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a  b  s  t  r  a  c  t

Porous  carbons  with  controllable  and  narrow  pore-size  distributions  are  prepared  from  the  chemical
activation  of  polyfurfuryl  alcohol  (PFA).  High  apparent  BET  surface  areas,  up  to 2600  m2 g−1 (2611  m2 g−1

by  Density  Functional  Theory  (DFT)),  and  good  electrical  conductivities  (up  to ∼130  S cm−1)  are  obtained.
By  varying  the  potassium  hydroxide:  carbon  precursor  ratio,  the  preparation  of  carbons  with  different
proportions  of  micro-  and  fine  mesoporosity  (<5  nm)  can  be  tailored  to provide  an  ideal  electronic  and
ionic pore  structure  for electrochemical  energy-storage  devices,  such  as  electrical  double-layer  capac-

−1

eywords:
lectrical double-layer capacitors
igh-frequency performance
lectrochemical properties
olyfurfuryl alcohol

itors. High  specific  capacitance  values  are  obtained  up  to 147  F g in  a  voltage  window  of  2.5  V  using
1  M  tetraethyl  ammonium  tetrafluoroborate  in  acetonitrile.  Moreover,  excellent  high-current  and  high-
frequency  performance  is  demonstrated:  100  F  g−1 at 225  A  g−1 (10  Hz)  and  ∼30  F g−1 at  100  Hz.  When
comparing  the  performance  with  commercial  activated  carbons  (ACs)  of  similar  textural  properties,  the
PFA-derived  ACs  demonstrated  better  performance  in  terms  of  higher  capacitance  values  and  improved

 a 125
ate capability rate  capabilities.  There  is

. Introduction

Electrical double-layer capacitors, EDLCs (also known as super-
apacitors or ultracapacitors) are complementary energy-storage
evices to batteries [1–3]. They combine higher specific power than
onventional batteries and higher specific energy than conven-
ional capacitors, along with longer cycle-life and environmental
riendliness. EDLCs are finding niche applications where their
reater reliability, lifetime and power delivery are preferred over
he higher specific energy of batteries (e.g., portable devices, con-
umer electronics, industrial power management, hybrid vehicles,
ower back-up and quality systems [4–6]).

While EDLCs contain far greater energy than conventional
apacitors, most of the capacitance resides at the surface of fine
ores that are accessed over relatively long time scales (∼seconds
.f. < 10−6 s for conventional capacitors). Therefore, the frequency
esponse of EDLCs is poor and energy can only be withdrawn at rel-
tively low frequencies. For many applications, the low frequency
esponse of EDLCs can be adequately accommodated. There is, how-
ver a growing need for EDLCs that can act as replacements for the
umerous and bulky arrays of conventional capacitors used as volt-
ge regulators in electronic devices. Typical applications that would
enefit from this are: pagers, personal data assistance devices, note-

ooks, and cell phones. EDLCs used in these devices require a very

ow resistance and a high capacitance at d.c. levels; but also need
o be designed to deliver power at higher frequencies.

∗ Corresponding author. Tel.: +61 3954 58648; fax: +61 39562 8919.
E-mail addresses: vanesa.ruizruiz@csiro.au, vanesarz79@gmail.com (V. Ruiz).

378-7753/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2010.12.111
%  increase  in  capacitance  values  at  1  kHz.
© 2011 Published by Elsevier B.V.

The capacitance in an EDLC is stored at the double layer formed
at the carbon surface–electrolyte interface. Although the surface
area of the carbon material plays an important role in the dou-
ble layer formation, its pore-size distribution and the molecular
dimensions of the electrolyte ions [7] can be crucial. In active car-
bons (ACs) most of the surface area resides in small micropores
which, depending on the size of the electrolyte ions, might be
physically incapable of supporting an electrical double layer; thus
resulting in a reduced or poor high-frequency response. Therefore,
the optimization of carbon pore size, while maintaining a high sur-
face area, is critical for the development of EDLCs with improved
high-frequency characteristics.

Commonly, high surface area carbon materials (e.g., ACs) are
used in conventional EDLCs [2,8]. They are typically derived from
coal, anthracites, petroleum cokes, lignocellulosic materials [9–11]
or synthetic carbon precursors, and are generally polymeric in
nature [12–15].  Preparation techniques involve traditional activa-
tion methods (e.g., physical activation, chemical activation, or a
combination of both [16–18]).

