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Abstract

Activated carbons prepared from firwoods by means of a steam activation method at 900◦C for 1–7 h are demonstrated as promising
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aterials for supercapacitors. The carbons exhibit high-power, low equivalent series resistance and highly reversible characterist
0.1 and 0.9 V in aqueous electrolytes. The pore structure of the carbons is systematically characterized by thet-plot method based on N2
dsorption isotherms. The adsorption equilibria of tannic acid, methylene blue, 4-chlorophenol and phenol from aqueous solutio
arbons are perfectly fitted by the Langmuir equation. All the steam-activated carbons prepared at different activation times (tA) display idea
apacitive performance in aqueous media. This is attributed mainly to the development of mesopores (with an average pore diDp,
etween 2.68 and 3.04 nm), which depends strongly ontA. The average specific capacitance of a steam-activated carbon with atA of 7 h,
s estimated from cyclic voltammetic curves measured at 200 mV s−1, reaches 120 F g−1 between−0.1 and 0.9 V in acidic electrolytes. T
apacitive characteristics of steam-activated carbons in NaNO3, H2SO4 and HNO3 can be roughly determined by the adsorptio
ata of species with suitable molecular weights. The results indicate that the observed increase in double-layer capacitance arises

he development of mesopores.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Activated carbons are important materials that have been
sed in various industrial applications[1–5]. Recently, in-
estigations on the porous structures and electrochemical
ehaviour of activated carbons in various forms have been
arried out because of their use as electrode materials for
urpercapacitors[1,6–8]. Since the cost of supercapacitors
ased on activated carbons is low[7], these devices are com-
ercially attractive for many applications, such as mobile

elecommunictions and starting and back-up power for hy-
rid electric vehicles[9]. On the other hand, for high-power

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

purposes, the proportion of mesopores (i.e. pore diamet
tween 2 and 50 nm) within activated carbons is consider
be one of the key determinants of the capacitive perform
of supercapacitors. This is because a complete array o
electric-double layers can be established and solvated
can move freely within such pores. A high ratio of me
pores will, however, result in a loss of specific surface-
[8,10].

A large portion of electric energy stored in supercapac
will be consumed during discharge if the equivalent serie
sistance (ESR) is significant, which usually results in a
conductivity of the activated carbons as well as poor diffu
of solvated ions within the micropores[6,9,11]. These charac
teristics depend mainly on the nature, the BET surface-
and the porous structure of carbons[6,9,10–12]. Accordingly,
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pore-size distribution is one of the key factors that dictate
the selection of activate carbon materials for supercapacitors
[6,7,9]. In fact, activated carbons manufactured under dif-
ferent conditions are found to have different pore structures
and surface conditions, which generally restrict the electro-
chemical accessiblity of the BET surface-area[6,9–11]. In
addition, for accessible surface areas, the specific capacitance
(�F cm−2) is not the same due to the presence of various func-
tional groups[10,13]. Hence, several studies have been per-
formed to modify the surface properties of activated carbons
in order to optimize their capacitive performance, i.e. high-
power, low ESR, and high specific capacitance[l,6–8,ll–13].

In general, activated carbon materials with unique
pore-size distributions are attributable to the nature of the
precursors and the various pre-treatments[10,14]. Highly
electrochemically accessible surface-areas with mesoporous
structures are the typical characteristics of activated carbons
derived from wood products[2]. In our previous work
[2,15,16], a series of studies were conducted to manufacture
activated carbons with a unique pore-size distribution
(from wood wastes) for application in industrial pollution
control. Although agricultural or wood wastes have been
used for preparing activated carbons via ZnCl2 and H3PO4
treatment[3], an environmentally friendly steam-activation
method is preferred on account of the resultant secondary
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activation at 900◦C was varied from 1 to 7 h. The resultant
carbons were ground in a mill, washed with pure water, dried,
and finally sieved in the size range of 0.12–0.2 mm.

