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Abstract

Capacitance and conductivity enhancements of activated carbon fabric employed as electrodes of electrochemical capacitors (ECs) were
achieved by electrochemical deposition of conducting metg({uidine) (POT). Potentiodynamic polymerization @foluidine onto the
carbon in HSO, was employed for this carbon modification. The capacitance of the activated carbon was enhanced by superimposing the
psuedocapacitance of pobyfoluidine) onto the double-layer capacitance of the carbon. Deposition of polyaniline was also conducted for
the purpose of comparison. With the presence of the electron-donating methyl group in the pheny! rimgtopaljihe) is more effective
than polyaniline in enhancing the capacitance of the carbon fabric. The specific capacitance of the electrodes increased with the amount of
poly(o-toluidine) deposited and more than twice of that of the bare carbon can be achieved. However, the capacitance per unit weight of
the deposited polymer decreased with the extent of deposition, probably due to an increase of the ion migration resistance that increasingly
obstructs some polymer from the access of ions. The resistance of the carbon electrode was found to decrease upon polymer deposition,
and this was found to be more significant with poelgéluidine) than with polyaniline. The low resistance resulting from pmiguidine)
deposition enabled the assembly of capacitors of relatively high power densities, more than three times of that of a capacitor with the bare
carbon.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction and this produces the so-called redox- or pseudocapacitance
[4,8-14]

Electrochemical capacitors (ECs), which are also called  Activated carbon is attractive as an electrode material for
as supercapacitors or ultracapacitors, are expected to beelectrochemical capacitors due to their high accessibility,
come promising energy storage devices, due to their highgood processability, chemical inertness, low cost, and high
energy and power densitigs-4]. Many researchers are cur-  surface area up to 2000%g~1 in the forms of powder, fiber,
rently investigating two types of energy storage mechanismsor fabric[15—-24] Chemical treatment of carbon enriches the
in ECs, namely the electric double layer and the redox re- surface functionality, and this can as well be employed to im-
action pair[5]. The capacitance in double-layer capacitors prove the capacitand@5-27] The improvement of capaci-
is purely electrostatic origin due to the separation of elec- tance for carbon materials has been achieved by deposition of
tron and ionic charges at the interface between the elec-conducting polymef28] and impregnation of electroactive
trode and electrolytfs,7]. In redox capacitors, fast faradaic transition metal oxides such as Ryénd MoG; [29-31]
charge transfer reactions takes place at the electrode surface Electrically conducting polymers are gifted materials for

high performance ECs because of their high specific capac-
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[5,32]. Polymers of aniline (gHs5NH>2) and its derivatives  modified carbon fiber was dried under vacuum for 48 h. The
have attracted much attention for applications in ECs be- amount of polymer deposited onto the carbon fiber was de-
cause of their high environmental stability and easy pro- termined by weighing. Cyclic voltammetric measurements
cessability in comparison with other conducting polymers of the polymer-modified carbon electrodes were conducted
[33,34] Polyaniline (PANI) synthesized by an electrochem- in 1 M H>SOy to explore the capacitive behavior.
ical method has been investigated on its performance as an Two-electrode capacitor cells were fabricated to exam-
electrode material for redox capacitdfb,36] Neverthe- ine the electrochemical performance of the resulting capaci-
less, carbon materials are still favored for ECs because oftors. The cells were assembled with two facing carbon elec-
the physical nature of double layer formation that makes the trodes, sandwiching a piece of filter paper as separator. Cyclic
electrodes more durable. voltammetric measurements were conducted within a bias
Modification of activated carbon by conducting polymers range of-0.8 and 0.8 V at different scan rates in 1 M$0y.
supplies an interesting feature of pseudocapacitance in com-Galvanostatic charge—discharge test of the capacitors was
bination with electric double-layer capacitance. Conducting also performed to determine the overall resistance of the ca-
polymers have ability for charge storage and this storage pro-pacitors. Surface morphologies of the carbons were examined
cess depends on the conditions of preparation, the state oby a scanning electron microscope (SEM).

oxidation, and the type of electrolyi87]. The specific ca- For the purpose of comparison, the carbon electrodes mod-
pacitance of activated carbon fabrics modified by PANI has ified with PANI were prepared and tested using the same
been shown to have a significant increfas. electrochemical techniques and conditions described above.