This study concerns the preparation and characterization of con-
ductive carbons, with characteristically narrow and controllable
pore-size distributions, from furfuryl alcohol (FA), which is a low-
cost precursor that can be sourced from agricultural waste [19].
The use of synthetic carbon precursors offers several advantages
over traditional precursors such as homogeneity of feed and the
absence of inorganic impurities. Despite a limited number of pub-

lished studies on the physical activation of PFA and subsequent
testing as active materials in supercapacitors [5,20],  no electro-
chemical studies on ACs derived from the chemical activation of
PFA have been reported. A detailed evaluation of the properties

dx.doi.org/10.1016/j.jpowsour.2010.12.111
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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nd electrochemical performance of ACs derived from PFA as elec-
rode materials for EDLCs is presented and their high-frequency
erformance is compared with commercial ACs.

. Experimental

.1. Materials

The synthesis of PFA has been described elsewhere [20]. Resins
erived from furfuryl alcohol (FA) undergo polycondensation under
he action of an acidic catalyst which leads to a highly cross-linked
lack viscous product [21]. The resultant polymer was  chemically
ctivated by using KOH as activating agent. PFA was  mixed with
otassium hydroxide in proportions of: 1:1, 2:1, 2.5:1 or 3:1 KOH:
FA-precursor. The mixture was then placed in a crucible and
eated at 700 ◦C for 1 h, under a nitrogen flow (90 ml  min−1). The
ystem was allowed to cool to room temperature and the product
as neutralized with HCl (1 h reflux) and thoroughly washed with
istilled water until pH = 7. The resultant activated carbons were

abelled PFA-KX,  where X refers to the amount of chemical agent
sed.

Several commercial ACs were evaluated for comparison pur-
oses. Maxsorb®, DLC-Supra and RP-20 ACs were supplied by
ansai Coke and Chemicals Co., Ltd., Kuraray Chemical Co. Ltd. and
orit Americas Ltd., respectively.

.2. Material characterization—surface area and pore analysis

Physical adsorption of nitrogen at 77 K and carbon dioxide at
73 K was performed by means of a Micromeritics ASAP 2010 anal-
ser. The apparent specific BET surface area was  determined from
he N2-adsorption isotherm. The total pore volume (TPV) was
btained from the N2 isotherm at a relative pressure P/P0 = 0.99
nd the volume of mesopores (Vmeso) was estimated by subtract-
ng the volume of micropores (Vm) calculated by applying the
ubinin–Radushkevich (D–R) equation from TPV. The micropore

urface area (Smic) was obtained from application of the D–R equa-
ion to the N2 isotherm [22]. The pore-size distributions were
stimated by DFT analysis assuming slit shape pores. The average
icropore width, L0, was calculated using L0 = 10.8/(E0 − 11.4) nm

23], where E0 is the characteristic energy (the structural constant
 of the D–R equation).

The electrical conductivity of compacted powdered carbons was
etermined using a GW Milli-ohm meter GOM-801G, equipped
ith a four-point probe [24].

The oxygen content of the activated carbons was determined
y direct determination using a LECOTF-900 furnace coupled to a
ECO-CHNS-932 microanalyser.

.3. Electrode preparation and electrochemical testing

Two-electrode test cells were assembled in order to evaluate
he performance of the ACs. Electrochemical cells were sealed in
aminated pouches and carbon coated on aluminium collectors
2.5 × 2.5 cm)  served as electrodes. The composition of the carbon
oating was: AC, carbon black and carboxymethylcellulose (CMC)
inder in proportions of 1:0.2:0.1 with the minimum amount of
ater necessary to form a slurry. The carbon mixture was coated on

luminium foil with a 36 �m grooved rod applicator and the elec-
rodes were thoroughly dried before assembly in a nitrogen-filled
ry box. A 25 �m polypropylene separator was used as a separa-
or and a solution of 1 M tetraethyl ammonium tetrafluoroborate

n acetonitrile (Et4NBF4/ACN) as electrolyte.