2.2. Measurements of physical properties

The pysical properties of activated carbons, including the
iodine number, BET surface-area, and bulk density, were
measured. The yield was calculated as the weight ratio of
final carbons to the initial dried raw materials. The iodine
number of the carbons (qiodine) was measured at 30◦C based
on the standard ASTM Designation D4607-86 test method.
The BET surface-area of the carbons (Sp) was obtained from
nitrogen adsorption isothersms at 77 K (Porous Materials,
BET-202A). The total pore volume (Vpore) and the pore-size
distribution were estimated by BJH theory[26], and the mi-
cropore volume (Vmicro) and external surface area (Sext) by
means of the t-plot method[27–29]. The surface area of mi-
cropores (Smicro) was obtained by difference[30]. The bulk
density was determined from the standard ASTM-D2854-89
test method.

2.3. Procedures for adsorption

Tannic acid (TA,Mw (molecular weight) = 1701), methy-
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ollution and chemical consumption. Accordingly, th
ave been many reports[2,15–25]of the preparation as we
s the characterization of the physicochemical prope
f wood-based activated carbon[2,15-25]. By contrast th
elationship between the double-layer responses of sol
ons and the adsorption behaviour of chemicals w
ctivated carbon has been rarely discussed[10].

The aim of this investigation is to prepare various activ
arbons from firwoods and to evaluate their applicabilit
upercapacitors. In addition, the physical properties su
odine number, BET surface-area, pore-size distribution
al pore volume and yield of steam-activated carbons are
ematically characterized. Finally, a correlation between
dsorption behaviour of certain species and the capa
erformance of the electric double-layer on charge/disch

s attempted.

. Experimental details

.1. Preparation of activated carbons

After drying at 110◦C for 24 h, firwoods were placed
sealed ceramic oven and heated at a rate of 5◦C min−1 to

50◦C. Steam generated from deionized water (Millipo
illi-Q) in a heated tube was introduced into the oven

ate of 3 cm3 min−1 for 3 h. The firwoods were then therma
reated under an oxygen-deficient environment, which
o-called a carbonization process. In the subsequent a
ion process, the oven was further heated at the same r
each 900◦C under the same flow-rate of steam. The time
ene blue (MB,Mw = 320), 4-chloropenol (4-CP,Mw = 128.5)
nd phenol (Mw = 94) were analytical reagent grade. T
queous phase for adsorption was prepared with disso
A, MB, 4-CP and phenol in de-ionized water without pH

ustment. For the ranges of studies, the initial pH was a
.52 for 500 g m−3 TA, 6.6 for 200 g m−3 MB, and 6.4 for
mol dm−3 phenol and 4-CP.
In the adsorption (equilibrium) experiments, 0.1 g car

as added to a 0.1 dm3aqueous phase solution in a 0.25 d3

ask and stirred for 5 days in a water bath at 30◦C. Prelimi-
ary tests showed that adsorption was complete after 4
fter filtration with glass fibres total liquid-phase conc

rations were analyzed with an UV–vis spectrophotom
Hitachi U2000). The amount of adsorption at equilibriu
e (g kg−1), was obtained by:

e = (C0 − Ce)V

W
(1)

here:C0 andCe are the initial and equilibrium liquid-pha
oncentrations (g m−3); V is the volume of the solution (m3);

is the weight of dried carbons used (kg).

.4. Electrode preparation

Activated carbon powders were well mixed with 2 w
olyvinylidene difluoride (PVdF) binders for 30 min andN-
ethyl-2-pyrrolidone (NMP) was dropped into the ab
ixture and ground to form the coating slurry. This slu
as smeared on to the pretreated graphite substrates an
ried in a vacuum oven at 50◦C overnight. In order to avo
ny unexpected influences, the total amount of activated
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bon paste on each electrode was kept approximately con-
stant (ca. 2 mg cm−2). The 10 mm× 10 mm× 3 mm graphite
substrates before coating with activated carbons were first
abraded with ultrafine SiC paper, degreased with acetone and
water, then etched in a 0.1 M HCl solution at room tempera-
ture (ca. 26◦C) for 10 min, and finally degreased with water in
an ultrasonic bath. The exposed geometric area of these pre-
treated graphite supports is equal to 1 cm2, while the other
surface areas were insulated with PTFE (polytetrafluorene
ethylene) coatings.