Energy storage in conducting polymers is mainly due to According to the deposition voltammograms, the major poly-
p- and n-doping process&sToluidine (GH4CH3NH>), OT, merization reactions for both POT and PANI occur within
containing a methyl group on its benzene ring may exhibit a the potential range employed, i.e-0.2 to 0.9V (versus
more promising charge storage capability than polyaniline, Ag/AgCl).
e.g.[38]. The present work aims to modify activated car-
bon fiber by electropolymerization of OT using slow-scan
cyclic voltammetric method. Electrochemical behaviors of 3. Results and discussion
the modified carbons are tested to assess the applicability of
poly(o-toluidine) in ECs, in comparison with that of exten- 3.1. Electropolymerization of POT onto carbon fabric
sively explored PANI.
Surface modification of activated carbons by electroactive
polymer has been proved to result in an effective enhance-
2. Experimental ment of carbon capacitanf28]. Slow-scan potentiodynamic
method was selected here in an attempt to allow the conduct-
Polyacrylonitrile-based activated carbon fabric with a ing polymer interpenetrate into the micropores of the acti-
BET surface area of 1200991 and a thickness of vated carbon. Before starting the polymerization, a soaking
0.4-0.6 mm was chosen as the base electrode material foperiod of 30 min was given, allowing the equilibrium between
the ECs. Prior to each experiment, the carbon fabric was heatpore wall and monomer to be reach&e. 1 shows the typ-
treated at 900C for 20 min under helium purgetoremove any ical cyclic voltammogram recorded during the electropoly-
oxygen functional groups and volatile impurities on the sur- merization of OT at a scan rate of 1 mV’s In the first cy-
face of the carbon. The treated carbon (ca. 2 and 0.02 g) cle starting from—0.2V (versus Ag/AgCl) a sharp increase
was fixed on a stainless-steel current collector to serve asin anodic current shows up after 0.6V (versus Ag/AgCl).

electrodes for all experiments. The sharp currentincrease up to 0.9V (versus Ag/AgCI) rep-
Electrochemical deposition of polyoluidine), POT, on resents that OT molecules are oxidized to give oligomers,
activated carbon fabric was carried outin 1 M$0,. Poten- which would subsequently be oxidizg88—-40] The oxidized

tiodynamic method was selected for the deposition. All the oligomers formed in the first cycle get reduced at ca. 0.36 V
deposition experiments were carried out in a three-electrode(versus Ag/AgCl) in the reverse scan, as reflected by the ca-
system consisting of the activated carbon as the working thodic peak current ifrig. 1. The presence of the cathodic
electrode and Pt wire and Ag/AgCI as the counter and ref- peak current verifies the incorporation of polymer onto the
erence electrodes, respectively: §as was purged through  carbon.

the system during the whole process. Electropolymerization In the second and further cycles two broad peaks were
was carried out by cycling the potential betweef.2 and observed at 0.35 and 0.55V (versus Ag/AgCl) in the anodic
0.9V (versus Ag/AgCI) in a solution containing 5-50mM sweep. These peaks are assigned for the formation of pola-
of OT. With a slow-scan rate of 1 mV$, each deposition  ronic and bipolaronic oxidation states of incorporated poly-
was conducted for 10 cycles, with initiation and completion mers, respectivelj41]. The 0.35V (versus Ag/AgCl) peak
both at—0.2 V (versus Ag/AgCl). After deposition, the elec- is relatively vague. The ion diffusion in carbon pores and the
trode was soaked in 1 M 450, to remove any unreacted double layer formation must have affected the sharpness of
monomer under nitrogen atmosphere for 24 h. The POT- this peak. The polymer film growth was suggested to occur
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Fig. 1. Cyclic voltammograms recorded against Ag/AgCI during the elec- Fig. 2. Variation of the anodic peak potential during POT growth with cycle
tropolymerization of OT onto the activated carbon fabric (Zpin 1M number at different OT concentrations.