Electrochemical testing was performed with a Solatron 1255B
lectrochemical analyser equipped with a 1470 multi-channel bat-
ery test module. Galvanostatic cycling of the supercapacitors was
 Sources 196 (2011) 7816– 7822 7817

carried out between 0 and 2.5 V at current densities that ranged
from 0.30 to 225 A g−1 (based on the weight of the active material of
one electrode). The capacitance of the cell was  obtained by applying
the following equation: Ccapacitor (F) = I/(dV/dt) to the constant-
current discharge curve (avoiding the ohmic drop). Electrochemical
impedance spectroscopy measurements were undertaken in order
to study the resistance of the carbon electrodes in the frequency
range: 10 mHz  to 100 kHz with an a.c. amplitude of 10 mV.  All
impedance measurements were performed at open-circuit poten-
tial (OCP) on completely discharged cells.

3. Results and discussion

3.1. Pore-structure and properties of PFA-derived samples

Chemical activation of PFA leads to the formation of highly
microporous activated carbons displaying distinctive type I
isotherms (Fig. 1(a)). For a KOH to PFA ratio of 1:1, a highly micro-
porous material is obtained (sample PFA-K1) with an apparent BET
surface area of 1070 m2 g−1 and a very narrow, and uniform, aver-
age micropore size, viz., L0 ∼ 0.6 nm (Table 1). The corresponding
DFT pore size curve for the PFA-K1 sample (Fig. 1(b)) confirms the
presence of very fine pores and also demonstrates the pore size
uniformity of this sample with ∼95% of its porosity attributed to
pores of ∼0.6 nm.

An increase in the amount of chemical agent leads to a broad-
ening of the knee in the N2-adsorption isotherms at low relative
pressures (Fig. 1(a)) and a corresponding increase in both the sur-
face area and the average micropore size (Table 1). Additional
microporosity is formed together with an accompanying increase
in fine mesoporosity that most likely arises from an enlargement
of existing smaller pores [25,26].  The DFT pore size profiles of the
ACs (Fig. 1(b)) display a gradual increase in average pore size with
increasing degree of activation. The average micropore size (L0)
increases from 0.6 nm for the PFA-K1 sample to 1.6 nm for the PFA-
K3 sample (Table 1). When the KOH:PFA ratio is 3:1, the proportion
of microporosity begins to decline and a large amount of additional
fine mesoporosity (<∼5  nm)  develops. Sample PFA-K3 has microp-
ore and mesopore volumes of 0.93 and 0.73 cm3 g−1, respectively.
Despite its high proportion of mesoporosity, which often leads to
reduced surface areas, PFA-K3 still has a desirably high surface area
(SBET ≈ 2600 m2 g−1).

The electrical resistivity of the PFA-derived carbons was also
measured and the results are summarized in Fig. 2. A decrease in
resistivity (increase in conductivity) of the tested carbon samples
is observed when the applied pressure is increased (the compres-
sion of individual particles in the composite material will create
more dense packing and closer contacts between them [27,28]), but
quantifiable differences can be identified at a similar compaction
pressures. Despite the moderately low activation temperature
employed (700 ◦C), relatively low resistivity (high conductivity)
values were obtained (Fig. 2). Sample PFA-K1 has a low resistivity,
0.041 � cm at 36 MPa  (corresponds to a conductivity of 130 S cm−1),
but the resistivity increases with further activation. This trend is
attributed to the presence of fewer conductive pathways (increased
porosity, lower skeletal density) and greater structural disorder in
agreement with similar studies [29–33].  Moreover, the increase in
oxygen content with the degree of activation (from a 3.11 wt.% for
a 1:1 PFA to KOH ratio to 7.62 wt.% when the ratio is 3:1, Table 1)
has a negative effect of the electrical conductivity of the ACs [8,34].
This is because the higher the oxygen content, the greater is the

barrier for electrons to move through the carbonaceous structure
[35–37].

Despite the excellent conductivity of the PFA carbons, car-
bon black has also been incorporated into the electrode as
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Fig. 1. N2/77 K adsorption isotherms and DFT pore-size distrib

ts use in electrode preparation has been shown to reduce
he inter-particle contact resistance for powdered ACs, partic-
larly for electrodes fabricated with little or no compaction
ressure [38].

