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Abstract

We describe here an interesting approach towards electrochemical capacitors (ECCs) using graphite materials (as being used as conduct
additives in rechargeable lithium-ion battery cathodes) infaddntaining organic electrolyte. The important result is that we achieved
a voltage window of >4V, which is rather large, compared to the standard window of 2.5V for ordinary electric double layer capacitors
(DLCs). The capacitor performance was evaluated by cyclic voltammetry (CV) and galvanostatic charge/discharge techniques. Fron
charge—discharge studies of the symmetrical device (for instance, SFG6 carbon electrode), a specific capacitance of up to 14.5F/g wi
obtained at 16 mA/cfcurrent rate and at a low current rate (3 mAfna higher value was obtained (63 F/g). The specific capacitance
decreased about 25% after 1000 cycles compared to the initial discharge process. The performances of these graphites are discussed in
light of both double layer capacitance (DLC) and pseudocapacitance (battery-like behavior). The high capacitance obtained was not onl
derived from the current-transient capacitive behavior but is also attributed to pseudocapacitance associated with some kind of faradal
reaction, which could probably occur due to"Lintercalation/deintercalation reactions into graphitic layers of the carbons used. The ac
impedance (electrochemical impedances spectroscopy, EIS) measurements were also carried out to evaluate the capacitor parameters <
as equivalent series resistance (ESR) and frequency dependent capaCi{agic€{clic voltammetry measurements were also performed
to evaluate the cycling behavior of the carbon electrodes and the non-rectangular shaped voltammograms revealed the non-zero tin
constant {(RC) # 0] confirming that the current contains a transient as well as steady-state components.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction age behavior of normal capacitors and fill the gap between
high-powered normal capacitors and high-energy batteries
Batteries and capacitors are regarded as traditional elec{4,5].
trical energy storage devices. Batteries deliver high-energy  Two types of ECCs have enjoyed extensive develop-
density but limited power output and therefore they are suit- ment over the last decades. Double layer capacitors (DLCs)
able for applications requiring energy delivery over extended were considered firg6], and consist of porous electrodes
periods. In contrast, capacitors, which can deliver their en- in an electrolyte solution that store charge in the electro-
ergy at high rate, can only do so for a limited time. This has chemical double layer formed at the electrode/electrolyte
led to the intense investigation of a new type of energy stor- solution interface when a potential is applied. Since, the
age devices known as electrochemical capacitors (ECCs)itypical double layer capacitance of a planar electrode is
also called ultra- or supercapacit¢ts?]. No phase changes  only 10-2QuF/cn? [7], high surface area materials like
are involved in the electrochemical processes of ECCs, andactivated carbons (>10004g) are employed.
therefore, they can be charged and discharged many times. DLCs can be used as pulse power sources for digital com-
ECCs have many potential applications, ranging from load munication devices and hybrid electric vehicles (HEVs). Re-
leveling devices for electric vehicles to pulse power sources cently, the hybrid power source that consists of electrochem-
for hand held electronicf3]. Thus, an ECC can combine jcal capacitors in parallel with a battery bank was proposed
the energy storage capability of a battery and power stor- for electric vehicle propulsion in which the latter performs as
a high-energy device while the former supplies high power.

* Corresponding author. Tek:60-3-8312-5378; fax:-60-3-8318-3029. The second type of ECC is based on the pseudoca-
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oxides (Ru@ and IrQ®) or conducting polymer$8-10]. ing organic electrolytes and their stability at high voltages
In such devices, the charge transfer involves faradaic re-in lithium rechargeable batteri¢21,22]
dox reactions. Devices utilizing this method of charge In the present study, ECCs of high voltage (4.5V) were
storage can provide higher energy and power density thanstudied, employing conductive additive carbon electrodes
DLCs since the charge is stored throughout the bulk of the and we have attempted to explain the origin of the measured
materials as well as at the electrode/electrolyte interface high capacitance in the light of both DLC and pseudocapac-
[11]. itance concepts.

Conway et al., discussed the transition from “supercapa-
citor” to “battery behavior” in electrochemical energy stor-
age and the origin of “pseudo-capacit¢t2], which could 2. Experimental
be considered as “capacitor behavior”.

