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a b s t r a c t

The thermal stability of a FeF3 cathode was quantitatively studied by differential scanning calorimetry
(DSC). The cycled electrode without electrolyte was examined and found to become more thermally stable
after Li-ion insertion. On the other hand, mixtures of cycled electrodes and electrolyte were investigated
by changing the ratio of cycled electrode to electrolyte. The thermal decomposition of the electrolyte was
vailable online 3 March 2010
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mainly responsible for the exothermic heat for the discharged electrode and electrolyte combination.
Although a reaction between the active materials of the electrode and electrolyte was observed for the
mixture of the charged electrode and electrolyte, the exothermic heats were small. In contrast to lithium
transition-metal oxide cathodes for lithium-ion batteries, the exothermic heat was suppressed by the
FeF3 electrode. Therefore, FeF3 as a cathode for Li-ion batteries shows more thermal stability at elevated
afety
hermal stability

temperatures.

. Introduction

Nowadays Li-ion batteries have been extensively studied due to
heir high performance and potential. They have been widely used
n the portable electronics market and are being pursued as possible
ower sources for hybrid electric vehicles and electric vehicle appli-
ations [1,2]. However, there are also potential safety problems in
heir use due to thermal runaway. The safety of lithium-ion bat-
eries is mainly related to the thermal stability of their constituent

aterials [1–5]. Exothermic reactions in terms of both the reactions
etween the electrolyte and the electrodes, and the decomposition
f the electrolyte in the battery can cause thermal runaway at ele-
ated temperatures. Hence, it is important to study the thermal
tability of cathodes for Li-ion batteries.

In generally, the layered intercalation compound LiCoO2 is uti-
ized as a cathode in most commercial lithium-ion batteries due to
ts high energy density and excellent cycle life. Because of the high
ost of Co, other lower-cost electrode materials such as LiNiO2 and
iMn2O4, which are more environmentally acceptable, have been
ntroduced. Unfortunately, when LixCoO2, LixNiO2, and LixMn2O4
x < 1) are used as cathodes, they are known to release oxygen gas
t elevated temperatures, which could react with organic solvent

xothermally [6–14]. As an example, LixCoO2 is known to release
xygen gas from the material according to the following reaction
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[11–14]:

Li0.5CoO2 → (1/2)LiCoO2 + (1/6)Co3O4 + (1/6)O2.

In addition, the exothermic heat caused by the reaction between the
charged cathode Li0.49CoO2 cathode and the electrolyte was found
to be ca. 1000 J g−1 [13]. Therefore, researchers are now attempting
to find a cheaper and safer alternative.

Recently, metal fluorides have been studied as optional candi-
dates for cathode materials with large theoretical capacity and high
discharge voltages due to their highly ionic metal–ligand bonds
and small atomic weight [15–17]. The electrochemical properties
of metal fluorides with the perovskite structure such as FeF3, VF3,
and TiF3 were investigated by Arai et al. [15]. A discharge capacity of
80 mAh g−1 was reported, which was about 34% of the theoretical
capacity corresponding to the Fe3+/Fe2+ redox reaction. The poor
electronic conductivity with wide energy gap combined with the
questionable ionic character of the metal/halogen bond for metal
fluorides, results in a disparity between the specific capacity and the
theoretical capacity. However, the electrochemical activity of metal
fluorides has been improved through mechanical milling with car-
bon, and a good reversible behavior of approximately 200 mAh g−1

has been achieved for FeF3 cathodes [16,17]. In addition, the
reversible conversion reaction of FeF3 was enabled, and high capac-
ities (>600 mAh g−1) are accessible at elevated temperatures. The

ability to reversibly reduce to the metal, i.e., the reformation of
the metal fluoride, provides an avenue to a high-specific-capacity
cathode based on the reversible conversion reaction in applications
of Li-ion batteries [18]. However, the thermal stability of metal
fluoride cathodes has not yet been examined.

ghts reserved.
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ig. 1. Charge and discharge curves of FeF3 electrode in EC + DMC-based electrolyte.