2.5. Capacitance measurements

Electrochemical measurements were performed by means
of an electrochemical analyzer system, CHI 633A (CH In-
struments). All experiments were carried out in a three-
compartment cell. An Ag/AgCl electrode (Argenthal, 3 M
KC1, 0.207 V versus SHE at 25◦C) was used as the refer-
ence electrode 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 toiR drop in the
electrolytes. The electrolytes used for the capacitive charac-
terization were degassed with purified nitrogen gas before
measurements for 25 min and this nitrogen was passed over
the solutions during the measurements. The solution temper-
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Fig. 1. Adsorption–desorption isotherms of N2 at 77 K on steam-activated
carbons prepared at differenttA.

Fig. 2. These curves generally show that the pores distributed
within these steam-activated carbons are mainly composed of
two groups: micro-pores with pore diameters < 2.0 nm and
mesopores with pore diameters centered at 4.0 nm. In ad-
dition, the amount of micropores gradually increases with
tA, while mesopores with pore diameters from 2 to 4 nm
steadily develop. Moreover, mesopores with pore diameters
≥ 4.6 nm are gradually formed with increasingtA. Accord-
ingly, the development of micropores and mesopores within
wood-based carbons can be easily achieved by the steam-
activation method.

The pore properties of steam-activated carbons, including
Sp, Sext, Smicro/Sp, Vpore, Vmicro, Vmicro/Vpore andqiodine, are
listed in Table 1. The iodine number,qiodine, is a measure

F
—

ture was maintained at 25C by means of a water thermos
Haake DC3 and K20).

. Results and discussion

.1. Physical properties of steam-activated carbons

According to the definition from IUPAC, pores contain
n activated carbons are classified into three groups: m
ores (pore size < 2 nm), mesopores (2–50 nm) and m
ores (>50 nm). In addition, micropores usually accoun
ver 95% of the total surface area for common activated
ons[31].

Adsorption/desorption isotherms of N2 at 77 K on steam
ctivated carbons prepared at different activation timestA)
re shown inFig. 1. Note that for all isotherms, adsorpti
nd desorption lines overlap completely in the low relat
ressure region while the hysteresis loop exists in the
elative-pressure region (P/P0 > 0.5), which is mainly due
mong other factors such as the slit-shaped pores, to the
nce of ink-bottle types of pores[32]. According to the Kelvin
quation[33], the ink-bottle type of pores have a larger p
ize in the bottle body, which results in the occurrenc
ysteresis in the high relative-pressure region. From a
arison of these isotherms, a larger amount of adsorptio
wider hysteresis loop is found for the carbons prepare

ongertA. This indicates the existence of a larger amoun
orous spaces and ink-bottle pores.

The pore-size distributions of steam-activated carb
ith tA equal to 1, 3, 5, and 7 h are presented as curves 1
-

ig. 2. Pore-size distributions of steam-activated carbons withtA of (1,
�—) 1 (2, —©—) 3 (3, —�—) 5 and (4, —�—) 7 h.
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Table 1
Physical properties of steam-activated carbons prepared from firwoods at different activation times

tA(h) Sp (m2 g−1) Sext (m2 g−1) Smicro/Sp Vpore (cm3 g−1) Vmicro (cm3 g−1) Vmicro/Vpore qiodine (g kg−1)

1 528 78.6 0.861 0.354 0.236 0.667 762
3 699 126.7 0.819 0.483 0.295 0.611 851
5 1016 317.8 0.731 0.747 0.377 0.505 962
7 1131 322.2 0.715 0.868 0.392 0.476 1018

