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Abstract

Four kinds of activated carbons (denoted as ACs) with specific surface area of ca. 1050 m2 g−1 were fabricated from fir wood and pistachio
shell by means of steam activation or chemical activation with KOH. Pore structures of ACs were characterized by a t-plot method based on
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2 adsorption isotherms. The amount of mesopores within KOH-activated carbons ranged from 9.2 to 15.3% while 33.3–49.5% of
ere obtained for the steam-activated carbons. The pore structure, surface functional groups, and raw materials of ACs, as we

he supporting electrolyte were also found to be significant factors determining the capacitive characteristics of ACs. The excellen
haracteristics in both acidic and neutral media and the weak dependence of the specific capacitance on the scan rate of cyclic
CV) for the ACs derived from the pistachio shell with steam activation (denoted as P-H2O-AC) revealed their promising potential in t
pplication of supercapacitors. The ACs derived from fir wood with KOH activation (denoted as F-KOH-AC), on the other hand, sh
est capacitive performance in H2SO4 due to excellent reversibility and high specific capacitance (180 F g−1 measured at 10 mV s−1), which

s obviously larger than 100 F g−1 (a typical value of activated carbons with specific surface areas equal to/above 1000 m2 g−1).
2005 Elsevier B.V. All rights reserved.
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. Introduction

The physicochemical properties, including specific sur-
ace area, pore volume, and porosity, of activated carbons
ACs) were found to be a strong function of the activation
rocess and method as well as the nature of raw materials

1,2]. In addition, an understanding of the influences of ac-
ivation variables in both physical and chemical activation
rocesses on the physicochemical properties of ACs is very

mportant in manufacturing carbons with a desired structure
1]. This is especially important in the development of micro-
nd mesopores because they are strongly related to the ad-
orption capability and ability of carbons for various types of

∗ Corresponding author. Tel.: +886 37 381575; fax: +886 37 332397.
E-mail address:wfc@nuu.edu.tw (F.-C. Wu).

chemicals from gas or liquids. Accordingly, recent rese
has focused on the development of ACs with desired
structures and on new applications[3].

Activated carbons are important industrial materials
various applications[4–8]. Recently, investigations of the r
lationship between the porous structures and electroche
behavior became important because they have been w
recognized as an electrode material for surpercapa
[4,9–11]. Since the cost of AC-based supercapacitors
electric double layer capacitors (EDLCs)) is low[10], this
type of energy storage devices is commercially attra
for many applications, such as mobile telecommunicti
starting and back-up power for engines, etc.[12]. On the
other hand, for high-power, the proportion of mesopores
50 nm > pore diameter > 2 nm) within ACs is considere
to be one of the key factors determining the capac

378-7753/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2004.12.020



F.-C. Wu et al. / Journal of Power Sources 144 (2005) 302–309 303

performance of EDLCs since a complete array of the electric
double layers can be established and solvated ions can
move freely within such pores although a high proportion of
mesopores will result in a loss of specific surface area[11,13].

A large portion of electric energy stored in supercapaci-
tors will be consumed during discharge if the equivalent se-
ries resistance (ESR) is significant, usually resulting from
the poor conductivity of ACs as well as the poor diffusion
of solvated ions within micropores[9,12,14]. These charac-
teristics depend mainly on the nature, the BET surface, and
the porous structure of carbons[9,12,13–15]. Accordingly,
the pore size distribution is believed to be one of the key fac-
tors that dictate the selection of ACs for EDLCs[9,10,12].
In fact, ACs manufactured under different conditions were
found to have different pore structures and surface conditions,
usually resulting in an incomplete utilization of the surface
area (i.e., electrochemically inaccessible/partially accessible)
[9,12–14]. In addition, to the accessible surface areas, the ca-
pacitance per unit area (in�F cm−2) is not the same due
to the presence of various functional groups[13,16]. Hence,
several studies were carried out to modify the surface proper-
ties of ACs in order to optimize their capacitive performance
(i.e., high-power, low ESR and high specific capacitance)
[4,6–11,14–16]. A typical value of specific capacitance of
around 120 F g−1 for carbons with careful selection[11] was
proposed to be a promising and practical material for this
a
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meantime, steam generated from deionized water (Millipore,
Milli-Q) in a heated tube was poured into the oven at a rate of
3 cm3 min−1 for 3 and 2 h, respectively, for fir wood and pis-
tachio shells. After this step, they were carbonized at 550◦C
in an oxygen-deficient environment. In the subsequent acti-
vation process, the oven was further heated at the same rate
to 900 and 890◦C, respectively, under the same flow-rate of
steam. The times for activation at 900 and 890◦C were 5 and
3 h, respectively. The resultant carbons were ground in a mill
followed by washing with pure water and drying. Finally,
these steam-activated carbons were sieved in the size range
0.12–0.2 mm, and are denoted as W-H2O-AC and P-H2O-
AC for those prepared from fir wood and pistachio shells,
respectively.