In this study, FeF3 was applied as the active cathodic mate-
ial in Li-ion batteries. By changing the ratio of cycled electrode
o electrolyte, the thermal stability of the FeF3 electrode in the
C + DMC-based electrolyte was studied by differential scanning
alorimetry (DSC) to clarify the mechanism of the exothermic reac-
ion at elevated temperatures.

. Experimental

Commercially available FeF3 (Soekawa Chemical Co.) was used
n this research. It was analytical grade. Powder reagents were
round with 25 wt% acetylene black (Denki Kagaku Kogyo) using
planetary ball milling machine (Itoh Manufactory) at 200 rpm

or 24 h in an Ar atmosphere. FeF3-C composites were mixed with
wt% polytetrafluoroethylene (Daikin Industries, Ltd.), and then
ellets were fabricated in the form of disks (ca. 30 mg in weight
nd 10 mm in diameter) in an Ar-filled glove box and dried at 110 ◦C
nder a vacuum for 12 h.

The electrochemical properties of metal fluorides were stud-
ed by charge and discharge measurements using a two-electrode
oin cell. The cell was assembled in an Ar-filled glove box. Lithium
oil (Honjo Metal Co., Ltd.) and a polypropylene film (Celgard LLC)
ere used as the counter electrode and separator, respectively. The

lectrolyte used was 1 mol dm−3 LiPF6 dissolved in a mixture of
thylene carbonate (EC) and dimethyl carbonate (DMC) (1:1 in vol-
me, Tomiyama Pure Chemical Industries, Ltd.). The cell was cycled
etween 2.0 and 4.5 V at a constant current density of 0.2 mA cm−2.
fter the third charging or discharging, the coin cell was disas-
embled in a glove box to take out the cathode. The electrode was
insed and soaked in DMC for 4 h, and then dried under vacuum at
oom temperature for 12 h to remove low-molecular-weight com-
ounds. A given amount of the electrode powder together with
he electrolyte was packed in a crimp-sealed stainless pan. The
hermal properties were investigated by TG-DSC at a heating rate
f 5 ◦C min−1 from room temperature to 500 ◦C. No leakage was
erified by the absence of weight loss in TG curves during heating.

. Results and discussion
The charge/discharge profile of the FeF3 electrode is shown in
ig. 1. The initial discharge (lithium-ion insertion into the FeF3
lectrode) and charge (lithium-ion extraction from the FeF3 elec-
rode) capacities were 235 and 219 mAh g−1, respectively. Hence,
he irreversible capacity in the first cycle for FeF3 was 16 mAh g−1.
Fig. 2. DSC curves of 8 mg: (a) discharged FeF3 electrode powder after 2.5 cycles,
(b) charged FeF3 electrode powder after 3.0 cycles, and (c) pristine FeF3 powder.

The theoretical capacity of FeF3 is 237 mAh g−1; therefore, 0.99 Li
ions were inserted into FeF3 during the first discharge process.
After the second cycle, the charge and discharge reaction proceeded
reversibly and the irreversible capacity was negligibly small, as is
consistent with the results reported in the literature [16,17].

Fig. 2 shows DSC curves of pristine powder and
charged/discharged electrode powder without electrolyte. When
8 mg of cycled electrode powder was sealed in a stainless-steel
pan, exothermic peaks were observed from DSC curves. A small
broad peak at around 100–160 ◦C was observed for both charged
and discharged FeF3 electrodes, while no exothermic peak was
seen for pristine powder as shown in Fig. 2c. The formation of a
surface film on the cathode has been reported [19–21] and has
been shown to cause an exothermic reaction at low temperatures
[21]. Therefore, the exothermic peak at around 100–160 ◦C in the
present study could be attributed to the decomposition of the
surface film which formed on the electrodes during the cycling.
The difference between the charged and discharged electrode was
distinct. The charged electrode gave exothermic peaks at temper-
atures in the range of 315–405 ◦C and above 420 ◦C. On the other
hand, small endothermic and exothermic peaks were observed
at temperatures ranging from 400 to 455 ◦C for the discharged
electrode. Hence, heat generation from the discharged electrode
was milder than that of the charged electrode. The mechanism of
the exothermic reaction has not been clarified yet, perhaps due
to the decomposition of the electrodes at elevated temperatures.
Therefore, these results suggest that the FeF3 electrode tends to be
thermally stable after lithiation.

