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a b s t r a c t

Poly (methyl methacrylate) (PMMA)-based gel electrolyte has been used in flexible lithium batteries.
These batteries are flexible and less than 0.5 mm thick, which make them suitable as power sources for
smart cards and radio frequency identification (RFID) tags. We investigated the electrochemical proper-
ccepted 8 November 2010
vailable online 13 November 2010

eywords:
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ties of flexible lithium batteries using an impedance analyzer and potentiostat/galvanostat to evaluate
the electrical capacities. To prevent the formation of gas by decomposition of electrolyte solvent, the
batteries had to be pre-discharged about 5% of theoretical MnO2 capacity. Of the three kinds of pre-
discharging methods, especially, battery two-step pre-discharging method was performed showed the
best electrical properties after storage at 60 ◦C for 60 days.
re-discharging Published by Elsevier B.V.
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. Introduction

Since the early 1980s, non-aqueous primary batteries with

materials are an increased safety margin to over-charge con-
ditions compared to Co or Ni based Li-ion batteries. This is
due to the stable nature of Mn(IV), which is a common oxi-
i anodes and MnO2 positive electrodes have been widely used
n commercial applications due to their high energy density,
ood rate capability, low temperature performance, long shelf
ife, and competitive cost [1–5]. Other desirable features of MnO2

∗ Corresponding author. Tel.: +82 62 530 1746; fax: +82 62 530 0077.
E-mail addresses: hbgu@chonnam.ac.kr, kujie@naver.com (H.-B. Gu).

378-7753/$ – see front matter Published by Elsevier B.V.
oi:10.1016/j.jpowsour.2010.11.055
dation state for Mn and one that retains oxygen [6]. Currently,
lithium polymer batteries using gel electrolytes are attracting
much attention as these can be in various forms such as thin
flexible plastic film with high energy density and reliability
[7–11].

There has been extensive research on the physical and electro-

chemical properties of gel electrolytes [12–16] but comparatively
little research on practical polymer batteries using gel electrolytes
themselves [17–19].

dx.doi.org/10.1016/j.jpowsour.2010.11.055
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:hbgu@chonnam.ac.kr
mailto:kujie@naver.com
dx.doi.org/10.1016/j.jpowsour.2010.11.055
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ig. 1. Electrochemical stability window of gel electrolyte obtained by linear sweep
oltammetry (sweep rate = 1 mV s−1).

Despite the advantages of flexible lithium batteries, the swelling
f pouch cells during storage has resulted in serious problems
elated to their commercial use [20].

Preliminary investigations have suggested that the swelling of
ouch cells during storage are associated with gas generated by
ecomposition of the electrolyte solvent [21–25]. Propylene car-
onate (PC) is the most commonly used solvent. In this case, CO2
as generation is responsible for the swelling [22,24,25].

Considering these limitations, we examined various pre-
ischarging methods to improve electrical properties after long

erm storage of flexible lithium batteries.

To accomplish this, we performed tests including linear sweep
oltammetry, cyclic voltammetry, and impedance analysis.

Fig. 2. OCV variation according to amount of pre-discharging.
Fig. 3. OCV variation according to pre-discharging current and method.

The proposed flexible lithium primary batteries have a wide
range of application where thin, flexible power sources are
required, as in the case of active and semi-active RFID sensor tags
[26].

2. Experimental

2.1. Positive electrode plate formation

Binder solution was prepared using N-methyl pyrrolidone

(NMP) to melt 8 wt% polyvinylidene fluoride (PVDF) powder.
53.1 wt% electrolytic manganese dioxide (EMD, Mitsui Mining),
2.4 wt% of acetylene black (AB), and 44.5 wt% of binder solution

Fig. 4. Cell thickness variation according to discharge current and pattern.
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Fig. 5. Cyclic voltammogram according to discharge current and pattern before
storage (a) and after storage at 60 ◦C for 60 days (b).
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Fig. 6. Typical discharge profile according to discharge current and pattern before

of PMMA in liquid electrolyte. Finally, the obtained gel elec-
ere mixed for 5 h using a planetary mixer. The resulting homog-
nized slurry was coated on Al foil that had been used as a current
ollector. The resulting product was dried in an oven at 120 ◦C for
0 min and placed in a vacuum drying oven at 120 ◦C for 1 hr. The
ried mixture was pressed by a roll press and cut into small pieces
2.2 cm × 3.35 cm) to use as positive plates.

