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Activated carbon (AC) fiber cloths and a hydrophobic microporous polypropylene (PP) membrane, both
modified with lithiated acetone oligomers, were used as electrodes and a separator in electric double
layer capacitors (EDLCs) with aqueous lithium hydroxide (LiOH) as the electrolyte. Electrochemical char-
acteristics of EDLCs were investigated by cyclic voltammetry (CV), galvanostatic charge-discharge cycle
tests and impedance spectroscopy (EIS), compared with a case of the capacitor with aqueous potassium
hydroxide (KOH) as an electrolyte. As a result, the capacitor with LiOH aqueous solution and a modified
separator and electrodes was found to exhibit higher specific capacitance, maximum energy stored and
maximum power than that with KOH aqueous solution.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The importance of energy storage devices has been constantly
growing with the recently increasing popularity of various portable
electronic devices and motor vehicles. One type of such energy
storage devices are electric double layer capacitors (EDLCs), rela-
tively new electrochemical energy storage media with a somewhat
lower specific energy, but much higher specific power and longer
cycle life than most rechargeable batteries [1-3]. While the stor-
age of electric charges in batteries is based on reversible Faradic
electrode reactions, in capacitors it occurs in the electric double-
layer at the electrode/electrolyte interface. Therefore, they are often
fabricated from activated carbons (ACs), which exhibit a high spe-
cific surface area of the order of 103 m? g~1[4]. However, specific
capacitances obtained from carbon materials are usually much
lower than expected. This is primarily attributed to poor wet-
tability of the electrode material in electrolyte solution, which
results in a less accessible surface area for the formation of the
electric double layer; that brings about high resistance to the
transport of electrolyte ions within micropores of porous car-
bon during charge/discharge processes. Therefore, it is mandatory
for electrode material to have good wettability in the electrolyte
solution if good EDLC performance is expected. This explains
why several treatments have been proposed to increase their
specific capacitance, such as polymer deposition [5,6] or phys-
ical/chemical activation [7,8]. To achieve high specific power
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and energy as well as a long cycle life, EDLC engineering is
crucial.

It is worth mentioning that generally, in an EDLC, positive and
negative electrodes are identical. In order to increase energy den-
sity, a long cycle life and a fast charge capability, asymmetric cells
consisting of different types of positive and negative electrodes
have been introduced. Recently, studies on hybrid capacitors with
metal oxides and activated carbon (AC) as positive and negative
electrodes are becoming a matter of major importance in research
[9-15]. One of the main reasons is that when using electrolyte
containing Li* the charge storage mechanism of some metal oxide
electrodes was suggested to be associated with a reversible inser-
tion/extraction of Li* ions in the oxide structure, accompanied
by charge transfer at the electrode/electrolyte interface, provid-
ing a considerable pseudocapacitance contribution [16-19]. Hence,
EDLCs with e.g. an aqueous lithium hydroxide electrolyte have
become today a crucial research trend, though the literature data
on aqueous LiOH as an electrolyte for capacitors or hybrid capac-
itors are scanty; only a limited number of reports on the use of
lithium hydroxide electrolyte may be found in the available litera-
ture [20-22].

In this study we propose a novel EDLC with modified elec-
trode and separator materials and lithium hydroxide as electrolyte.
AC cloths and microporous polypropylene (PP) separators were
modified with lithiated acetone oligomers created in an aldol
condensation process of acetone and a saturated aqueous LiOH
solution. The modifier used changed the inherent hydrophobicity
of AC and PP materials to the hydrophilic character and made them
wettable by an aqueous electrolyte. The EDLC with an aqueous KOH
electrolyte is also reported for comparison.
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2. Experimental

In this study, microporous PP membranes (Celgard 2500, Dai-
cel Chemical Industries, Ltd.) were used for experimental EDLCs as
separators. Modification of PP pieces was carried out according to
the following steps. At first, virgin PP samples were soaked with
acetone at 20°C for 15 min. Successively saturated samples were
placed into a 50 ml flask containing a saturated aqueous LiOH solu-
tion. After 24 h membranes became hydrophilic and were ready to
be used. This two-part procedure with chemistry of modification is
presented in the following scheme:

nCH3COCH3 4+ mLiOH — [(CH3COCH3 )]lithiatedoligomers + LiOH(m—n)

Acetone aldol condensation products (amphiphilic substrates) are
created by a chemical reaction taking place in the pores of virgin
PP, which may be treated as paint generation that will cover all its

data: 17-Feb-2009
sample7056 1031 (17.330)

structure. It is important to note that acetone disappears from the
membrane structure after the process in question and the produced
membrane is hydrophilic and filled with the used LiOH solution.
Activated carbon cloths (Kynol® Europa GmbH, No ACC) with a
specific surface area of ca. 2000 m?2 g1 were modified in the same
manner.