Fig. 3 shows the variations in DSC curves for mixtures of 1.0 mg
discharged FeF3 electrode powder and given amounts of elec-
trolyte. When the amount of electrolyte increased from 0.5 to 4 �l,
dominant exothermic peaks appeared at around 270 ◦C and the
heat values increased with the amounts of electrolyte. In addition,
small exothermic peaks were observed at around 330 and 410 ◦C
when the amount of a coexisting electrolyte was 4 �l. The dis-
charged electrode powder was thermally stable at temperatures
below 400 ◦C, and the heat value was very small even above 400 ◦C,
as shown in Fig. 2a, and hence the exothermic heat observed in
Fig. 3 cannot be attributed to the decomposition of the discharged

electrode. Comparing Fig. 3 with the DSC curve of the EC + DMC-
based electrolyte shown in Fig. 4, it is evident that the exothermic
behaviors of the mixture of discharged electrode and electrolyte
were quite similar to that of the electrolyte only. Therefore, the
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ig. 3. DSC curves of mixtures of (a) 0.5 �l, (b) 1 �l, (c) 2 �l, and (d) 4 �l electrolyte
nd 1 mg discharged FeF3 electrode powder after 2.5 cycles.

xothermic reaction at about 270 ◦C should be closely related to
he electrolyte decomposition. On the other hand, the exothermic
emperatures for dominant peaks seen in Fig. 3 are lower than that
or the electrolyte decomposition. These results indicate that the
lectrolyte decomposition reaction might be accelerated on the
ischarged FeF3 electrode. This assumption can be examined by
detailed analysis of the heat values. Fig. 5 shows the correla-

ion between the heat values and the amount of electrolyte for
he electrolyte only and for mixtures of 1 mg discharged electrode
nd given amounts of electrolyte. The heat values increased in pro-
ortion to the amount of electrolyte in both cases. Linear fitting
as carried out by the least-squares method, and the slope of lines
as almost the same. These results support the above assump-
ion. In addition, the heat values of the mixtures were smaller than
hat of electrolyte itself. This phenomenon indicated that some of
he electrolyte was consumed before thermal decomposition. This
onsumption of electrolyte should be associated with the reac-

ig. 4. DSC curves of (a) 0.5 �l, (b) 1 �l, (c) 2 �l, and (d) 4 �l of EC + DMC-based
lectrolyte.
Fig. 5. Correlation between the heat values obtained in discharged state and the
amount of electrolyte sealed in a pan. The heat values were evaluated by integrating
DSC curves at temperatures ranging from 240 to 320 ◦C.

tion between the electrolyte and the Li ions in the discharged
electrode.

As described above, the heat generation from a system consist-
ing of the discharged electrode and electrolyte was suggested to
be mainly due to the electrolyte. However, the amount of elec-
trode material also plays an important role; thus, the effect of
the discharged FeF3 electrode on the heat generation was stud-
ied. Fig. 6 shows DSC curves of 1 �l of electrolyte with given
amounts of discharged electrode (ranging from 0.5 to 4 mg). When
the amount of the coexisting discharged electrode was 0.5 mg
(Fig. 6a), an exothermic peak was observed at around 270 ◦C. With
the amount of discharged electrode increasing, the exothermic heat
at around 270 ◦C caused by thermal decomposition of the elec-
trolyte gradually faded, and shifted to higher temperatures. This

phenomenon was found even in the electrolyte-only DSC curve
when the amount of sealed electrolyte decreased (Fig. 4). These
results support the above assumption that the electrolyte was con-
sumed by the discharged electrode before thermal decomposition,

Fig. 6. DSC curves of mixtures of 1 �l electrolyte and (a) 0.5 mg, (b) 1 mg, (c) 2 mg,
and (d) 4 mg discharged FeF3 electrode powder after 2.5 cycles.