of adsorption ability for low-Mw species[34]. As shown in
Table 1, qiodine increases from 762 to 1067 g kg−1 when tA
is changed from 1 to 7 h. These values are comparable with
those of commercially-available activated carbons, e.g. 650
(ICI Hydrodarco 3000), 900 (Calgon Filtrasorb 300), 950
(Westvaco Nuchar WL), and 1000 g kg−1 (Witco 517). In ad-
dition, the iodine numbers of activated carbons prepared from
apricot stones, grape seeds and cherry stones are 894, 607
and 907 g kg−1, respectively[28]. FromTable 1, prolonging
tA leads to an increase inSp,Sext,Vpore, andVmicro but causes
a decrease inSmicro/Sp andVmicro Vpore The former results
indicate that the number of pores increases with prolonging
tA, meanwhile the latter reveal that an increase inSp gives
a significant creation of mesopores. Based on these findings
and the discussion onFig. 2 andTable 1, steam activation
is mainly used to develop mesopores within wood-based
carbons. Note that, the highestSp for the carbon prepared in
this work (1131 m2 g−1) is comparable with those for 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). On the other hand, some
activated carbons prepared by chemical activation reach
above 2500 m2 g−1 [35,36]. In addition, carbons prepared
from apricot stones, grape seeds and cherry stones have an
Sp of 1175,487 and 836 m2 g−1, respectively[34].
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with increasingSp. These data further support statement that
porosity development can be easily achieved by prolonging
the tA of steam activation. By contrast,Dp increases from
2.68 to 3.04 (nm) whenSp is increased from 528 to 1130
m2 g−1. This further supports the finding that steam activa-
tion is used mainly to develop mesopores within wood-based
carbons. Also note that theseDp data are comparable
with those of commercially available activated carbons
(0.912–2.30 nm), such as 0.912 (Spectracorp M-10), 1.473
(Spectracorp M-20), 2.23 (Calgon F400), 2.0 (Barney Ch-
eney SK1301), 1.90 (Westvaco Nuchar MV-L) and 2.30 nm
(Westvco WV-DC). In addition, the average pore diameter of
activated carbons prepared from coconut shells, palm seeds,
bagasse and plum kernel are 2.1, 2.43, 1.46 and 2.39 nm,
respectively[2,16,37]. Due to the fact that theDp values of
activated carbons prepared in this work are relatively large
(from 2.68 to 3.04 nm), these carbons are expected to be of
practical potential in the application of supercapacitors[36].

3.2. Equilibrium adsorption on steam-activated carbons

The adsorption isotherm is important to describe how so-
lutes interact with adsorbents, which is critical in optimizing
the use of adsorbents. In addition, the movement/adsorption
of solvated charged species and oriented dipoles that ex-
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The dependence ofDp (average diameter of pore
Vpore/Sp), bulk density and yield of activated carbons
p is shown inFig. 3. It is evident that under the range

nvestigation, the yield and bulk density of carbons decr

ig. 3. Mean pore size (Dp), bulk density, and yield of steam-activated c
ons with different BET surface–areas.
st at the activated carbon–electrolyte interface may be
icted by the adsorption behaviour of solutes of different s
ithin activated carbons. Accordingly, adsorption isothe
f chemicals in different molecular weights are investig

n this work.
Typical equilibrium adsorption of TA, MB, 4-CP and ph

ol at 30◦C on activated carbons prepared withtA = 7 h is
hown inFig. 4. It is obvious that the adsorption capac
f activated carbon (based on g kg−1) decreases with d
reasing molecular weight of the solutes (i.e. TA > MB
-CP > phenol). On the other hand, an opposite tren
btained if the adsorption ability is estimated on the b
f molecules/moles being adsorbed (i.e. mole kg−1). Note

hat, correlation of isotherm data by theoretical or empi
quations is essential to practical operation. The widely
angmuir equation is given as:

Ce

qe
= 1

KLqmon
+ 1

qmon
Ce (2)

hereqmonis the amount of adsorption (in g kg−1) that corre
ponds to complete monolayer coverage andKL is the Lang
uir constant. Linear plots of(Ce/qe) againstCe giveKL and
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Fig. 4. Adsorption isotherms of solutes at 30◦C on steam-activated carbons
with tA of 7 h.

qmon, as shown inFig. 5(a) and (b). The parameters (listed in
Table 2) estimated fromFig. 5are reliable since the fitting for
TA, MB, 4-CP and phenol adsorption on all activated carbons
in the concentration range of study is excellent (correlation

F
o
d

Table 2
Parameters in isotherm equations obtained at 30◦C on steam-activated car-
bons with different BET surface areas