The limitation of ECCs is the low cell voltage, which Timrex® grade graphites namely KS6 (2%fy), SFG6
is determined by the decomposition of the aqueous elec-(17 n¥/g), and MB15 (10 ri'g) were provided by TIMCAL
trolytes. Thus, the maximum voltage attainable in ECC using Co. Ltd. (Switzerland) and used as received. The desired
aqueous electrolyte is restricted+d..0 V. However, the cell  quantities of carbon powders were made into a slurry by mix-
voltage of an ECC can be increased above 3.0V by replac-ing with special PVDF binder (provided by EIf Atochem,
ing aqueous electrolyte with organic nonaqueous electrolyte France) in the 80:20 w/o ratio (carbon: binder) using THF
[13]. Increasing the voltage of an ECC enhances the spe-(Merck, Germany). The slurry thus prepared was coated onto
cific energy of the capacitor device, as the ECCs are knownexpanded aluminum mesh (Exmet, USA) as positive and
for specific power. Besides, when ECCs are used in hybrid negative electrode. The coating was allowed to dry &t@0
combination with high voltage rechargeable batteries so asfor 30 min in a vacuum oven. The thickness of as-prepared
to meet the requirement that voltage of both battery and ca-coatings was controlled within 15%m and the mass of the
pacitor should be equal in charged state, four to five capac-carbon material was maintained as 0.005—0.01 &/aDir-
itors have to be connected in series. In other words, fewer cular disks of area 3.14 chwere cut from the coated mesh,
capacitors are enough when the voltage of ECC is high. In soaked in the electrolyte mixture 1 M LiB EC + DMC
this context, the present study focuses on the enhancemenfLP30, Merck, Germany) for 30 min. A two-electrode Teflon
in voltage using the chosen carbons (graphite) being used agell with a coin cell (2450) configuration was used to as-
conductive additives in the electrodes of rechargeable Li-ion semble the cells inside a glove box filled with high purity
batteries. Nowadays, nonaqueous electrolytes with a highargon. Electrode combinations such as similar and dissim-
potential window (>4.5V) are commercially available for ilar carbon disk electrodes were sandwiched between 2400
Li-ion battery applications. However, the high specific re- Celgar® membranes. The total thickness of the capacitor
sistance of nonaqueous electrolytes considerably increasesvas 0.5 mm excluding the housing. Microstructure and mor-
the equivalent series resistance (ESR) as well as diminish-phology information was obtained on graphite powders by
ing the overall capacitance by a factor of two or less which SEM using a JEOL JSM 800 scanning electron microscope
results in a lowering of power density. On the other hand, (SEM) interfaced with a personal computer through JEOL
high working voltage of ECC using organic electrolyte en- software.
hances the energy density in excess of a three-fold. As a The performance of ECC was evaluated and monitored
consequence, the electrochemical capacitors using organidby means of electrochemical techniques namely, galvano-
electrolytes are very much used when high-energy densitystatic charge/discharge and cyclic voltammetry (CV) by
and modest power density is desirable. employing multichannel BT2000 Arbin testing system

To achieve the outstanding capacitance of ECCs, porous(USA). The electrochemical impedances spectroscopy
carbon (for instance activated carbons) with very high sur- (EIS) measurements were carried out by employing basic
face area (>1500%/g) were used14-19] However, the electrochemical system (PAR, Perkin-Elmer, and USA)
use of organic electrolytes in ECCs to achieve high voltage equipped with power sine software. A constant DC bias
might lead to corrosion of carbon electrodes at high voltage of 0V and ac perturbation of 10mV (rms) was applied
and the rate of such corrosion increases due to the porosityto the cells. The frequency was varied between 20kHz
(pore distribution). In order to diminish such high voltage and 5mHz.
corrosion on carbon electrodes, surface modification meth-
ods were recently describg@d0]. Ue et al.[6], studied the
suitability of different organic electrolytes for supercapac- 3. Results and discussion
itors and found that tetra ethyl ammonium tetra fluorobo-
rate (TEABR) in acetonitrile is the best one, with a floating 3.1. Morphological study
voltage of 2.6 V.

The rationale for choice of conductive additive carbons  SEM studies were carried out on the chosen conductive
used in this work as electrodes for ECCs is mainly due to additive carbons such as SFG6, MB15, and KBig. 1
profound compatibility of these carbons with highly oxidiz- shows the electron micrographs obtained for the above
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Fig. 1. SEM images of the conductive graphite additives showing the
flakes with distributed grain sizes.

graphite powders and they all exhibit flake-like structure
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Fig. 2. Nyquist plot of a symmetrical device assembled with two similar
electrodes (SFG6/SFG6) between the ac frequency range, 17.5kHz up to
5mHz; ac perturbation applied was 10 mV ESR values were measured at
1kHz.

the possibility of having the porous structure of the above
graphite electrodes.