.2. Electrochemical properties of PFA-derived samples
Galvanostatic cycling of electrochemical devices containing the
FA carbons, at several current densities, was used to calculate the
pecific capacitance values displayed in Table 2; the current density

able 1
haracteristics of porous carbon materials prepared from PFA.

Sample SBET [m2 g−1] SDFT [m2 g−1] Smic [m2 g−1] L0 [nm] Vmeso [cm

PFA-K1 1070 938 1448 0.6 0.03 

PFA-K2 1600 1440 1696 0.8 0.13 

PFA-K2.5 2180 1875 2423 1.0 0.21 

PFA-K3 2600 2611 1145 1.6 0.73 

Maxsorb 2112 2142 1513 1.05 0.24 

RP-20 2000 1815 757 1.12 0.16 

Supra  1872 1730 825 1.26 0.34 

BET, apparent BET area; SDFT, DFT surface area; Smic, microporous surface area from D–R e
f  micropores determined from N2 isotherm; TPV, total pore volume; k, bulk electrical co
for the PFA-series (a and b) and commercial samples (c and d).

was  varied from 0.3 to 225 A g−1. The highest capacitance values
are obtained at low current density and then the values decrease
as the current density increases. For some samples, this effect is
quite rapid as in the case of sample PFA-K1 and the behaviour can
be explained by the small pore size of this material. With only
an average pore size of 0.6 nm (L0 value in Table 1) accessibility

issues regarding the movement of electrolyte ions into the pores
can be expected. This was  experimentally confirmed by performing
cyclic voltammetry experiments in a three-electrode configuration
where ‘ion sieving’ issues were clearly visible (data published in

3 g−1] Vm [cm3 g−1] TPV [cm3 g−1] Micropore content [%] O (wt.%)

0.43 0.46 95 3.11
0.67 0.80 84 4.6
0.82 1.03 80 4.36
0.93 1.66 56 7.62
0.79 1.04 80 n.a.
0.78 0.94 83 n.a.
0.63 0.97 65 n.a.

quation, L0, average micropore diameter; Vmeso, volume of mesopores; Vm, volume
nductivity.
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Table 2
Capacitance values (F g−1) from galvanostatic cycling at various current for PFA-
derived ACs. Voltage window 2.5 V. Current range applied from 0.3 to 225 A g−1

(equivalent to 1 to 1000 mA).

Sample CI(A g−1) (F g−1)

C0.3 C15 C90 C180 C225

PFA-K1 65 16 a a a

PFA-K2 97 81 68 53 a

PFA-K2.5 127 112 99 90 87
PFA-K3 147 134 120 109 103
Maxsorb 117 104 87 a a

RP-20 100 85 81 80 79

R
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c
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C(F g
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)0.3 = 0.053 SBET + 9.84

R
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 = 0.997
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Supra 100 90 84 83 80

a Negligible capacitance measurable at high currents.

ef. [39]). It is worth mentioning however, that samples PFA-K2.5
nd PFA-K3 were less affected by increases in current density and
ould be cycled up to current densities as high as 225 A g−1 with
nly a 30% decrease in their initial capacitance values.
The excellent capacitative behaviour of these samples is demon-
trated by their galvanostatic charge–discharge profiles displayed
n Fig. 3. For samples PFA-K3 and PFA-K2.5, both the charge and
ischarge stages are very linear with negligible curvature in their V

a 

0.0

1.0

2.0

706050403020100

Time (secon ds)

V
o
lt
a
g
e
 (

V
)

V
o
lt
a
g
e
 (

V
)

PFA-K3 

PFA-K2.5 

Fig. 3. Galvanostatic charge–discharge profiles for PFA-K3 and PFA-K2.5 sam
Fig. 4. Specific capacitance values for PFA-derived carbons vs. BET area. Current
density 0.3 A g−1. Voltage window 0–2.5 V.

vs. t profile at current densities of 7 and 90 A g−1 (Fig. 3(a) and (b),
respectively). Also, as is typically observed for EDLCs, an increase
in current density leads to a more visible IR drop on initial charging
or discharging.