2.2. Preparation of KOH-activated carbons

Chars of fir wood and pistachio shells prepared by the
carbonization process in Section2.1were removed, crushed,
and sieved to a uniform size range from 0.833 to 1.65 mm. A
solution of chars, KOH, and H2O (in the 1:1:1 weight ratio)
was well agitated in a stainless steel beaker. After drying at
130◦C for 24 h, the chars, placed in a sealed ceramic oven
were heated at a rate of 10◦C min−1 to 780◦C and maintained
at this temperature for 1 h. During this activation process,
N gas was flowed into the oven by a rate of 4 dm3 min−1.
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In general, AC materials with unique pore size distr

ions usually result from the differences in precursors
ctivations[13,17]. In addition, a relative high proportio
f mesopores (i.e., high proportion of the electrochemic
ccessible surface area) within these materials, the ty
haracteristics of wood-derived ACs is required for su
apacitor applications[5]. In our previous work[5,18,19], a
eries of studies were conducted to manufacture ACs w
nique pore size distribution (from wood wastes and sh
hich were evaluated for the possibility for pollution cont
he aim of this paper is to prepare various ACs with diffe
ore size distributions and to evaluate their applicabilit
upercapacitors. In addition, the physicochemical prope
ncluding the BET surface area, pore size distribution,
ore volume, yield, and surface functional groups, of ste
nd KOH-activated carbons were systematically chara

zed and correlated to their capacitive properties.

. Experimental details

.1. Preparation of steam-activated carbons

The fir wood employed in this work came from fir tre
hich was used as an instrument jacket. The firs (a gen
vergreen conifers in the family Pinaceae) should belon
bies bifoliain North America. The received raw materi
ere dried at 110◦C for 24 h and then, placed in a sealed

amic oven and heated at a rate of 5◦C min−1 to 550◦C. In the
2
he activated products were then cooled to room temper
nd washed with deionized water. Subsequently, the sam
ere transferred into 0.1 M HCl (250 cm3), stirred for 1 h, an
ashed with hot deionized water until pH of the washed s

ion was about 6–7[20]. Finally, they were dried in a vacuu
ven at room temperature for 24 h. These KOH-activated
ons prepared from fir wood and pistachio shells are den
s W-KOH-AC and P-KOH-AC, respectively.

.3. Measurements of physical properties

The yield of activated carbons is defined as the we
atio of final carbons to the initial dried raw materials. T
ET surface area of carbons(Sp) was obtained from N2 ad-
orption isotherms at 77 K (Porous Materials, BET-202
he total pore volume (Vpore) and pore size distribution we
btained by the BJH theory[21] in the same equipment. T
icropore volume (Vmicro) and external surface area (Sext)
ere obtained using thet-plot method[22–24]. The surfac
rea corresponding to micropores (Smicro) was obtained b
ifference[25].