3.2. Electrochemical impedances spectroscopy
measurements

Fig. 2 presents the impedance response of a typical
symmetrical device assembled with two similar electrodes
(SFG6) employing 1 MLIPE/EC+ DMC nonagueous elec-
trolyte. In general, ECCs oscillate between two states:
resistance at high frequencies and capacitance at low fre-
guencies. As shown iRig. 2, the above behavior is clearly
evident. That is, at high frequencies (17.5kHz), it behaves
like a resistance exhibiting the charge-transfBg)( re-
sistance and the imaginary part of the impedance sharply
increases and the plot tends to a straight-line (a spike) char-
acteristic of capacitive (DLC) behavior. In the middle fre-
guency range, as shown in the insetdj. 2, the influence
of electrode porosity and thickness on the migration rate of
ions from the electrolyte inside the electrode (intercalation
of Li*) can be seeifi23]. In this case R, was found to
be very small, followed by diffusional Warburg impedance
(see inset) indicating the diffusion of ions into carbon lay-
ers, which could possibly be related to intercalation of Li
into graphitic layer leading to faradaic reaction.

The straight-line portion shows an inclination from the
ideal capacitive behavior (vertical line) indicating the surface
roughness of the electrodes. ESR values were deduced at
1kHz real impedance data and were found to be & 9aGr
SFG6/SFG6 symmetrical device.

A symmetrical device assembled with MB15 graphite
showed a lower ESR value of 1.81presumably due to the

with sharp edges. Graphite KS 6 consists of fine particles low electrode resistance.

compared to MB15 and SFG6. Invariably, the pore distribu-
tion is not explicitly seen from the micrographs, ruling out

Generally, the imaginary part of the ac impedance is con-
verted to capacitance at a given frequency using the rela-
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Frequency (Hz) Fig. 4. Cyclic voltammetry of symmetrical device (SFG/SFG) in 1M
LiPF6/EC+ DMC organic electrolyte (Celgard 2400 separator was used
between the two carbon electrodes constituting the symmetrical electrode
combination); scan rate was 10mV/s. Inset shows the single electrode
behavior against lithium metal in the same electrolyte using Celgard 2400

separator.

Fig. 3. Typical frequency dependence of specific capacitance of a SFG6/
SFG6 symmetrical device.

tionship, 2" (w) = —1/wC, whereZ” is the imaginary part
of the impedancey is the angular frequency, ar@is the
capacitance (frequency dependent). In explaining the be-the device wher® is the ESR andC is the device capaci-
havior of frequency dependence of capacitance, generallytance. The non-rectangular current—voltage profile revealed
a two-slope region is expected for electrochemical capaci- the non-zero time constant(RC # 0] that indicates the
tors where the capacitance increases noticeably towards lowcurrent contains a transient part as well as a steady-state
frequencies with increasing slope values from its high fre- part. Ast becomes larger, the transient part lasts longer
quency counterpart. and hence more time is required to charge the capacitor

Fig. 3 presents the specific capacitance versus frequencyresulting in a collapse of the rectangular current profile
of the symmetrical device assembled with two electrodes [26]. The shape of the voltammogram is also affected by
(SFGB6). It is clearly evident that frequency dependent ca- a faradaic reaction (pseudocapacitance). Interestingly, it is
pacitance exhibits two increasing slope regions; the first one evident fromFig. 4 that during the anodic scan, the anodic
occurs between high frequency (17.5kHz) aniHz and current rises to a peak maximum at 1.6V with the onset
the second region extended up to 5 mHz from the knee point.begins at 0.7V which is related to the charge-transfer re-
The two-slope behavior is much expected as described inaction associated with the intercalation of"LiTo confirm
the literature[24] that when the frequency decreases, ca- the above phenomenon, we studied the CV of a single elec-
pacitance sharply increases then lends to be less frequencyrode behavior against lithium metal to ascertain whether or
dependent which is characteristic of the electrode structurenot the faradaic process is due toflinsertion/deinsertion
and the electrode/electrolyte interface. process as depicted Ifig. 4 (see inset). We observed the

quite similar behavior for other two graphites, MB 15 and

3.3. Voltammetry measurements KS 6 (not shown).

Potential sweep cyclic voltammetry measurements were 3.4. Constant current measurements (charge/discharge)
carried out within the potential range of 0—4.5V to analyze
the electrochemical behavior of the capacitors. A typical galvanostatic first charge/discharge curves of

Fig. 4 exhibits the typical voltammograms obtained for symmetrical device electrode (SFG6/SFG6 combination) be-
symmetrical device assembled with two similar electrodes tween the voltage range 0—4.5V at a current density of
(SFG6). The voltammogram is characterized by a few 6 mA/cn? is shown in theFig. 5. In the present case, since
humps in the anodic half-cycle and the value of current is the maximum voltage of ECC is generally determined by
high. This effect was prominent for the device assembled the oxidation potential of the electrolyte, it is kept at 4.5V
with SFG6 graphite as shown iRig. 4. In general, the  as the upper cutoff voltage limit during charge. In general,
equivalent circuit for DLC electrodes can be represented by the discharge profile of ECC contains two parts; a resistive
a serial combination of equivalent series resistance and dou-component, a sudden voltage draR (Irop) represents the
ble layer capacitanc5]. If the faradaic reaction exists in  voltage change due to the internal resistance of ECC and
the device, the equivalent circuit may be represented by anthe capacitive component is related to the voltage change
interfacial capacitanceCg) with ESR and parallel faradaic  due to change in energy within the capacitor. The pattern is
leakage resistance coupled with diffusional impedance same irrespective of the type of graphite materials as well
(Warburg impedance)24]. The shape of the voltammo- as the current density being used. Neverthelgsslrop is
gram was duly determined by the time constafiRC) of large at higher current density because of the domination of
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Fig. 5. Typical first charge/discharge curve of a symmetrical device ca- might be due to higher electrode resistarRgettrodd of the