After assembling the capacitor by contacting three “foils” (two
modified electrodes separated by the modified PP membrane,
all filled with saturated aqueous lithium electrolyte), and plac-
ing it into the test vessel (Swagelok® system with stainless steel
collectors) it was left at a temperature of ca. 50°C in order
to reach the equilibrium between the electrodes and the elec-
trolyte. The final thickness of the tested capacitor was ca. 0.8 mm.
Devices with KOH aqueous solution as the electrolyte were assem-
bled in the same manner, but AC and PP components were
modified in the aldol condensation process of acetone and aque-

100+ 203
%—.
] o3 145
1 o 163 185 2022 ”
1 103 107 124 135144 151 1sz| 164 179 l186 ( 294
Oyl ?./ IFEE i . | < \2'% 227 235 |.247 255
sample7056 925 (15.547)
10 163

Yo

164

sample7056 892 (14.992)

221

81 185

160 3 195201 213219 |222 237 242 253 257

g 163
% 123 221
105 121 145 203
164
7 124 139 [146 204 220222
1ch 195 202 251, 250
L_%LA'LJ LN A 0 2 ””1'5'71(1‘63” LI \,( 235 2422 2552
sample7056 802 (13 479)
1001 e
% 163
105 181
[ 122|124
] 141 145 162|164
.| "y Yo Nl "R 103190 2% 215210 22 923571 22 g5 257
| SR RRa Sy LaRs na ey R a T TrT LT T "[""l"'J ~rrri mfz
100 120 140 160 180 200 220 240 260

Fig. 1. Mass spectra of the acetone phase after 1 day of contact with saturated LiOH solution.
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ous KOH solution (d=128gcm~1) as presented in our previous
paper [23].

Performances of capacitors were characterized using cyclic
voltammetry (CV), the galvanostatic charge-discharge test and the
electrochemical impedance spectroscopic method (EIS). CVs (scan
rate 10mVs~1) were performed using a potentiostat/galvanostat
system (pAutoLab FRA2 type III, EcoChemie, Netherlands). The
charge-discharge characteristics were carried out using the Atlas
0461 MBI multichannel electrochemical system (Atlas-Solich,
Poland). EIS measurements, over the frequency range from 0.01 Hz
to 99 kHz and the potential amplitude of 10 mV, were taken using
the pwAutoLab FRA2 type III electrochemical system (EcoChemie,
Netherlands). All tests were conducted under ambient conditions.

The process of aldol condensation of acetone with saturated
aqueous lithium hydroxide was monitored by HPLC-ES-MS using
a Waters Alliance 2690 HPLC. IR spectra ranging from 4000 to
400 cm~! of virgin and modified membranes were recorded using
a Bruker Equinox 55 FT-IR spectroscope.

3. Results and discussion

The submersion of the acetone filled PP membrane (or AC cloth)
into a saturated aqueous LiOH solution initiates the aldol condensa-
tion process of acetone. It takes place in the closed space, i.e. in the
structure of the membrane (or AC cloth). This process was observed
using HPLC-ES-MS in a separate experiment, where two immiscible
liquids, i.e. acetone and an LiOH solution, were in physical contact.
Fig. 1 shows a detailed picture of the process in question; the pre-
sented mass spectra were recorded for acetone 1 day after contact
of the above mentioned phases. This picture presents only the rep-
resentative mass spectra from a series of recorded measurements.
The collected data show that in mass spectra of the acetone phase
after contact with a LiOH solution the highest ion signal intensity
was seen for [M+Li]* ions at m/z (105), (123), (145), (163), (203),
(239) and (355). It means that the main products of the monitored
process are mesityl oxide (98), isomesityl oxide (98), mesitylene
(116), phorone (138), isophorone (138), semiphorone (156), and
unknown products (196), (232) and (348); these findings are in
good agreement with the literature data concerning the aldol con-
densation process of acetone in basic media [24-26]. In compliance
with the obtained results the chemistry of aldol condensation of
acetone under the examined conditions may be presented as fol-
lows:

nCH5COCH; + mOH™ —
— {(98) + (116) + (138) + (156) + (196) + (232) + (348)}

+OH(‘m7n) — oligomers

After the above modification, products of aldol condensation of ace-
tone were anchored on all surfaces of PP or AC substrates, which
may be confirmed by FT-IR spectroscopy. Fig. 2 demonstrates exam-
ples of IR spectra of virgin PP and modified PP samples; virgin PP
samples exhibited several peaks, which are well matched to those
reported in the handbook [27]. It can be seen from this figure that
there is an absorption peak around 1700cm~! in the spectra of
the modified samples, which cannot be observed for the virgin PP
sample. This peak is assigned to the stretch of the C=0 group. This
finding confirms the accumulation of aldol condensation products
of acetone in modified substrates, which changes their hydropho-
bic character to hydrophilic and makes them compatible to aqueous
electrolytes.