.4. Electrode preparation

Activated carbon powders were well mixed with
wt.% PVdF binders for 30 min andN-methyl-2-pyrrolidone

NMP) was dropped into the above mixture and gro
o form the coating slurry. This slurry was smeared o
he pretreated graphite substrates and dried in a va
ven at 50◦C overnight. In order to avoid any unexpec
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influences, the total amount of AC pastes on each elec-
trode was kept approximately constant (ca. 2 mg cm−2). The
10 mm× 10 mm× 3 mm graphite substrates before coating
with ACs were first abraded with ultrafine SiC paper, de-
greased with acetone and water, then etched in a 0.1 M HCl
solution at room temperature (ca. 26◦C) for 10 min, and fi-
nally degreased with water in an ultrasonic bath. The exposed
geometric area of these pretreated graphite supports is equal
to 1 cm2 while the other surface areas were insulated with
PTFE (polytetrafluorene ethylene) coatings.

2.5. Capacitance measurements

Cyclic voltammetry (CV) was performed by an electro-
chemical analyzer system, CHI 633A (CH Instruments) be-
tween−0.1 and 0.9 V. All experiments were carried out in a
three-compartment cell. An Ag/AgCl electrode (Argenthal,
3 M KCl, 0.207 V versus SHE at 25◦C) was used as the refer-
ence and a platinum wire with an exposed area equal to 4 cm2

was employed as the counter electrode. A Luggin capillary
was used to minimize errors due toiRdrop in the electrolytes.
The electrolytes used for the capacitive characterization were
degassed with purified nitrogen gas before measurements for
25 min and this nitrogen was passed over the solutions during
the measurements. The solution temperature was maintained
at 25◦C by means of a water thermostat (Haake DC3 and
K
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Fig. 1. Adsorption/desorption isotherms of N2 at 77 K on (1,©) W-H2O-
AC; (2, �) P-H2O-AC; (3,�) W-KOH-AC and (4,� ) P-KOH-AC.

pores, to the presence of ink-bottle type of pores[28]. Accord-
ing to the Kelvin equation[29], pores of the ink-bottle type are
large, resulting in the presence of a hysteresis loop in the high
relative-pressure region. A feature common to many hystere-
sis loops is that the steep region of the desorption branch can
be associated with the lower closure point and occurs (for a
given adsorptive at a given temperature) at a relative pressure
which is almost independent of the nature of the porous ad-
sorbent but depends mainly on the nature of the adsorptive
(e.g., for nitrogen at its boiling point atP/P0 ≈ 0.42 and for
benzene at 25◦C atP/P0 ≈ 0.28) [29]. On the other hand,
the isotherms for KOH-activated carbons (see curves 3 and
4) show the general features of Type-I (Langmuir type) ad-
sorption[29]. In general, microporous solids with relatively
small external surfaces generally show the Type-I adsorption
isotherms[29]. In addition, the initial (steep) part of a Type-
I isotherm represents the micropore filling (rather than the
surface coverage) and the low slope of plateau is due to the
multilayer adsorption on the external surface area[29]. Based
on the above results and discussion, the pore size distribution
and structure are undoubtedly determined by the activation
methods although they also depend on the source of raw ma-
terials.

The pore size distributions of W-H2O-AC, P-H2O-AC, W-
KOH-AC, and P-KOH-AC are shown inFig. 2as curves 1–4,
respectively, whereD indicates the pore diameter. There is
a
t (see
c lops
t rop-
o KOH
a ated
i

K

20).

. Results and discussion

.1. Physical properties of steam- and KOH-activated
arbons

Identifying the microstructure is an essential proce
or designing and developing activated carbons. In a
ion, the establishment of electric double layers shoul
trongly dependent on the intrinsic pore size distributio
Cs [9,12,13,17]although micropores usually account
ver 95% of the total surface area for common AC ma
ls[26]. Accordingly, the pore size distribution and the p
ortion of micro-/mesopores within ACs are very import

o the application of supercapacitors. Based on the d
ion from IUPAC, pores distributed within ACs are classifi
nto three groups: micropores (pore size < 2 nm), mesopore
2–50 nm), and macropores (>50 nm), which can be sui
valuated by the adsorption isotherms of inert gases (e.2
nd He)[27].