Adsorbate Sp (m2 g−1) KL (m3 g−1) qmon (g kg−1) R2

TA 527 0.011 412 0.995
699 0.018 527 0.996

1016 0.043 740 0.994
1131 0.069 831 0.997

MB 527 0.154 215 0.998
699 1.561 360 1.000

1016 0.636 490 0.998
1131 2.496 590 1.000

4-CP 527 0.163 295 0.998
699 0.207 346 1.000

1016 0.077 413 0.996
1131 0.109 441 0.998

Phenol 527 0.086 234 0.995
699 0.105 239 0.994

1016 0.053 255 0.997
1131 0.056 278 0.998

coefficient,R2 > 0.988). The adsorption capacity(qmon)of TA
and MB increases with increasingSp. At Sp = 1131 m2 g−1,
the values ofqmon for TA and MB are 831 and 590 g kg−1,
respectively, which are larger than those obtained earlier in
similar solute–adsorbent systems[2,4,15,38]. By contrast,
the values ofqmon for phenol and 4-CP increase only slightly
with increasingSp.

3.3. Capacitive characteristics of steam-activated
carbons

Based on the fact that theDp of steam-activated carbons is
located between 2.68 and 3.04 nm, these carbons should be
suitable for supercapacitors. Accordingly, the electrochem-
ical behaviour of steam-activated carbons with differenttA
has been measured to demonstrate this unique characteristic.
Typical results for steam-activated carbons withtA of 1, 3,
5, and 7 h measured in 1 M HNO3 at 25 mV s−1 are shown
in Fig. 6as curves 1–4, respectively. There is a pair of wide
peaks on all curves between 0 and 0.5 V. These are attributed
to the presence of a redox couple in this potential region
[10]. In addition, alli–E curves on the positive sweeps are
symmetical with those on the corresponding negative sweeps,
which indicates that all carbons show the excellent capacitive
property in HNO3. In addition, voltammetric currents grad-
u can
b ated
ig. 5. Plots of (Ce/qe) againstCe (tests of Langmuir equation) for adsorption
f (a) MB and 4-CP and (b) TA and phenol on steam-activated carbons with
ifferenttA.

c c
c r all
c ged,
a s
i
E onic
c car-
b the
p tests.
ally increase with extending the activation time which
e attributed to the fact that the specific surface of activ
arbons is increased withtA (seeTable 1). The voltammetri
urrents rapidly reach their respective plateau values fo
urves when the direction of the potential sweep is chan
lthough the scan rate is as fast as 25 mV s−1. These result

ndicate a low ESR for all carbons with differenttA. A low
SR should come from a combination of a high electr
onductivity of electrode materials (i.e. steam-activated
ons) and a low ionic resistance of the electrolyte within
ores of activated carbons during the charge–discharge
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Fig. 6. Cyclic voltammograms of steam-activated carbons withtA of (1) if
(2) 3 (3) 5 and (4) 7 h. All curves were measured at 25 mV s−1 in 1.0 M
HNO3.

The latter result is probably due to the presence of a large
portion of mesopores within all the activated carbons pre-
pared in this work. From all the above results and discussion,
steam-activated carbons from firwoods withtA from 1 to 7 h
offer potential application in supercapacitors.

Typical cyclic voltammograms of activated carbon with
a tA of 5 h measured in 1 M NaNO3, 1 M HNO3, and 0.5 M
H2SO4 are shown in curves 1–3 ofFig. 7, respectively in
curve 1, high background currents without obvious redox
currents are clearly found on both positive and negative
sweeps over the whole potential range of investigation. This
capacitive-like and symmetrici–E response indicates that
steam-activated carbons exhibit excellent electrochemical
characteristics for supercapacitors in 1 M NaNO3. Since
the voltammetric charges on the positive and negative
sweeps are approximately equal, the good reversibility of
the double-layer charge–discharge characteristics for this
steam-activated carbon further supports its consideration
for supercapacitors. On curve 2, larger background currents

F
1 d
a

with a pair of broad redox peaks negative to 0.6 V are
clearly found. This symmetricali–E response is also found
for other carbons with differenttA (see Fig. 6), which
demonstrates that the steam-activated carbons prepared in
this work show ideal capacitive performance in both acidic
and neutral media, which is different from the activated
carbon fabrics studied in our previous work[39]. Similar
voltammetric responses of this steam-activated carbon are
obtained in H2SO4 although lower voltammetric currents on
both positive and negative sweeps are clearly observed on
curve 3, especially in the more positive potential region.