Fig. 3a shows CVs for tested EDLCs in a 4.6M LiOH and a
6.7M KOH aqueous solutions. The CV profiles of both aqueous
electrolyte-based capacitors were nearly rectangular in shape
(without visible peaks due to redox reactions), suggesting good
capacitive devices in both cases. Moreover, good electric contacts
at the electrode/electrolyte interface and good compatibility of all
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Fig. 2. FT-IR spectra of the virgin PP membrane (A) and modified PP membrane (B).

constituents of the unit capacitor are responsible for good electro-
chemical characteristics in the EDLC cell with the lithium hydroxide
electrolyte, comparable to those with the KOH aqueous solution.
From the voltammograms, specific capacitances of the electrodes in
the LiOH electrolyte and the KOH aqueous solution were evaluated
to be 102 and 95Fg~!, which are very close.
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Fig. 3. (a) Cyclic voltammograms for modified EDLC cells with 4.6 M LiOH and 6.7 M
KOH aqueous solutions. Scan rate 10mVs~!. (b) Charge-discharge curves (10th
cycle) for EDLC cells with 4.6 M LiOH and 6.7 M KOH aqueous solutions. Current
density 5mAcm~2,
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Table 1
Characteristics of tested EDLCs.
C[Fg] Emax Prnax [kWkg~1]
[kjkg']
EDLC with aqueous KOH 952, 97>, 90¢ 243 14¢
EDLC with aqueous LiOH 1022, 108>, 92¢ 262 20¢

C, specific capacitance; Emax, maximum energy stored and Ppax, maximum power.
@ Calculated from CV.
b Galvanostatic measurements.
¢ EIS measurements.

A galvanostatic charge-discharge curves for the experimental
EDLC cells with a 4.6 M LiOH solution and a 6.7 M KOH electrolyte
are shown in Fig. 3b. Linear curves were observed in each case. This
type of capacitive behaviour, with the square shape of voltammo-
grams, confirms good synergy between all phases in the cell. Cell
capacitance is deduced from the slope of the discharge curve with:

I
€= dv/de

where Cis cell capacitance in farads (F), I the discharge current in
amperes (A) and dV/dt the slope of the discharge curve in volts per
second (Vs~1). In a symmetrical system, where the active mate-
rial weight is the same for the two electrodes, specific capacitance
Cspec in farads per gram of active material (Fg~1) is related to the
capacitance of cell C by:

2C

Cspec = — 2
spec Ml (2)

(1)

where mg is the weight (g) per electrode of active material.

From the galvanostatic charge-discharge curves, at a current
load of +£5 mA, specific capacitances of the electrodes were eval-
uated to be 108 and 97Fg~! for the LiOH and the KOH aqueous
electrolytes, respectively, and very close to those based on the CVs.
Maximum specific energy (Emax ) and power (Pmax) can also be esti-
mated from this plot (Fig. 3b), using equations:

Ccv?

Ernax = m (3)
V2

Prnax = m (4)

where V is the operating voltage and R internal resistance of the
capacitor. Calculations are presented in Table 1.

Fig. 4 shows specific capacitance as a function of cycle num-
ber for tested EDCL cells using both aqueous solutions. With an
increasing cycle number, capacitance of the electrode in the LiOH
electrolyte hardly changed, remaining slightly higher than that
of the KOH aqueous solution. This suggests that the LiOH elec-
trolyte as well as the KOH aqueous solution are stable under these
charge-discharge conditions and, moreover, keep good intimate
contact with the modified carbon electrodes.