Typical adsorption/desorption isotherms of N2 at 77 K
nto W-H2O-AC, P-H2O-AC, W-KOH-AC, and P-KOH
C are shown inFig. 1 as curves 1–4, respectively. F
urves 1 and 2 (i.e., the steam-activated carbons), adso
nd desorption lines overlap completely in the low relat
ressure region while a hysterestic loop is clearly found in
igh relative-pressure region (P/P0 > 0.5). This loop has bee
ainly attributed, among other factors such as the slit-sh
P
peak atDP < 2 nm and another peak is found asDP be-

ween 3.5 and 4.5 nm for the steam-activated carbons
urves 1 and 2). Accordingly, the steam activation deve
he pores of two distributions corresponding to the mic
res and mesopores, respectively. On the contrary, the
ctivation method produces the pore size distribution loc

n the micropore range.
The pore properties of W-H2O-AC, P-H2O-AC, W-

OH-AC, and P-KOH-AC, includingSP, Smicoro/SP, Vpore,
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Fig. 2. Pore size distribution of (1,©) W-H2O-AC; (2,�) P-H2O-AC; (3,
�) W-KOH-AC and (4,� ) P-KOH-AC.

Vmicro/Vpore, DP, and yield, are listed inTable 1. Note that
in order to avoid the influence of specific surface area (SP)
on the specific capacitance (studied in Section3.3), the spe-
cific surface areas of all carbons are carefully controlled in
the range from 1009 to1096 m2 g−1. In addition, theSP of
ACs prepared in this work is comparable to those of com-
mercial ones; for example, 300–600 (ICI Hydrodarco 3000),
1044 (Calgon Filtrasorb 400), 1000 (Westvaco Nuchar WL),
and 1050 m2 g−1 (Witco 517) although the specific surface
area of some ACs prepared by chemical activation was found
to reach 2500 m2 g−1 or above[30,31]. Moreover, carbons
prepared from apricot stones, grape seeds, and cherry stone
haveSP of 1175, 487, and 836 m2 g−1, respectively[32].

The ratios between the surface area of micropores and
the total specific surface area,Smicoro/SP, for W-KOH-AC
and P-KOH-AC are 0.926 and 0.941, respectively, which are
larger than those of steam-activated carbons (i.e., 0.700 and
0.859 for W-H2O-AC and P-H2O-AC, respectively). This re-
sult shows that the KOH activation method is a powerful pro-
cedure to produce carbons enriched with micropores while
the steam activation method prefers to develop the external
surface area. The mircropore volume ratios,Vmicro/Vpore, of
KOH- and steam-activated carbons are from 0.843 to 0.908
and from 0.505 to 0.667, respectively, supporting the result
that the KOH activation method prefers to produce ACs en-
riched with micropores. Note that the mean diameter of W-
K re-

spectively, which is respectively smaller than that of their cor-
responding counterparts activated by steam (2.94 and 2.64 nm
for W-H2O-AC and P-H2O-AC, respectively). The above
comparisons indicate that the steam activation method is able
to develop the pores with a larger meanDP. In fact, theDP
data of steam-activated carbons are larger than that of some
commercially available ACs (0.912–2.30 nm), such as 0.912
(Spectracorp M-10), 1.473 (Spectracorp M-20), 2.23 (Cal-
gon F400), 2.0 (Barney Cheney SK1301), 1.90 (Westvaco
Nuchar MV-L) and 2.30 nm (Westvco WV-DC). In addition,
the average pore diameter of ACs prepared from coconut
shells, palm seeds, bagasse and plum kernel were 2.1, 2.43,
1.46, and 2.39 nm, respectively[5,19,33]. Due to the fact
that meanDP of steam-activated carbons prepared in this
work is relatively large (from 2.64 to 2.94 nm), these car-
bons were expected to show ideal capacitive performance in
both neutral and acidic electrolytes. The yield of W-H2O-AC
and W-KOH-AC is equal to 10.35 and 14.93%, respectively,
meanwhile that of P-H2O-AC and P-KOH-AC is equal to
13.59 and 22.72%, respectively. These results show that the
yields of ACs derived from fir wood and pistachio shells by
the chemical method are 1.44 and 1.67 times of those through
means of the physical method. The yields of chemically acti-
vated carbons are usually higher than the physically activated
counterparts because the chemical agents used in the former
cases are dehydrogenation substances that inhibit the forma-
t ucts
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hysical properties and activated condition of activated carbons prep