The above differences in voltammetric currents obtained
in different electrolytes are attributed to a combination of
two reasons. First, the lower capacitive current of curve 3
in comparison with that on curve 2 is due to the larger ionic
solvation radius of SO42− because of its higher charge den-
sity and the larger atom number in comparison with NO3

−.
Second, on the basis of the proton-hopping mechanism in
aqueous media[40], the capacitive currents measured in
acidic solutions are reasonably larger than those in nearly
neutral media (i.e. the voltammetric charge associated with
curve 1 is the smallest). All these observations demonstrate
that the double-layer capacitance of steam-activated carbons
is a strong function of the electrolyte employed. In addition,
the capacitive characteristics of these carbons in NaNO3
a etric
c ately
i ecific
c give
l ated
c both
a

am-
a
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c
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S
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ig. 7. Cyclic voltammograms of steam-activated carbon withtA of 5 h in (1)
M NaNO3 (2) 1 M HNO3 and (3) 0.5 M H2SO4. All curves were measure
t 25 mV s−1.
re better than those in acidic media since the voltamm
urrents obtained in the former electrolyte are approxim
ndependent of the electrode potential. Based on sp
apacitance, however, carbons in acidic electrolytes
arger capacity in energy storage since all steam-activ
arbons show good reversibility of charge–discharge in
cidic and neutral media.

Data for the specific capacitance of various ste
ctivated carbons measured in 1 M NaNO3, 1 M HNO3 and
.5 M H2SO4 are listed inTable 3. These were estimated fro
yclic voltammograms measured at 25 mV s−1. All capaci-
ance data have been corrected for the capacitive contrib
f graphite substrates although this contribution is neglig
rom columns 2–4, it is seen that the specific capacit

s monotonously increased with prolonging the activa
ime. This is attributed to an increase in the BET surface-
s well as the proportion of mesopores. In addition, the
uence of electrolytes with respect to decreasing the sp
apacitance of steam-activated carbons is: HNO3 > H2SO4

able 3
pecific capacitance of steam-activated carbons with differenttA in various
lectrolytes

tA (h) Cs (F g−1)

NaNO3 HNO3 H2SO4

1 41 96 75
3 82 97 89
5 89 120 96
7 114 142 142

ll specific capacitances were obtained from CV curves measur
5 mV s−1
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Fig. 8. (a) Dependence of voltammetric currents on scan rate of voltammo-
grams where currents are obtained at (1) 0.2 (2) 0.4 (3) 0.6 and (4) 0.8 V on
the positive sweep in 1 M NaNO3. (b) Dependence of specific capacitance
on scan rate in (1) 1 M NaNO3 (2) 1 M HNO3 and (3) 0.5 M H2SO4. All
data obtained for steam-activated carbon withtA of 7 h.

> NaNO3 when the steam activation time is specified. Such
a finding supports the proposal that the double-layer capac-
itance of steam-activated carbons is a strong function of the
selected electrolyte.

The dependence of voltammetric currents obtained at
0.2, 0.4, 0.6 and 0.8 V during positive scans for the steam-
activated carbon withtA of 7 h on the scan rate of the voltam-
mogram (V) in 1 M NaNO3 is shown inFig. 8(a)) as lines
1–4, respectively. In addition, the dependence of specific ca-
pacitance on the scan rate in 1 M NaNO3, 1 M HNO3 and
0.5 M H2SO4 is shown inFig. 8(b) as curves 1–3, respec-
tively. In Fig. 8(a), all lines are linear, which indicates the
fact that the double-layer charge–discharge currents are lin-
early dependent on the scan rates. This typical capacitive
behaviour indicates the highly reversible charge–discharge
responses of the electric double-layers, which meets one of
the basic requirements of electrode materials for superca-
pacitors (i.e. high-power property). InFig. 8(b), an obvious
decrease in specific capacitance of this steam-activated car-
bon with increasing the scan rate is clearly found on curves
2 and 3, but is less obvious for curve 1. These results sug-
gest that the specific capacitance of steam-activated carbons