M. Zhou et al. / Journal of Power Sources 195 (2010) 4952–4956 4955

F
a

t
B
s
p
s
fi
d
a
t

t
d
t
t
i

b
s
g
p
a
C
F
e
b
b
O
m
a
t
n
e
e
f
e
m
e
s
p
a

F
a

that a part of the charged electrode reacts below 320 ◦C. These
results are consistent with the above discussion for Fig. 7. However,
the exothermic peaks at around 100–160 ◦C, which were observed
in DSC curves of discharged electrode coexisting with the elec-
ig. 7. DSC curves of mixtures of 1 mg charged FeF3 electrode powder after 3.0 cycles
nd (a) 0.5 �l, (b) 1 �l, (c) 2 �l, and (d) 4 �l of electrolyte.

hereby decelerating the decomposition reaction of the electrolyte.
y contrast, the exothermic peak at around 100–160 ◦C increased
ignificantly, together with a new exothermic peak at higher tem-
erature above 340 ◦C. The exothermic peak at about 100–160 ◦C
hould be attributed to the thermal decomposition of the surface
lm and the reaction between Li ions and the electrolyte, which is
iscussed below. Thus, the exothermic heat at higher temperatures
bove 340 ◦C is likely caused by further thermal decomposition of
he products of the reaction between the Li ions and the electrolyte.

Although small exothermic heat was observed, it was clear
hat heat generation from a hermetic system consisting of the
ischarged electrode and electrolyte could mainly be attributed
o thermal decomposition of the electrolyte. Therefore, the elec-
rolyte in the mixture of discharged FeF3 electrode and electrolyte
s mainly responsible for the thermal risk.

The thermal behaviors of the charged electrode were found to
e quite different from those of the discharged electrode. Fig. 7
hows DSC curves of 1 mg charged FeF3 electrode powder with
iven amounts of electrolyte ranging from 0.5 to 4 �l. Exothermic
eaks were observed at temperatures ranging from 210 to 310 ◦C,
nd their exothermic heat increased with the amount of electrolyte.
omparing Fig. 7 to the results obtained for the electrolyte in
ig. 4, the exothermic onset temperatures were 40 ◦C lower and the
xothermic reactions occurred in a wider temperature range. These
ehaviors suggest that the electrolyte may have been activated
y the charged electrode and decomposed at lower temperature.
n the other hand, pristine FeF3 powder was investigated by DSC
easurements as shown in Fig. 8. Exothermic reactions occurring

t temperatures ranging from 210 to 310 ◦C were also seen for
he mixture of pristine FeF3 powder and electrolyte, which were
ot found in the pristine FeF3 powder only (Fig. 2c). Further, the
xothermic behaviors were quite similar to those of the charged
lectrode coexisting with the electrolyte, but the observed dif-
erence in DSC curves (Figs. 7 and 8) may have been due to the
lectrode containing additives such as binder and carbon, and the
ount of trapped Li ions in the electrode. In addition, the charged

lectrode itself was decomposed exothermally at above 315 ◦C as
hown in Fig. 2b, which was not seen in Fig. 7. Therefore, exothermic

eaks in Fig. 7 can be attributed to decomposition of the electrolyte
nd the reaction between the charged electrode and electrolyte.