ctivated carbons Source Activation agentTA (◦C) tA (h

-H2O-AC Fir wood Steam 900 5
-H2O-AC Pistachios shell Steam 890 3
-KOH-AC Fir wood KOH 780 1
-KOH-AC Pistachios shell KOH 780 1
s

ion of tar and reduce the production of other volatile prod
1,34,35]. In addition, the chemical activation process u
lly shows an important advantage that the activation pro
ormally takes place at lower temperatures and shorter

n comparing with those used in the physical activation[1].

.2. Identifying the surface functional groups of steam-
nd KOH-activated carbons via TPD

The main surface functional groups present in the
ere carbonyl groups (e.g., Ketone and quinone) and
atic rings[36–38], such as found on the chars derived fr
each stone[36], roockose[37], and oil-palm stones[38].
or ACs prepared at high temperatures (e.g., 900◦C) and

ong activation time (e.g., 60 min), only aromatic rings
ained[38]. These surface organic functional groups w
enerally neutral (or slightly acidic), which should not ha
ignificant influence on the adsorptive capacity of ACs[38].
owever, the distribution of surface functional groups is u
lly a function of the preparation variables for the chemic
ctivated carbons, significantly influencing their specific
acitance. Based on this reason, the surface functional g

m fir wood and pistachio shell

m2 g−1) Smicro/SP Vpore (cm3 g−1) Vmicro/Vpore DP (nm) Yield

016 0.700 0.747 0.505 2.94 1
1009 0.859 0.667 0.667 2.64
64 0.926 0.607 0.843 2.28 14
096 0.941 0.608 0.908 2.22 2
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Fig. 3. Evolution profiles of CO2 and CO by temperature programmed des-
orption for (1) W-H2O-AC, (2) P-H2O-AC, (3) W-KOH-AC, and (4) P-
KOH-AC.

of all ACs were roughly analyzed by means of temperature-
programming desorption (TPD)[39] in this work. Typical
evolution profiles of CO2 and CO determined by the TPD
method for W-H2O-AC, P-H2O-AC, W-KOH-AC, and P-
KOH-AC are shown as curves 1–4, respectively inFig. 3.

It is well known that CO2 mainly desorbs at relatively
low temperatures (i.e., <550◦C), which has been attributed
to the presence of anhydrides, lactones, and carboxyl groups
[13,39,40]. On the other hand, desorption of CO species, at-
tributable to quinone, hydroxyl, and carbonyl groups, oc-
curs predominately at relatively higher temperatures (ca.
>500◦C) [13,39,40]. Thus, the distribution of oxygen func-
tional groups can be estimated from the TPD results. An ex-
amination of all curves inFig. 3 indicates several features.
First, the relative intensities of CO2 and CO desorption (espe-
cially for CO2 desorption) were increased with the chemical
activation of KOH (see curves 3 and 4). Second, the total
density of functional groups on the P-KOH-AC should be
the highest among these four types of carbons. Third, the
intensities of CO desorption are higher than that of CO2 des-
orption for the steam-activated carbons, suggesting that the
steam-activated carbons should be enriched with the quinone,
hydroxyl, or carbonyl groups. The KOH-activated carbons,
however, were enriched in all kinds of oxygen functional
groups. Based on the above descriptions, evolution of CO2
and CO is visible for all ACs prepared in this work while the
d ons
o
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Fig. 4. Cyclic voltammograms of (1) W-H2O-AC, (2) P-H2O-AC, (3) W-
KOH-AC, and (4) P-KOH-AC measured at 20 mV s−1 in 1.0 M NaNO3.