Fig. 9. Chronopotentiograms of steam-activated carbon withtA of 7 h mea-
sured at 10 A g−1 in (1) 1 M NaNO3 (2) 1 M HNO3 and (3) 0.5 M H2SO4.

in acidic media is significantly decreased with increasing the
scan rate. Thus, it can be conducted that certain micropores
that are partially accessible by acidic electrolytes should not
provide double-layer capacitance when NaNO3 is employed.
These micropores, which are partially accessible due to pro-
ton hopping, cannot provide double-layer capacitance under
a high charge–discharge rate since the establishment of elec-
tric double-layers may be not as complete/fast as the rate of
potential change (i.e. scan rate). This is especially true for
the inner surface areas of micropores which are not freely
accessible for solvated ions.

Chronopotentiograms for steam-activated carbon withtA
of 7 h measured at 10 A g−1in 1 M NaNO3, 1 M HNO3 and
0.5 M H2SO4 are presented in curves 1–3 ofFig. 9, respec-
tively. The average specific capacitance of this carbon mate-
rial measured at this high current density can be calculated
on the basis ofEq. (1) [39,41–45]:

Cs = C

w
= i

|(dE/dt)| ≈ i

(∆E/∆t) × w
(3)

whereCs, C, w, and (dE/dt) indicates the specific capaci-
tance, average capacitance, weight of carbon, current density
of charge–discharge and slope of the charge–discharge curves
at a specific time. In this work, the slopes of the curves at a
specific time are very close to their mean values(�E/�t)
s their
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his carbon obtained in 1 M NaNO3,1 M HNO3 and 0.5 M
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hese values are lower than those measured at 25 m−1

y cyclic voltammetry (seeTable 3). This is indicative o
significant decrease in specific capacitance under a

igh current density of charge–discharge (similar to the
ation inFig. 8(b)), which is a probably due to a significa
ontent of micropores within the steam-activated carbon
ig. 2 andTable 1). Since theiR drop obtained on all dis
harge curves under this high current density is small
SR on this electrode should also be very small, whic
ttributable to the good conductivity and mesoporous na
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of this steam-activated carbon (seeTable 1). Moreover, since
all E–t curves are symmetrical, the steam-activated carbons
exhibit the high-power characteristics required by superca-
pacitors in all the aqueous solutions studied in this work.

3.4. Relationship between adsorption of chemicals and
capacitive characteristics of steam-activated carbons

Based on the fact that the charge–discharge of electric
double-layers is attributed to the movement/adsorption of sol-
vated charged species and oriented dipoles at the activated
carbon–electrolyte interface, the capacitive performance of
activated carbons should be reasonably correlated to the ad-
sorption behaviour of solutes of different sizes in aqueous
media, although the adsorption isotherms of species are based
on thermodynamic rather than kinetic viewpoints. Note that
the double-layer capacitance is mainly determined by the ac-
cessible surface area that should be generally proportional to
the active sites provided for the adsorption of organics[46].
In addition, both specific capacitance and adsorption capacity
of activated carbons are found to increase withtA, which fur-
ther supports this opinion. Accordingly, three-dimensionless
parameters for the specific surface-area (denoted asσ), the
adsorption capability of organics (denoted asθ) and the spe-
cific capacitance (denoted asε) are defined here to correlate
t e re-
s

σ

θ

ε
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Fig. 10. Dependence of dimensionless (a) adsorption capability (θ) and (b)
specific capacitance (ε) on the dimensionless specific surface-area (σ) of
steam-activated carbons.