The specific capacitance values obtained at a low current den-
sity (0.3 A g−1), where the ions have sufficient time to enter and
diffuse into the porosity of the material, are plotted vs. the sur-
face area in Fig. 4 for the corresponding ACs (both BET and DFT
areas). A linear relationship between surface area vs. capacitance
is found and this implies that the capacitance values are controlled
primarily by the surface area of the active material [40]. It has been
reported [40] that such a linear relationship is only true for materi-
als with low surface areas and that for samples with high surfaces
areas (≤∼1500 m2 g−1 BET (SBET) or ∼1200 m2 g−1 DFT (SDFT)) the
capacitance values begin to level off and exhibit a small plateau
[40]. In the work presented by Barbieri et al. [40], the plateau is
considered to be independent of the estimation of surface area of
the materials, as similar behaviour was found with either BET or
DFT models for the calculation of surface area. The authors also
discarded accessibility restrictions of the electrolyte ions into the
very small pores (below 0.7 nm)  as the reason for the presence of
the so-called plateau in the representation of capacitance (F g−1)

vs. SBET (or SDFT). Rather, capacitance saturation on very thin pore
walls of high surface area materials was  proposed. Therefore, based
on the results shown in Fig. 4 it appears plausible to consider that

b 
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6554433
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ples. Currents applied: (a) 7 and (b) 90 A g−1. Voltage window 0–2.5 V.
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FA-series. (c) Impedance spectroscopy spectra for commercial ACs plotted agains
elative  to Maxsorb (%). Frequency range 10 mHz  to 100 kHz. Completely discharge

he materials developed in the work reported here might have pore
alls with sufficient thickness to accommodate a high amount of

harge at a given electrode potential.
As can be seen in Fig. 4, the experimental points (capaci-

ance values, F g−1, and surface area, m2 g−1) have been fitted
o straight lines passing through the origin. It is worth men-
ioning that the values provided by the BET model present a
lightly better correlation (R2 = 0.997) than those given by the DFT
odel (R2 = 0.967).
Impedance spectroscopy is a powerful method for investigating

he penetration of alternating current into the pore system of the
lectrode material and also provides information on ion access into
he pores at a specific frequency. The Nyquist plots obtained for the
Cs PFA-K2, K2.5 and K3 are displayed in Fig. 5(a). The impedance

alues have been normalized to the mass of active material cor-
esponding at each device. All the profiles show the absence of a
oop in the high-frequency region and thereby reflects good ion
enetration into the porosity of the carbons [41–43].
derived ACs. (d) Specific capacitance values from impedance spectra for PFA-K2.5
.

At low frequencies, the imaginary part increases sharply and a
vertical line is observed showing the pure capacitive behaviour of
PFA-K2.5 and PFA-K3. The deviation observed for PKA-2 (a small
high-frequency arc) is related to ion diffusion issues within the
porous electrode network. The relatively small pore size of PFA-
K2 (L0 = 0.8 nm,  Table 1) is expected to hinder the movement of
electrolyte ions within the pores. This observation is consistent
with literature reports on Et4N+ and ion sizes, i.e., ∼0.68–0.74 and
∼0.45–0.49 nm diameter for the cation and the anion, respectively,
and 1.3 and 1.16 nm if the solvation sphere of the ions is also take
into account for the Et4N+·7ACN and BF−

4 · 9ACN species, respec-
tively [44–48].

Several capacitive models can be applied to EIS data to
display the capacitance variation with frequency [49–51].  The gen-

eral absence of a high-frequency loop, and the close-to-vertical
response for samples PKA-K2.5 and PKA-K3 indicates that the
specific capacitance values for the carbons investigated in this
study can be calculated according to the following relation:
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 = − 1/[ωZ′′(f)], where f is the frequency (Hz), ω is equal to 2�f,
nd Z′′ is the imaginary part of impedance.