process on these electrodes (i.e., suitable for the application
of EDLCs). Also note that all CV curves are rectangular-like
without obvious redox currents on both positive and neg-
ative sweeps in the whole potential range of investigation.
These capacitive-like and symmetrici–E responses indicate
that NaNO3 is a suitable electrolyte in the EDLC application
for both steam-activated and KOH-activated carbons and that
the capacitive characteristics of all carbons are excellent al-
though the pore structures and the distributions of surface
oxygen functional groups on these ACs are different. Based
on the fact that the voltammetric charges on the positive and
negative sweeps are approximately equal for all curves, the
charge/discharge behavior of these ACs in NaNO3 should be
highly reversible, which shows the promising potential in the
application of EDLCs. On the other hand, the sequence of
ACs with respect to decreasing the specific capacitance is:
W-KOH-AC > P-KOH-AC > W-H2O-AC > P-H2O-AC. This
result indicates that the charge storage within ACs is signif-
icantly affected by the density of oxygen functional groups
formed on the ACs since the specific surface area of these
four ACs is approximately the same (ca. 1050 m2 g−1) and
the density of oxygen functional groups on the ACs is pro-
moted by the KOH activation.

The dependence of voltammetric currents on the scan rate
of CV was usually used to evaluate the reversibility and power
property of electrode materials for the supercapacitor appli-
c
A
F f the
v
a
a le-
l -like.
T e re-
s tate-
m yer
c n 1 M
N M
N ics,
w trode
m

istribution of surface oxygen functional groups is functi
f the activation method and the raw material.

.3. Capacitive performance of steam- and
OH-activated carbons

Typical cyclic voltammetric behavior of W-H2O-AC,
-H2O-AC, W-KOH-AC, and P-KOH-AC measured
0 mV s−1 in 1.0 M NaNO3 is shown inFig. 4 as curve
–4, respectively. Note that the background currents o
urves are of the same order, indicating that the specific
ace area of ACs is the predominant factor determining
pecific capacitance of AC-pasted electrodes. Accordi
ouble-layer charge/discharge dominates the energy st
ation[41–43]. Typical results for W-H2O-AC and W-KOH-
C obtained at various potentials in 1 M NaNO3 are shown in
ig. 5a and b, respectively. Note the linear dependence o
oltammetric currents on the scan rate of CV in bothFig. 5a
nd b. This phenomenon, in fact, is also found for P-H2O-AC
nd P-KOH-AC in this electrolyte, indicating that the doub

ayer charge/discharge currents are typically capacitive
his result reveals a highly reversible charge/discharg
ponse of the electric double layers, supporting the s
ent that the electrochemical reversibility of double-la

harge/discharge on these four AC-pasted electrodes i
aNO3 is high. Accordingly, all AC-pasted electrodes in 1
aNO3 are believed to exhibit high power characterist
hich meet one of the basic requirements for the elec
aterials of supercapacitors.
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Fig. 5. Dependence of voltammetric currents for (a) W-H2O-AC and (b)
W-KOH-AC on the scan rate of CV, where currents were obtained at (1) 0.2,
(2) 0.4, (3) 0.6, and (4) 0.8 V on the positive sweeps of CVs in 1 M NaNO3.

In our previous work[44], steam-activated carbons were
found to possess redox behavior in acidic electrolytes. This
phenomenon is also examined in this work for the ACs pre-
pared from fir wood or pistachio shells with the steam or KOH
activation methods.Fig. 6a and b represents the typical cyclic
voltammograms of W-H2O-AC, P-H2O-AC, W-KOH-AC,
and P-KOH-AC measured at 20 mV s−1 in 1 M HNO3 and
0.5 M H2SO4, respectively. From a comparison ofFig. 4and
Fig. 6a, three important features have to be mentioned. First,
voltammetric currents measured in HNO3 are higher than that
measured in NaNO3 for any specified AC. This result is at-
tributable to two reasons: (i) the electrochemically accessible
surface area of ACs is increased when an acidic electrolyte
is employed and (ii) proton hopping in aqueous media[45]
should favor the charge/discharge of electric double layers
formed within the meso-/micropores of ACs. Second, distor-
tion of CV curves from a rectangular shape is clearly found
in Fig. 6a with the exception of curve 2 while all CVs curves
in Fig. 4 are capacitive-like. This difference may be due to
an increase in the (partially) accessible surface area for the
formation of electric double layers in an acidic medium, de-
laying the movements of solvated ions within micropores
under a medium scan rate of CV (e.g., 20 mV s−1). Note that
P-H2O-AC exhibits capacitivei–E responses in both HNO3
and NaNO3, indicating that the capacitive characteristics of
ACs should be significantly influenced by the raw material
a but
u h
w oten-