Differing from the hermetic system consisting of discharged
eF3 electrode and electrolyte, the mixture of charged electrode
nd electrolyte gave exothermic heat attributed to the reaction
Fig. 8. DSC curves of mixtures of 1 mg pristine FeF3 powder and (a) 0.5 �l, (b) 1 �l,
(c) 2 �l, and (d) 4 �l of electrolyte.

between the active material of the FeF3 electrode and the elec-
trolyte. Hence, the thermal behavior was found to be much more
complicated. Fig. 9 shows DSC curves of 1 �l of electrolyte with
given amounts of charged FeF3 electrode powder. Obviously, broad
exothermic peaks at temperatures ranging from 210 to 310 ◦C
were observed, and the heat values were evaluated to be 0.51,
0.39, 0.56, and 1.08 J when the coexisting charged electrode pow-
der was 0.5, 1, 2, and 4 mg, respectively. When the amount of
the charged electrode was above 1 mg, the heat value increased
gradually, but not proportionally, with the increase of the charged
electrode. Other than that, when the amount of the charged elec-
trode was above 2 mg, small exothermic peaks were observed at
temperatures between 320 and 380 ◦C, which would be due to the
self-decomposition of the charged electrode, as shown in Fig. 2b.
The heat values evaluated between 320 and 380 ◦C in Fig. 9 were
much smaller than those expected from Fig. 2b, which indicates
Fig. 9. DSC curves of mixtures of 1 �l electrolyte and (a) 0.5 mg, (b) 1 mg, (c) 2 mg,
and (d) 4 mg of charged FeF3 electrode powder after 3.0 cycles.
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ig. 10. Correlation between the heat values obtained in charged/discharged state
nd the amount of electrolyte sealed in a pan. The heat values were evaluated by
ntegrating DSC curves at temperatures ranging from 210 to 320 ◦C.

rolyte (Fig. 6), were too small to be detected even when the amount
f charged electrode was 4 mg. In addition, the electrolyte in mix-
ures of the discharged electrode and electrolyte was consumed
efore thermal decomposition, as described above. These results
upport the above suggestion that the exothermic peak at around
00–160 ◦C is mainly due to the electrolyte and the Li ions.

Fig. 10 shows the correlation between the heat values and the
mount of electrolyte for the electrolyte only and for mixtures
f 1 mg charged/discharged electrode and given amounts of elec-
rolyte. Although the heat value increased with the amount of
oexisting electrolyte, the heat values of the mixtures were smaller
han that of the electrolyte by itself. These results indicate that the
eF3 cathode did not have any negative effect on the stability of the
lectrolyte, which is contrary to the behavior of lithium transition-
etal oxides at elevated temperatures. Therefore, FeF3 as a cathode

s more thermally stable for Li-ion batteries.

. Conclusions

The thermal stability of a FeF3 electrode with or without the
lectrolyte was studied by DSC measurements from room temper-
ture to 500 ◦C. Both discharged and charged electrodes showed an
xothermic peak at around 100–160 ◦C due to the decomposition
f the surface film on the electrode. Furthermore, the electrodes
ended to be thermally stable after lithiation. Thermal behaviors
f the mixture of cycled electrode and electrolyte were investi-
ated in detail by changing the ratio of cycled electrode powder

o electrolyte in order to clarify the factor contributing to the ther-

al risk of the mixtures at elevated temperatures. For the mixture
f discharged electrode powder and electrolyte, the exothermic
eat appeared to be mainly attributed to the decomposition of
he electrolyte at around 270 ◦C. With the increase of discharged