H,SO; and 5mM OT at a potential sweep rate of 1 m*s .
20mM OT) in 1M H,SO, swept between-0.2 and 0.8V

near 0.55V (versus Ag/AgCI¥2], less positive than that  (versus Ag/AgCl) at 1 mVst. Very similar voltammogram
for the formation of oligomers (>0.6 V). An increase in the patterns are observed for more than 50 cycles in this test, re-
polymer-oxidation peak current at 0.35 and 0.55V (versus flecting the applicability of the electrode in ECs. The voltam-
Ag/AgCl) with cycle number is an evidence for the increas- mogram of the bare carbon is provided for comparison, show-
ing amount of polymer incorporation. ing a significant current increase in both directions of poten-
In the first cycle of deposition, the oligomers, which ini- tial sweep due to the POT deposition. It can be deduced from
tially are not precipitated on the surface, would eventually Fig. 3that the voltammogram of the POT-modified carbon is
saturate and form polymer-growing nuclei on the surface. given by superimposing the voltammogram of POT on that
This causes time delay and has been given as the reason fodf the bare carbon. This indicates that the carbon and poly-
the appearance of the anodic peak current at potentials more

positive than 0.6V (versus Ag/AgC[%3,44] The delayed 0.020
peak current for the second and further cycles is much smaller a
than that in the first cycle and it decreases with cycle number. 0.015 — POT-modified
This indicates that carbon surface is gradually saturated with g
polymers and oligomer precipitation is replaced by polymer 0.010 —
film growth. 7
It can be seen fronfrig. 1 that the anodic and cathodic = 0.005 —
peak potentials show positive and negative shifts, respec- = ]
tively, with the cycle number. Similar potential shifts with OT g 0000 — /
concentration were also observ&i. 2shows the variation S ]
of anodic peak potential with cycle number and concentra- -0.005 —
tion. The amount of POT deposition on activated carbon is ]
found to increase with the cycle number and OT concentra- 0010 —

tion. Itis likely that the increased amount of deposited poly- ]
mer causes the increase in the resistance for ion diffusionin 0015
pores and polymer films and thus the delayed appearance of ]

the peak current. -0.020 . I l I . i
-0.40 0.00 0.40 0.80
Potential (V vs. Ag/AgCl)

3.2. Cyclic voltammetric behavior of POT-modified

carbon electrodes Fig. 3. Cyclic voltammograms (the 10th cycle) recorded against Ag/AgCl

. for the POT-modified and bare carbons (Zgrswept at 1 mVstin 1M
Fig. 3 S_hOWS the thre.e'eleCtrOde VOltar.angramtS. of the H>SOs. The POT-modified carbon was prepared by the electrochemical de-
POT-modified carbon fiber (prepared with deposition in positionin 20 mM OT for 10 cycles.
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Fig. 4. Variation of the capacitance with cycle number in 1 yS&)y for

the POT-modified carbon (2 @nprepared at different OT concentrations
with 10 cycles of deposition. The capacitance, based on per unit mass of
the POT/carbon composite, was calculated using integration of the cyclic
voltammograms swept betweeid.2 and 0.8V (vs. Ag/AgCl) at 1 mV'g.

Fig. 5. Variation of the capacitance per unit geometric (planar) area of the
polymer-modified electrodes in 1 M3 0O, with the weight of the deposited
polymer per unit geometric electrode area. The capacitance data were ob-
tained fromFig. 4.

mer contribute to the total capacitance in a parallel way. The creasingly obstruct some polymer from the access of ions. As
first oxidation peak at 0.45V (versus Ag/AgCl) represents @ matter of fact, the increase in resistance has been demon-
the removal of electrons from the N-atom of amine units of Strated inFig. 1, which shows the peak potential shift with
the polymer, i.e. conversion of amine units to semiquinone the deposition cycle number.

radical cation (polaronic state). The second oxidation peak A similar electrochemical method was applied for PANI

at 0.66V (Versus Ag/AgC|) can be assigned to the oxida- depOSition to m0d|fy the carbon fabric and the variation of

tion of semiquinone radical cation to quinone imine (bipola- €lectrode capacitance with PANI weight is showirig. 5as
ronic state), i.e. the transformation of polaronic emeraldine Well. The figure shows that PANI s less effective than POT in

to bipolaronic pernigranilingt5]. The reduction process (i.e. ~ capacitance enhancement. Here, for both POT and PANI, the

the cathodic sweep) is simply the reverse of the oxidation. electrochemical p-doping takes place on the polymer back-