EIS, as a powerful technique for the investigation of capaci-
tive behavior of electrochemical cells, has also been used to check
the ability of the novel EDLC design to store electrical energy. An
example of Nyquist plots for the capacitor with a LiOH aqueous
electrolyte and a KOH solution (both with modified electrodes and
a modified separator) are shown in Fig. 5a. In the high-frequency
region of each spectrum there appears a single semicircle. From
the point of intersecting with the real axis in the range of high
frequency, resistance of the cell was estimated to be 1.3 2 for
the lithium hydroxide electrolyte under these experimental con-
ditions, which is very similar to that for the KOH aqueous solution,
i.e. 1.8 Q2. Following the semicircle with decreasing frequency, the
plots are transformed to a vertical line. A line close to 90° attributed
to a capacitive behavior was observed for both cases; at higher
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Fig. 4. Discharge capacitance as a function of cycle number for modified EDLC cells
with 4.6 M LiOH and 6.7 M KOH aqueous solutions.
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Fig. 5. (a) Nyquist plots for modified EDLC cells with 4.6 M LiOH and 6.7 M KOH
aqueous solutions. (b) Specific capacitances vs. frequency plot obtained from EIS for
tested EDLCs.
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Fig. 6. (a) Variation of the real part of capacitance with frequency for EDLC cells
with 4.6 M LiOH and 6.7 M KOH aqueous solutions. (b) Variation of the imaginary
part of capacitance with frequency for EDLC cells with 4.6 M LiOH and 6.7 M KOH
aqueous solution.

frequencies, the capacitor behaves like a pure resistor and at low
frequencies shows capacitive behavior [28]. Specific capacitances
of tested devices calculated from the imaginary part of the complex
impedance spectrum: C=(27fZ")~!, and plotted as functions of fre-
quency are shownin Fig. 5b (obtained values at 0.01 Hz are identical
to those calculated from CVs and charge-discharge tests, i.e. 90 and
92Fg-1). Capacitance is high at low frequencies, for both cases, and
starts to decrease at higher frequencies of around 0.1-10 Hz. This
region corresponds to the transition between semicircle and the
straight line in Fig. 5a.

Fig. 6 a and b presents a simple way to model the capacitor fre-
quency behavior by using impedance data, by analogy with the
study published earlier [29,30]; this model shows relationships
between C'(w)—the real part of capacitance C(w) with Z’(w) and
C"(w)—the imaginary part of capacitance C(w) with Z'(w):

/ _ —ZH(CU)

@)= Szt ©)
" _ Z/(C())

@)= Sz ©)

C(w) corresponds to the capacitance of the cell that is measured
during constant current discharge (direct current), and C’(w) cor-
responds to losses in the form of energy dissipation.

Fig. 6 a and b presents variation of the real and the imagi-
nary parts of capacitance with the frequency for capacitors based
on an aqueous LiOH solution or a KOH electrolyte. Fig. 6a shows
the relationship between C' and frequency. At a low frequency
(10mHz), the capacitance of the electrode has reached 0.39F for
the device with an aqueous LiOH solution and 0.33 F for the KOH
electrolyte. This low frequency capacitance (Cig) corresponds to the
cell capacitance measured during galvanostatic cycling at £5 mA.
When frequency is increased, capacitance decreases, and at a high
frequency the capacitor behaves like a pure resistor. Fig. 6b shows
therelationship between C” and frequency for the tested devices; C”
passes through a maximum at 20 mHz for the former and 30 mHz
for the latter. From this figure it is possible to deduce the relax-
ation time constant that defines the frontier between capacitive
behavior and resistive behavior of the capacitor. The relaxation
time is deduced from frequency f, with 7, = 1/f,; fo may be obtained
from the real capacitance plot at C' = C /2 and from the imaginary
capacitance plot, where it corresponds to peak frequency.

Time constants are very different, as seen in Fig. 6b 49.5 and
33.55, respectively, when using an aqueous KOH solution and LiOH
solution as a capacitor electrolyte. The capacitor using LiOH is able
to deliver its stored energy faster than the capacitor with the KOH
electrolyte, i.e. at higher power. This is probably connected with
the difference in viscosities between the two solvents, leading to a
difference in the electrolyte penetrations inside the porous struc-
ture of the electrode material. Best results are then obtained with
the lithium hydroxide electrolyte.

Electrochemical properties of tested devices calculated from
cyclic voltammetry, galvanostatic charging-discharging and
impedance spectroscopy are shown in Table 1. Presented data
provide valuable information to explore the novel composition of
EDLC with an aqueous LiOH electrolyte.

4. Conclusion

The new design of EDLCs was tested with saturated aqueous
lithium hydroxide used as an electrolyte. The devices were assem-
bled using thin polypropylene separators and activated carbon
cloths, both modified with lithiated acetone oligomers as a product
of aldol condensation process of acetone and a saturated aqueous
LiOH solution. In cyclic voltammetry and charge-discharge cycle
tests, the EDLC cells showed a similar capacitive behavior to that
for a KOH aqueous solution, but showed higher power. This indi-
cates that tested devices with a good and stable electric contact at
the electrode/electrolyte interface could be constructed using the
LiOH aqueous solution as an electrolyte. Presented electrochemi-
cal characteristics clearly indicate that the new design of the cell
with an intimate contact of all components, owing to the modifying
layer, has a potential applicability to EDLCs from the practical point
of view.