A capacitance vs. frequency plot is shown in Fig. 5(b). The capac-
tance maximum occurs, as expected, at the lowest frequencies
<0.1 Hz) due to the kinetic dependence of the ion accessibility to
he porous network. Nevertheless, samples PFA-K2, PFA-K2.5 and
FA-K3 still contribute a relatively high capacitance value even at
.0 Hz (33, 68 and 100 F g−1, respectively). The results displayed by
ample PFA-K3 are quite remarkable as specific capacitance values
f ∼30 F g−1 can be supplied at a frequency of 100 Hz, where the
ajority of the other ACs begin to provide negligible capacitance.
The chemical activation of PFA creates an excellent con-

uctive material with a porosity that can be tuned to deliver
orous materials with improved electrolyte ion diffusion dynam-

cs and ion accessibility that lead to improved high frequency
erformance.

.3. Comparative study with commercial ACs

Three commercial activated carbons, namely, Maxsorb, RP-20
nd Supra that are manufactured and distributed as EDLC electrode
aterials were evaluated and compared with the performance

f the PFA carbons. The adsorption isotherms given in Fig. 1(c)
ndicate that they are predominantly microporous carbons hav-
ng surface areas ranging from 1742 to 2112 m2 g−1 (Table 1).
he specific capacitance values provided by these samples, using
dentical electrode preparation and cell construction techniques
o that of the PFA series carbons, are tabulated in Table 2. At
ery low current densities (0.3 A g−1), the capacitance values of
he commercial carbons are close to 100 F g−1. The Maxsorb car-
on, which has a slightly higher surface area, presents capacitance
alues of well over 100 F g−1 at low-to-moderate charge densi-
ies, but at current densities greater than 90 A g−1 the capacitance
f the Maxsorb system could not be measured (or was  negli-
ible) due an increased ohmic drop arising from a combination
f electronic and ionic resistances within the electrode. Fig. 5(c)
lots the capacitance dependence with the frequency for the
ommercial samples, with the result for PFA-K2.5 and PFA-K3
ncluded for compassion purposes. As can be seen, PFA-derived
Cs give higher capacitance values over the frequency range

nvestigated.
In order to make a fair comparison between samples, the elec-

rochemical behaviour of Maxsorb and PFA-K2.5 AC is examined
losely as these materials have very similar textural properties.
espite having comparable surface area, average pore size and
ore volume in the mesoporous range (see Table 1), their elec-
rochemical performance in Et4NBF4/ACN is markedly different.
pecific capacitance values obtained from galvanostatic cycling
xperiments are around 8–14% higher for PFA-K2.5 than in the
ase of using the commercial sample. More importantly, PFA-
erived carbon can be cycled up to a current density of 225 A g−1,
hereas Maxsorb could only be cycled up to 90 A g−1. In terms

f frequency response, PFA-K2.5 presents a noticeably superior
erformance than Maxsorb (Fig. 5(c)). Fig. 5(d) shows that at a
mall frequency (1 Hz) the capacitance of PFA-K2.5 is close to 25%
igher than that provided by Maxsorb. This difference becomes
ore extensive towards higher frequency values. At a frequency

f 1 kHz, the PFA-derived material provides a capacitance 125%
igher than Maxsorb, demonstrating the better high-frequency
erformance of the prepared material. One probable explanation

or these results can be found in their different electrical resistivity.
FA-K2.5 has a resistivity value of 0.0157 � cm whereas Max-
orb’s resistivity is 0.0441 � cm for the same applied compaction
ressure (36 MPa).

[

[
[
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4.  Conclusions

The electrical double layer capacitance of activated carbons,
prepared by KOH activation of polyfurfuryl alcohol in an organic
electrolyte, has been determined. This combination of precursor
and activation technique provides an ideal electronic and ionic pore
structure for electrochemical energy-storage devices (e.g., elec-
trical double-layer capacitors). The porous carbons exhibit high
capacitance values (up to 147 F g−1) in 1 M tetraethylammonium
tetrafluoroborate, in acetonitrile, at 2.5 V. Due to the desirable com-
bination of high surface area, good electronic conductivity and
optimal pore size, an outstanding rate capability is also observed.
Capacitance values of up to 100 F g−1 at a current density of
225 A g−1 are obtained.

In comparison with commercial activated carbons possess-
ing similar textural properties, PFA-derived carbons provide 25%
greater capacitance at 1 Hz, increasing to 125% greater capacitance
at a frequency of 10 Hz. At 100 Hz, the PFA carbons can deliver
>30 F g−1, making these materials very promising for the fabrication
of high-frequency supercapacitors.
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