pacitor (SFG6/SFGE) at a current rate of 6 mafem latter. When compared to ECCs with aqueous electrolytes
o ) _ (for which iR drop is negligible), in the present system it is

a resistive component while at a low current density, due to |ji|e higher, ranges from 0.5 to 0.9 V.

the domination of a capacitive component, the length of lin- - The specific capacitance of different carbon samples was

ear portion is largefFig. 6 depicts the discharge curves of a  ca|culated from galvanostatic charge/discharge cycling data

symmetrical device, SFG6/SFG6, at different current rates of symmetrical devices assembled with two electrodes using
and the inset clearly exhibits thR drop influenced by the  the formula

current rates in determining the performance of the capacitor i(A) x £(9)
and hence its specific capacitance. In this case, it was foundC = [ }
thatiR drop is 0.13V, corresponding to a current density
of 3mAlcn? in which the linear portion (DL capacitance) wherei is the discharge current, which is chosen as constant
extends for almost 100 S whereas it lasts for only 20s at for all the samples afsis the discharge timay, the mass of
16 mA/cn? current rate with aiR drop of 0.63 V. Besides,  the active carbon material of the single electrode (working
it was found thaiR drop depends on the resistance of the electrode), and\ E the potential difference during discharge.
graphite materials as well. It was also found tiatrop is The values of specific capacitance of different carbon sam-
lower for ECC using SFG6 while itis higher for MB15. This  ples were calculated for a specific current rate and plotted
against cycle number as shownHhig. 7. The specific ca-
pacitance values stabilize after 50 charge—discharge cycles
s . and was sustained for over 1000 cycles. Among the three

o 16 mAjem2 different carbons used, MB15 exhibits the higher specific
2 ; % capacitance of+41 F/g even after 1000 cycles.

o % AEV (1)
0 x AE(V)

th
pH

Obviously, such a high capacitance cannot be explained
based on pure DLC formed at the interface of the low sur-
face area carbons. That s, in addition to the current transient
capacitive behavior of these graphite electrodes, the faradaic
reaction (pseudocapacitance) was expected to occur due to
insertion/extraction of L. Therefore, the measured capac-
itance was not solely contributed by DLC but it includes
pseudocapacitance (battery-like behavior) as well.

The stability of fabricated ECCs can be examined by
conducting repeated charge—discharge cycling. A capacitor
equipped with SFG6 carbon electrode was charged and dis-

<50 ’ 5 A B 2k 2 3l charged between 0 and 4.5V at 6 mAfko confirm the
ELAPSED TIME (s) stability over repeated cycling. The variations of discharge
Fig. 6. Typical discharge curves of a SFG6/SFG6 capacitor at different cgpacnance (specific) versus cycle nu.mber are depicted in
discharge rates. (Expanded view of iR drop with respect to discharge Fig. 8 The results show that the capacitor had stable (about
current rate is depicted in the inset.) ~41 F/g for MB15,~35 F/g for SFG6 and-33 F/g for KS6)

SFG6/SFG6 symmetric
device

VOLTAGE (V)
[+
T
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Fig. 8. Specific capacitance of three graphite samples as a function of cycle number.

capacitance and coulombic efficiency (80-90%) over 1000 they are plotted as shown Kig. 9. Specific powerR®) and

cycles. specific energy K) have been calculated according to the
equations

3.5. Ragone plots (specific power versus )

specific energy) P(W/Kg) = % 2

Ragone plot relates the specific power with the specific
energy either for a constant current or power load and it is W(Wh/kg) =
a better way to compare the performance of capacitors and m(kg)
batteries. To compare the performance of three graphites,wherei is the discharge current, voltage:t, time in hours;
the specific power and energy were calculated from the dis-andm, mass of the cell excluding housing. In a symmetrical
charge curves of the ECCs at different current densities anddevice configuration, the performance of SFG6 and KS6 was

i(A) x V(V) x t(h)
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Fig. 9. Ragone plots of SFG6/SFG6 and KS6/KS6 symmetrical devices assembled in 1 M LiRFBMC organic electrolyte. Celgard 2400 separator
was used between the two carbon electrodes constituting the symmetrical electrode combination.
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