The voltammogram reveals that the charge—discharge of thePone during charge process by extraction of electrons to the

POT-modified carbon electrode is a typical two-electron re- €xternal circuit, accompanied by HgOanion binding46].

dox process. The association of counter ions with polymer chain charges
Fig. 4 shows the capacitance of POT-modified carbon leads to development of a Helmholtz double layer. The pres-

fibers at different cycles of potential sweep. The capacitance,ence of electron-donating methyl groups in the phenyl ring of

based on per unit mass of the POT/carbon composite, wasOT molecules may lead to a higher tendency of p-doping onto

calculated using integration of the voltammogram within the the polymer backbone of POT than PAMI7]. This is con-

potential range applied. Itis seen that the capacitance is stablé&idered as one of the major reason for the higher capacitance

for 50 cycles and its value increases with the OT concentra- 0f POT in comparison with that of PANI.

tion during deposition. The increase in capacitance can be

attributed to the increasing amount of POT. The capacitance3.3. Performance of the assembled capacitors

per unitarea of the electrode was plotted against the deposited

POT weight inFig. 5 Both the capacitance and deposited Cyclic voltammetry was employed to study the assem-

POT weight are presented on the basis of the geometric (pla-bled two-electrode capacitor cellsig. 6 shows the cyclic

nar) area of the electrode. The plot does not show a linearvoltammograms recorded at different potential sweep rates

relationship. The slope (i.e. the derivative) of the curves can for the resulting capacitor equipped with the POT-modified

be used to estimate the capacitance per unit weight of thecarbons (from deposition in 20 mM OT). The capacitor con-

deposited POT. It is seen that the POT capacitance, i.e. thesists of two facing identical carbon electrodes sandwiching a

slope, decreases with the increasing deposited POT weightseparator. It exhibits a typical mirror image type of cyclic

The decrease in the POT capacitance can be attributed tosoltammogram within a potential range 6f0.8 to 0.8V.

an increase of the ion migration resistance, which would in- The voltammogram for the capacitor equipped with the bare
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Fig. 6. Cyclic voltammograms of the resulting two-electrode capacitors in Fig. 7. Effect of potential sweep rate on the anodic peak current near 0.3V
1M H2SQ, at different potential scan rates. The capacitors are assembled of the voltammograms iffig. 6 for the capacitor assembled with the POT-
with the bare carbon or the POT-modified carbon (0.32 g POTQ) pre- modified carbon.

pared with 10 cycles of deposition in 20mM OT.

20mV s 1, indicating that the reaction tends to be diffusion-
carbon swept at 1 mV'g is also provided in the figure for  controlled.
comparison. A rectangular voltammogram is observed for  The IR drop, a sudden potential drop at the very begin-
the bare-carbon Capacitor, indicating the dominance of the ning of ga'vanostatic discharge, was measured by Charging
double-layer mechanism in this energy storage process. Itthe capacitors to 0.8V followed by discharge. The IR drop
has to be noted here that the voltammogram shape of a two4s plotted against the discharge currentFiig. 8 This po-
electrode capacitor is associated with the open circuit po- tential drop results mainly from the bulk solution resistance,

tential (OCP) and voltammogram of its constituting elec- ejectrode resistance, and ion migration resistance in the elec-
trodes in a three-electrode system ($ég. 3. At OV of

a symmetric capacitor, both the constituting electrodes are 0.16
situated at their OCP, which has a value of ca. 0.25V ver-
sus Ag/AgCI for all the electrodes in the present work. As
the capacitor is charged from OV to other potentials, the
potential of the constituting electrodes shift from the OCP 0.2 — Hre o
toward opposite directions and the potential difference be-
tween the two opposing electrodes should be the observed _
potential of the capacitor system as showRig. 6 [48] The
positive charge stored in one electrode has to be identical
to the negative charge in the other. Based on this principle,
the cyclic voltammetric behavior of symmetric two-electrode .
capacitors can be estimated from the three-electrode
voltammogram of their constituting electrodes around the 0.04 — Z
OCP.
For the capacitor with POT deposition, obvious redox - POT-modified
peaks can be observed above the double-layer background
current. These peaks should correspond to the p-dopingand 0.0 . I . i .
p-dedoping of POT that have been describe#ign 3. The 0 4 8 12
anodic peak currentnear 0.3 Vis plotted against the potential- Discharge current (mA)
sweep rate iffrig. 7. A fairly linear relationship between the
peak current and the potential-sweep rate is observed withinFig- 8- Variation of IR drop with discharge current for the capacitors as-