Acknowledgements

This study was financially supported by the Poznan University
of Technology (BW 31-182/2009).

References

[1] B.E. Conway, Electrochemical Supercapacitors—Scientific Fundamentals and
Technological Applications, Kluwer Academic, New York, 1999.

[2] O. Hass, E.J. Cairns, Annu. Rep. Prog. Chem. Sect. C 95 (1995) 163-197.

[3] R. Kotz, M. Carlen, Electrochim. Acta 45 (2000) 2483-2498.

[4] E. Frackowiak, F. Beguin, Carbon 39 (2001) 937-950.



I. Stepniak, A. Ciszewski / Journal of Power Sources 195 (2010) 2564-2569 2569

[5] K.Hyeok An, K.K.]Jeon, ].K. Heo, S.C. Lim, D.J. Bac, ]. Electrochem. Soc. 149 (2002)
A1058-A1062.
[6] K.]Jurewicz, S. Depleux, V. Bertagna, F. Beguin, E. Frackowiak, Chem. Phys. Lett.
347 (2001) 36-40.
[7] Q.Jiang, M.Z. Qu, G.M. Zhou, B.L. Zhang, Z.L. Yu, Mater. Lett. 57 (2002) 988-991.
[8] R.Z.Ma,]. Liang, B.Q. Wie, B. Zhang, C.L. Xu, D.H. Wu, ]. Power Sources 84 (1999)
126-129.
[9] H.Y. Lee, ].B. Goodenough, J. Solid State Chem. 144 (1999) 220-223.
[10] V. Srinivasan, J.W. Weidner, J. Power Sources 108 (2002) 15-20.
[11] K.R. Prasad, K. Koga, N. Miura, Chem. Mater. 16 (2004) 1845-1847.
[12] K.R. Prasad, N. Miura, Electrochem. Commun. 6 (2004) 849-852.
[13] Z]. Lao, K. Konstantinov, Y. Tournaire, S.H. Hg, G.X. Wang, H.K. Liu, ]J. Power
Sources 162 (2006) 1451-1454.
[14] T.P. Gujar, V.R. Shinde, C.D. Lokhande, S.H. Han, J. Power Sources 161 (2006)
1479-1485.
[15] D. Yuan, J. Zeng, N. Krystian, Y. Wang, X. Wang, Electrochem. Commun. 11
(2009) 313-317.
[16] R.L. Deutscher, T.M. Florence, R. Woods, J. Power Sources 55 (1995) 41-46.

[17] Y.G. Wang, Y.Y. Xia, Electrochem. Commun. 7 (2005) 1138-1142.

[18] M. Minakshi, P. Singh, D.R.G. Mitchell, T.B. Issa, K. Prince, Electrochim. Acta 52
(2007) 7007-7013.

[19] R. Ruffo, C. Wessells, R.A. Huggins, Y. Cui, Electrochem. Commun. 11 (2009)
247-249.

[20] A.Yuan, Q. Zhang, Electrochem. Commun. 8 (2006) 1173-1178.

[21] X. Wang, A. Yuan, Y. Wang, ]. Power Sources 172 (2007) 1007-1011.

[22] A.Yuan, M. Zhou, X.L. Wang, Chin. J. Chem. 26 (2008) 65-69.

[23] A. Ciszewski, B. Rydzynska, J. Power Sources 166 (2007) 526-530.

[24] G.S. Salvapati, K.V. Ramanamurty, M. Janardanarao, J. Mol. Catal. 54 (1989)
9-30.

[25] ].I. Di Cosimo, C.R. Apesteguia, ]. Mol. Catal. A: Chem. 130 (1998) 177-185.

[26] A.A. Nikolopoulos, B.W.-L. Jang, ].J. Spivey, Appl. Catal. A 296 (2005) 128-136.

[27] E.C. Pouchert, The Aldrich Library of FT-IR Spectra, vol. 2, 1st ed., 1985, p. 1158.

[28] R. De Levie, Electrochim. Acta 8 (1963) 751-780.

[29] C.Portet, P.L. Taberna, P. Simon, C. Alberty-Robert, Electrochim. Acta 49 (2004)
905-912.

[30] C.Portet, P.L. Taberna, P. Simon, E. Flahaut, J. Power Sources 91 (2005) 371-378.



	New design of electric double layer capacitors with aqueous LiOH electrolyte as alternative to capacitor with KOH solution
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References