.2. Negative electrode plate formation
50 �m-thick lithium metal was cut into 2.2 cm × 3.35 cm-sized
ieces and pressed on a 30 �m-thick stainless steel sheet.
storage (a) and after storage at 60 ◦C for 60 days (b) (load current and cut-off voltage
were C/20 and 1.6 V).

2.3. Preparation of the gel electrolyte

Gel electrolyte was synthesized from propylene carbonate (PC,
Sigma-Aldrich), PMMA (Sigma-Aldrich, Mw = 120 K), and lithium
bis (trifluoromethylsulfonyl) imide (LiTFSI, Sigma-Aldrich). The
PC was pre-treated using a molecular sieve to eliminate mois-
ture contained in the original solvent. The PMMA was dried
under a vacuum at 80 ◦C for 24 h, and the LiTFSI was dried under
a vacuum of approximately 10 mmHg at 120 ◦C for 24 h. Then,
we obtained liquid electrolyte by dissolving 0.75 M of LiTFSI in
PC solvent. The gel electrolyte was prepared by melting 15 wt%
trolyte was sieved by passing it through a stainless steel mesh
(#325).
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ig. 7. AC impedance variation of “no pre-discharging” (a), “5% pre-discharging a
re-discharging at C/40” (d) lot versus time.

.4. Fabrication of the cell

Gel electrolyte was coated over the positive plate and then a
on-woven polypropylene separator was positioned on gel elec-
rolyte. The negative plate was also positioned on the separator,
nd the stacked electrodes were covered with a heat-confusable
aminated film (pouch) that constituted the exterior material for
he cell.

The cell was sealed under a vacuum condition to make a film-
ike flexible lithium battery. The surface area of the cell was about
4.1 cm2, the thickest part of the cell was not more than 0.48 mm,
nd the average thickness was 0.45 mm. All fabrication took place
n a dry room with a dew point lower than −34 ◦C.

A linear sweep voltammetry test was carried out with a
otentiostat/galvanostat. The measurement sample was prepared
y sandwiching the gel polymer electrolyte with a polypropy-
ene fabric separator between two stainless steel electrodes. The
yclic voltammetry test was carried out using the potentio-
tat/galvanostat. The test cell was assembled by sandwiching gel
lectrolyte between a positive electrode plate and a negative elec-
(b), “5% pre-discharging at C/40” (c), and “3.35% pre-discharging at C/4 → 1.65%

trode plate. The alternating current (AC) impedance was measured
with an impedance spectrum analyzer (IM6, Zahner Elektrik, loca-
tion) with a frequency range of 100 mHz to 1 MHz and an amplitude
of 10 mV.

3. Results and discussion

3.1. Linear sweep voltammetry (LSV) test of gel electrolyte

The electrochemical stability window of gel electrolyte was
examined, and the result is shown in Fig. 1. One of the important
properties of a flexible lithium battery is the voltage limitation of its
electrochemical stability window. As shown in Fig. 1, we assumed
that the gel electrolyte used in this experiment was electrochem-

ically stable at less than approximately 3.3 V. If the cell voltage is
kept at a level greater than 3.3 V, decomposition reactions of the
electrolyte solvent will occur, gases will accumulate, and the cell
will swell.
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.2. Open circuit voltage (OCV) variation according to the
mount of pre-discharging

To control cell voltage within the stable range, a pre-discharging
ethod was applied after cell assembly. After assembly, the ini-

ial cell voltage was about 3.55 V. The voltage of the test cells was
educed by changing the pre-discharge conditions from 2.5% to
%, based on the theoretical capacity of MnO2 [27]. These cells
ere kept at 60 ◦C in a drying oven. Over time, the OCV of the no-
re-discharged cells decreased gradually from the initial voltage.
owever, pre-discharged cells of over 2.5%, based on the theoret-

cal capacity of MnO2, were controlled under 3.3 V for 40 days at
0 ◦C. This result is shown in Fig. 2.