sembled with the POT-modified (0.32 g POTXC), PANI-modified (0.35 g

the potent|al-sweep rate employed, reflectlng a pseUdoca'PANl g~1C), and bare carbons. The modified carbons were prepared with

pacit.ive b?haVior of the qepOSited F?OT- However, Fhe linear 19 cycles of deposition in 20 MM monomer solutions. The capacitors have
relationship seems to disappear with scan rate higher thanbeen charged to 0.8V in 1 M4$0; prior to discharge.

0.08 —

IR drop (V)

PANI-modified
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trode [19,22] The slope of the linear relationship between In addition, the resistance of ion migration to store pseudo-
the IR drop and discharge current can be used to estimatecapacitance in the polymers may be much smaller than that
the overall resistance of the capacitors. The resuliSgn8 to store double-layer capacitance in carbon micropores. This
are used to calculate the overall resistances of the capacitorgan result in a smaller overall resistance for the energy stor-
assembled with the bare, PANI-modified, and POT-modified age process with the presence of the polymers. As for the
carbons and values of 14, 8.9, and @,5espectively, are ob-  lower resistance of the POT-modified electrode in compari-
tained. It has been shown in our previous st{#R] that the son with the PANI-modified one, itis attributable to the loose
electrode resistance is the major contribution to the overall framework of the deposited POT due to the presence of the
resistance of the carbon fabric electrode. The lower resistancemethyl group that hinders the formation of impenetrable tan-
of the polymer-modified electrodes can be attributed to the gles of polymer chains. The loose framework may facilitate
fact that the conducting polymers serve as the media to im- the penetration ofions into the film, thus leading to the low re-
prove the electrical conduction among the fibers of the fabric. sistance of the POT-modified electrode. In addition, the POT
film forms a void structurefig. 9shows the external features

of the POT- and PANI-modified carbons from SEM. The POT
film is fully of voids and this would provide a larger surface
area exposed to the electrolyte, thus lowering the resistance
for ion migration.

On the basis of the above data and by applying a regular
bias potential of 1V for aqueous electrolytes, the energy den-
sities were calculated to be ca. 18, 35, and 39Uand the
power densities to be ca. 0.89, 1.0, and 2.7 Wpr the ca-
pacitors (inFig. 8) assembled with the bare, PANI-modified,
and POT-modified carbons, respectively. The energy density
of the carbon capacitor was significantly improved by de-
position with both PANI and POT. However, because of the
lower resistance of the POT-modified carbon, the resulting
capacitor of the POT-modified carbon has shown its superi-
ority in power density over the capacitor assembled with the
PANI-modified carbon.

4, Conclusions

The present work has shown that POT is more effective
than widely recognized PANI in enhancing the electrochem-
ical capacitance of activated carbon fabric through electro-
chemical deposition. Because of the presence of the electron-
donating methyl group in the phenyl ring of POT, the p-
doping of the polymer during charge can be enhanced, thus
improving the energy storage capability of POT. The capac-
itance of the POT-modified carbon can be more than twice
higher than that of the bare carbon. The capacitance per unit
weight of the deposited POT was found to decrease with the
amount of POT deposition, indicating an increase of the ion
migration resistance that increasingly obstructs some poly-
mer from the access of ions.

In addition to the capacitance enhancement, POT shows
its superiority over PANI in reducing the resistance of the car-
bon electrode in HSOy. The low resistance resulting from
, POT deposition can be attributed to the loose tangle of poly-
B32818 15.08kY X50.8K 3B8nm mer chains due to the presence of methyl group and the void
feature of the polymer film, both of which facilitate ion mi-

_ __ __ gration into the polymer film and carbon micropores. The low
Fig. 9. External features of the POT-modified and PANI-modified carbons . o .
(aand b, respectively) from SEM. The modified carbons were prepared with resistance Pf the P_O_T_'mOdlﬂed _carbor_1 resulted in an _assem-
10 cycles of deposition in 20 MM monomer solutions. bled capacitor exhibiting a relatively high power density.

(b)
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