the three lines for NaNO3, HNO3 and H2SO4 are equal to
0.994, 0.589 and 0.713, respectively. The slope for NaNO3
is close to that for TA and MB, which indicates that the
behaviour of solvated ions arrangement/movement within
meso-/micropores during the charge–discharge process is
similar to the adsorption behaviour of large molecules. This
is probably due to the fact that whole electric double-layers
can be completely established within mesopores, which
favours movement/rearrangement of solvated nitrate and
sodium ions. Accordingly, the double-layer behaviour in
NaNO3 solution seems to be predicted by the adsorption
of large molecules. Third, the sequence of electrolytes with
respective to decreasing the slope is: NaNO3 > H2SO4 >
HNO3. This sequence is predicable since the rate of proton
hopping in aqueous solutions is much higher than that in
other solvated ions[40], and the movement/arrangement
rate of solvated SO42− is slower than that of solvated
NO3

− [39]. The rate of proton hopping in aqueous media
within meso-/micropores should be faster than the adsorp-
tion/movement of small molecules, whereas the adsorption
of organics is at an equilibrium situation. Thus, the influence
of protons on the capacitive behaviour is presumably similar
to the adsorption behaviour of small molecules such as
phenol. Accordingly, the slopes ofε againstσ obtained from
HNO3 and H2SO4 solution should be much lower than that
m rge
i nions
a

con-
c , the
l -
d elec-
he adsorption behaviour of species with the capacitiv
ponses of electric double layers, namely:

= Sp,t

Sp,7
(4)

= qmon,t

qmon,7
(5)

= Cs,t

Cs,7
(6)

here the additional subscriptst and 7 indicate the steam a
ivation time. Based on the above definitions, the depend
f θ for TA, MB, 4-CP and phenol, as well as the depende
f ε for NaNO3, HNO3 and H2SO4 on σ are shown in
ig. 10(a) and (b), respectively. These data reveal se

mportant features. First, the slopes of the four line
ig. 10(a) that correspond to TA, MB, 4-CP, and phenol
qual to 0.936, 1.106, 0.607 and 0.271, respectively. T
lopes are lower than 1.391 that corresponds to the slo
he dependence of dimensionless mesopore volume onσ. In
ddition, the slope for the dependence of the dimensio
icropore volume onσ is equal to 0.751. These resu

ndicate that the development of mesopores favours
dsorption of molecules with large molecular weights (
A and MB), while the increase inSp in both mesopores an
icropores only slightly increases the adsorption capab
f small molecules (e.g. 4-CP and phenol). Altho

he slope for TA should be larger than that for MB,
pposite result is found. This suggests that the depend
f adsorption capability for organics is not a simple func
f the molecular size. Second, inFig. 10(b), the slopes o
easured in NaNO3 since the double-layer charge–discha
nvolves the arrangement and movement of solvated a
s well as the proton hopping in acidic electrolytes.

From all the above results and discussion, it can be
luded that the larger is radius of the solvated ion has
arger is the slope ofε againstσ. In addition, the depen
ence of specific capacitance measured in different
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trolytes on the specific surface-area and the pore-size distribu-
tion of steam-activated carbons can be reasonably estimated
by the adsorption data of species with suitable molecular
weights.

4. Conclusions

Activated carbons prepared from firwoods by means of
the steam activation method for 1–7 h, exhibit excellent ca-
pacitive performance, i.e. high-power, low ESR, and high
reversible characteristics between−0.1 and 0.9 V in aqueous
electrolytes. Thus, they are promising electrode materials for
supercapacitors. The mesoporous nature of these activated
carbons withDp from 2.68 to 3.04 nm, characterized by the
t-plot method based on N2 adsorption isotherms, is respon-
sible for the ideal capacitive properties. These properties are
strongly dependent on the activation time in steam. The av-
erage specific capacitance of a steam-activated carbon with
tA of 7 h (estimated cyclic voltammograms at 200 mV s−1)
can reach∼120 F g−1 between−0.1 and 0.9 V in acidic elec-
trolytes. The capacitive characteristics of steam-activated car-
bons in NaNO3, H2SO4, and HNO3 can be roughly estimated
from the adsorption data of species with suitable molecu-
lar weights. The capacitive behaviour contributed by protons
i les,
s d ions
w iour
o
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