Fig. 6. Cyclic voltammograms of (1) W-H2O-AC, (2) P-H2O-AC, (3) W-
KOH-AC, and (4) P-KOH-AC measured at 20 mV s−1 in (a) 1 M HNO3 and
(b) 0.5 M H2SO4.

tial region[44]. This result suggests that certain functional
groups formed on these ACs are electroactive in the acidic
media, which become inactive in the neutral electrolyte (e.g.,
NaNO3).

In Fig. 6b, the voltammetric behavior of W-H2O-AC, P-
H2O-AC, and P-KOH-AC measured in 0.5 M H2SO4 is very
similar to that obtained in the 1 M HNO3 solution. How-
ever, thei–E responses of W-KOH-AC in the former solution
are more suitable for the EDLC application because a more
symmetric and rectangular-like CV curve as well as higher
background currents are obtained. A higher capacitive cur-
rent obtained in H2SO4 in comparison with that measured
in HNO3 may be is attributed to that the ion mobility of
SO4

2− is somewhat faster than that of NO3
− [46]. However,

this effect cannot explain the obvious difference in thei–E re-
sponses between W-KOH-AC and P-KOH-AC, implying that
the double-layer capacitance of ACs is not only a function of
the ion mobility but also influenced by the nature of ions. All
the above results and discussion in this section demonstrate
that the interactions at the electrolyte–AC interface should be
very complicated, which are functions of pH of electrolytes,
ion mobility, and functional groups formed on the surface
of ACs. Based on the results and discussion forFig. 6, W-
KOH-AC in H2SO4 shows the best capacitive performance
(i.e., highest specific capacitance and excellent reversibility)
among all carbons prepared in this work.

n rate
o
H all
nd the activation method. Third, there is a pair of wide
nclear peaks on all curves between−0.1 and 0.6 V, whic
ere attributed to the presence of redox couples in this p
The dependence of specific capacitance on the sca
f CV for various ACs in 1 M NaNO3, 1 M HNO3, and 0.5 M
2SO4 are shown inFig. 7a–c, respectively. Note that
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Fig. 7. Dependence of specific capacitance on the scan rate of CV in (a) 1 M
NaNO3, (b) 1 M HNO3, and (c) 0.5 M H2SO4. All data were obtained from
(1) W-H2O-AC, (2) P-H2O-AC, (3) W-KOH-AC, and (4) P-KOH-AC.

capacitance data shown in this work have been corrected with
the capacitive contribution of graphite substrates although
the capacitance of substrates is negligible. From these
three figures, specific capacitance of ACs is monotonously
decreased with increasing the scan rate of CV. This has been
attributed to that the resistance of ion diffusion within certain
micropores (especially the micropore surface partially
accessible to electrolytes) becomes significant under a
relatively high scan rate due to the differential depletion
of the electrolyte concentration[9,13]. Accordingly, the
electric double layers within these micropores are unable
to be established completely under this relatively high
charge/discharge rate. In addition, the proportion of these
inaccessible micropores should be increased with increasing
the scan rate of CV and a monotonous decrease in the
specific capacitance of ACs is observed, accordingly.