To study the effects of pre-discharging current and the pro-
osed method, we fixed the pre-discharging amount at 5% based
n the theoretical capacity of MnO2, and three different discharge
ethods were used.
In the first approach, a high rate of discharge current (C/4) was

pplied to the cell to induce pre-discharge. Secondly, a low drain
f discharge current (C/40) was used on the cell to induce pre-
ischarge. Finally, a two-step pre-discharging method was applied

n which the cells were pre-discharged by a high rate current in
he first step, followed by pre-discharging again by a low drain cur-
ent. The results are shown in Fig. 3. The OCV of all attempts was
ontrolled at less than 3.26 V for 60 days.

.3. Cell thickness variation

The thickness variation of the test cells kept at 60 ◦C was
bserved, and the results are shown in Fig. 4. There was no signifi-
ant variation in the cell thickness for all the conditions except for
he no pre-discharging lot. These observations confirm that reduc-
ng the cell voltage to less than 3.26 V prevented gas formation due
o decomposition reactions in the cell.

.4. Cyclic voltammetry (CV) and discharge pattern

To stabilize the pre-discharged cell, we examined the electro-
hemical test after two weeks from the date of pre-discharging
rocess at room temperature. We obtained the peak voltage and
urrent value at the initial stage by performing a CV test. The
esults are shown in Fig. 5. From the results, it is clear that the
wo-step pre-discharged cells had higher output current than at
ther conditions. In addition, the pre-discharging process enhanced
ell stability so that the cells showed good performance with long
helf life. The discharge patterns, as shown in Fig. 6 support the CV
est results. Test cells are discharged at C/20 to 1.8 V at 21 ◦C. The
nitial discharge capacities are similar each other, but after long
erm storage at high temperature, we could observe obvious dif-
erence between pre-discharged cells and no pre-discharged cell in
ig. 6. After storage at 60 ◦C for 60 days, pre-discharged cells are
aintained their capacities until 85%, but no pre-discharged cell is

ept only 64% compare to initial capacities. We could also see that
he two-step pre-discharging gives better performance than other

ethods.
This enhancement in performance can be explained by a

orous solid electrolyte interface (SEI) layer newly formed by pre-
ischarge on lithium metal. After cell assembly, a dense passivation
lm is formed. The pre-discharge process breaks the passiva-

ion film and derives the formation of a porous SEI layer. The
re-discharging process not only prevents decomposition of the
lectrolyte but also forms a stabilized porous film on the lithium
lectrode.

[

[
[

urces 196 (2011) 6631–6636 6635

3.5. AC impedance

The AC impedance of test cells was measured to determine
the internal resistance of the cells. The result is shown in Fig. 7.
Before storage at 60 ◦C, pre-discharged cells by high rate current
had lower charge transfer resistance than pre-discharged cells
by low drain current. This is an evidence of the destruction of
passivation film by high rate pre-discharging. Pre-discharging by
low drain current lead some positive effects on internal resis-
tance of cells, but the effects were less pre-discharging by high
rate current. Two-step pre-discharging gives the smallest interfa-
cial resistance. This could be because a high rate pre-discharging
current brings the destruction of passivation film formed on
lithium metal, and then a low drain pre-discharging current
induces a new and porous layer on the reaction site. This ben-
eficial layer will have a decisive effect on the properties of
long-term storage. The impedance data was consistent with the
CV results.

4. Conclusions

A pre-discharging process after cell assembly prevents gas for-
mation in the cell, and gives long-term stability to a flexible lithium
battery. From LSV data, we confirmed that the gas formed in the
cell during the storage period came from the decomposition of
electrolyte. Although it used the same amount of pre-discharging
on the cell, the high drain pre-discharging method resulted in
better electrical properties than the low drain pre-discharging
method. Two-step pre-discharging(low drain pre-discharging after
high drain pre-discharging) resulted in the formation of a benefi-
cial SEI layer. The beneficial SEI layer formed by pre-discharging
prevented lithium corrosion due to the reaction of lithium with
the electrolyte. Therefore, their interfacial resistance of two-
step pre-discharging cells were smaller than others during the
storage period. As a result, cell performance improved apprecia-
bly.
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