[
[

[

urces 195 (2010) 4952–4956

electrode powder in the mixture, the electrolyte was consumed by
the electrode, resulting in a mild exothermic discharge at around
100–160 ◦C and a gradual discharge at high temperatures above
340 ◦C. The exothermic peak at about 100–160 ◦C was attributed
to the decomposition of the surface film and the reaction between
Li ions and the electrolyte, whereas the exothermic peak at tem-
perature above 340 ◦C was suggested to be caused by the thermal
decomposition of the products of the reaction. For the mixture of
charged electrode powder and electrolyte, the thermal behavior
of the mixture was much more complicated because of the reac-
tion between active material of the electrode and the electrolyte.
Hence, the mechanism has not yet been clarified, although the heat
generation is not large. The thermal risk for the mixture of charged
electrode and electrolyte is derived from both electrolyte decompo-
sition and the reaction between the active material and electrolyte,
which caused heat generation at temperatures ranging from 210
to 310 ◦C. On the other hand, based on the exothermic heat of
the mixture of discharged/charged electrode and electrolyte, the
FeF3 electrode for Li-ion batteries exhibits more thermal stability
than lithium transition-metal oxide electrodes at elevated temper-
atures.

Acknowledgment

The present work was financially supported by the Li-EAD
project of New Energy and Industrial Technology Development
Organization, Japan.

References

[1] T. Doi, L. Zhao, M. Zhou, S. Okada, J. Yamaki, J. Power Sources 185 (2008)
1380–1385.

[2] T. Doi, M. Zhou, L. Zhao, S. Okada, J. Yamaki, Electrochem. Commun. 11 (2009)
1405–1408.

[3] U.V. Sacken, E. Nodwell, A. Sundher, J.R. Dahn, J. Power Sources 54 (1995)
240–245.

[4] S. Tobishima, J. Yamaki, J. Power Sources 81–82 (1999) 882–886.
[5] P.G. Balakrishnan, R. Ramesh, T.P. Kumar, J. Power Sources 155 (2006) 401–414.
[6] D.D. MacNeil, T.D. Hatchard, J.R. Dahn, J. Electrochem. Soc. 148 (7) (2001)

A663–A667.
[7] Q. Wang, J. Sun, C. Chen, J. Electrochem. Soc. 154 (4) (2007) A263–A267.
[8] H. Arai, M. Tsuda, K. Saito, M. Hayashi, Y. Sakurai, J. Electrochem. Soc. 149 (2002)

A401–A406.
[9] N.N. Bramnik, K. Nikolowski, D.M. Trots, H. Ehrenberg, J. Electrochem. Solid-

State Lett. 11 (6) (2008) A89–A93.
10] D.D. MacNeil, L. Christensen, J. Landucci, J.M. Paulsen, J.R. Dahn, J. Electrochem.

Soc. 147 (3) (2000) 970–979.
11] D.D. MacNeil, J.R. Dahn, J. Electrochem. Soc. 148 (11) (2001) A1211–A1215.
12] J.R. Dahn, E.W. Fuller, M. Obrovac, U.V. Sacken, Solid State Ionics 69 (1994)

265–270.
13] Y. Baba, S. Okada, J. Yamaki, Solid State Ionics 148 (2002) 311–316.
14] D.D. MacNeil, J.R. Dahn, J. Electrochem. Soc. 149 (7) (2002) A912–A919.
15] H. Arai, S. Okada, Y. Sakurai, J. Yamaki, J. Power Sources 68 (1997) 716–719.
16] F. Badway, N. Pereira, F. Cosandey, G.G. Amatucci, J. Electrochem. Soc. 150 (9)

(2003) A1209–A1218.
17] M. Nishijima, I.D. Gocheva, S. Okada, T. Doi, J. Yamaki, T. Nishida, J. Power

Sources 190 (2009) 558–562.
18] F. Badway, F. Cosandey, N. Pereira, G.G. Amatucci, J. Electrochem. Soc. 150 (10)
(2003) A1318–A1327.
19] K. Edstrom, T. Gustafsson, J.O. Thomas, Electrochim. Acta 50 (2004) 397–403.
20] H. Ota, T. Akai, H. Namita, S. Yamaguchi, M. Nomura, J. Power Sources 119 (2003)

567–571.
21] A. Veluchamy, C. Doh, D. Kim, J. Lee, H. Shin, B. Jin, H. Kim, S. Moon, J. Power

Sources 189 (2009) 855–858.


	Thermal stability of FeF3 cathode for Li-ion batteries
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgment
	References