From a comparison of curves 1–4 inFig. 7a, an obvious de-
crease in the specific capacitance with increasing the scan rate
of CV is clearly found for the KOH-activated carbons while
this phenomenon is minor for the steam-activated carbons.
These results are reasonably attributed to the larger mean
pore size, the higher proportion of mesopores, and the ink-
bottle type of pores within the steam-activated carbons. This
statement is also supported by the results shown inFig. 7b
that the specific capacitance of P-H2O-AC is almost indepen-
dent on the scan rate of CV. This phenomenon is also visible
in Fig. 7c although the dependence of specific capacitance on
the scan rate of CV for all ACs is weaker in the H2SO4 solu-
tion in comparison with that measured in HNO3. Therefore,
from the excellent capacitive characteristics of P-H2O-AC
in both acidic and neutral media (seeFigs. 4 and 6) and the
very weak dependence of specific capacitance on the scan
rate, P-H2O-AC is believed to be the most suitable material
for EDLCs in aqueous electrolytes. On the other hand, as
discussed previously, W-KOH-AC shows the best capacitive
performance in H2SO4 due to its highest specific capacitance
and excellent reversibility.

From a comparison ofFig. 7b and c, a promotion in the
specific capacitance is clearly found for the W-KOH-AC-
pasted electrode when the supporting electrolyte is changed
from HNO3 to H2SO4. This phenomenon becomes more ob-
vious as the scan rate of CV is increased. This result sug-
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d struc-
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w d to
ests the presence of a strong interaction between S4
2−

nd W-KOH-AC, which has also been proposed previo
rom the finding of obvious redox currents on curve 3
ig. 6b. In fact, the specific capacitance values of all

ivated carbons prepared in this work (from ca. 180
5 F g−1 for all ACs measured at 10 mV s−1 in various
lectrolytes) are larger than or comparable to that of s
Cs studied previously, such as 80 F g−1 (specific surfac
rea = 1200 m2 g−1) [47], 60–125 F g−1 (specific surface are

rom 1200 to 2315 m2 g−1) [15], 28–100 F g−1 (specific sur
ace area from 1223 to 2571 m2 g−1) [11], and 90 F g−1 (spe-
ific surface area = 1500 m2 g−1) [48]. In addition, a certai
C with a high specific surface area (2371 m2 g−1) and a high
ore volume (0.977 cm3 g−1) exhibited a specific capacitan
f 27.9 F g−1 only [11]. The above comparison indicates
romising application potential of all ACs prepared in
ork for EDLCs.
Based on all results and discussion inFig. 7, the double

ayer capacitance of steam-activated carbons is a weak
ion of the scan rate of CV in both neutral and acidic e
rolytes, reasonably attributed to their intrinsic pore struc

. Conclusions

The specific capacitance of ACs was mainly determ
y the electrochemically accessible surface area, due
ouble-layer charge/discharge mechanism. The pore

ure, surface functional groups, and raw materials of AC
ell as pH and the supporting electrolyte were also foun



F.-C. Wu et al. / Journal of Power Sources 144 (2005) 302–309 309

be the significant factors influencing the capacitive charac-
teristics of ACs, especially obvious when the specific surface
area of various ACs was kept approximately the same (ca.
1050 m2 g−1) in this work. The double-layer capacitance of
steam-activated carbons is a weak function of the scan rate
of cyclic voltammetry in neutral and acidic electrolytes, due
to their intrinsic pore structure (i.e., large mean pore size,
relatively high mesoporous proportion and pores of the ink-
bottle type). The development of pore structures is mainly
determined by the activation methods, which were character-
ized by the t-plot method based on N2 adsorption isotherms.
The double-layer capacitance of ACs is not only a function of
the ion mobility but also depends on the interactions between
anions and ACs. Based on the excellent capacitive character-
istics of P-H2O-AC in both acidic and neutral media and the
very weak dependence of specific capacitance on the scan
rate of CV, P-H2O-AC was demonstrated to be a very suit-
able electrode material for EDLCs in aqueous media. W-
KOH-AC, however, was believed to be the best candidate
for the electrode materials of EDLCs due to its excellent ca-
pacitive performance (i.e., highest specific capacitance (ca.
180 F g−1 measured at 10 mV s−1) and excellent reversibil-
ity) in H2SO4. This high specific capacitance is obviously
larger than the typical value (100 F g−1) of activated carbons
with specific surface areas equal to/above 1000 m2 g−1.
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