. There is little variation in the spe-
cific capacitance of the ACs with CAN carbon showing the highest capacitance
value of 183.8 F-g™".
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