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a b s t r a c t

LiFePO4 particles were coated with TiO2 (molar ratio = 3%) via a sol–gel process, and the effects of the
coating on cycle performance of LiFePO4 cathode at 55 ◦C against either a Li or a C (mesocarbon microbead)
anode were investigated. It was found that, while the coating reduces capacity fading of the LiFePO4/Li
cell, it imposes a deteriorating effect on the LiFePO4/C cell. Analyses on cell impedance and electrode
surface morphology and composition showed that the oxide coating reduced Fe dissolution from the
LiFePO4 cathode and hence alleviated the impedance increase associated with the erosion process. This
leads to reduced capacity fading as observed for the LiFePO4/Li cell. However, the oxide coating itself was
eroded upon cycling, and the dissolved Ti ions were subsequently reduced at the anode surface. Ti deposit
on the C anode was found to be more active than Fe in catalyzing the formation of the solid-electrolyte
Capacity fading

TiO2

Coating
interphase (SEI) layer, causing accelerated capacity decay for the LiFePO4/C cell. The results point out the
importance of evaluating the effect of cathode coating material on the anode side, which has generally
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. Introduction

Lithium-ion secondary batteries have extensively been applied
n electronic devices. LiCoO2 is by far the most successful com-

ercial cathode material. However, there has been constant effort
ade to find cheaper, less toxic, and more available cathode
aterials to replace the Co-based ones. LiFePO4 [1] was firstly

emonstrated by Padhi et al. [2] as a potential cathode material
or Li-ion secondary batteries, and it has lately drawn consid-
rable attention not only for its properties matching the needs
entioned above but also for its high safety and theoretical capac-

ty (170 mAh g−1). LiFePO4 has the drawback of poor electronic
onductivity, and mainly two methods have been adopted to cir-
umvent this drawback, including carbon coating [3–5] and cation
oping [6–8]. By these modifications, LiFePO4 cathode has been
emonstrated to possess good cycle stability at room tempera-

ure.

Electrochemical properties of the LiFePO4-based Li-ion sec-
ndary batteries at elevated temperatures are foreseen to be
mportant for electric-vehicles applications. Amine et al. [9]
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evealed that, while the LiFePO4/mesocarbon microbead (MCMB)
ell was cycled with essentially no capacity fading up to 100 cycles
t room temperature, the cells cycled at 37 and 55 ◦C showed
ignificant fading. The accelerated fading at the high tempera-
ures was attributed to the dissolution of Fe from the cathode
LiFePO4) side and subsequent deposition of the Fe ions on the

CMB anode, where the metal deposit catalyzed the formation of
he solid/electrolyte interphase (SEI) layer. The formation of the SEI
ayer consumes Li ions and imposes high surface resistance. Both
ead to capacity fading.

Metal oxide coating has often been used to improve the per-
ormance of cathode materials [10–20]. Researchers have reported
hat these oxides, such as Al2O3, ZrO2, MgO, ZnO, and TiO2, can give

ulti-functional improvements in cycle performance by, for exam-
le, preventing direct contact between the cathode material and
he electrolyte, improving the structural stability and so on. How-
ver, to our knowledge, similar approach has not yet been tested
n LiFePO4.

In this work, TiO2 was coated onto the surface of LiFePO4 parti-

les by a sol–gel process, and the effects of the oxide coating on
he high-temperature (55 ◦C) cycle performance of the LiFePO4-
ased cells were studied. The coated LiFePO4 was cycled against
ither a Li or a C (MCMB) anode. It is demonstrated that, while the
mployment of the oxide coating indeed reduces capacity fading of

http://www.sciencedirect.com/science/journal/03787753
mailto:nlw001@ntu.edu.tw
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Fig. 4). The beneficial effect of the TiO2-coating in reducing capac-
ity fading of the LiFePO4/Li type of cells is clear. Fig. 5 compares the
discharge potential curves of the maximum-capacity cycles for the
two cells. The curves match perfectly with each other. The coat-
H.-H. Chang et al. / Journal of

he LiFePO4/Li cell, it imposes an opposite effect on the LiFePO4/C
ne. The causes to such improvement and deterioration have been
nvestigated.

. Experimental

The LiFePO4 powder (Phostech Lithium Inc.) employed has
n average particle size of ∼5.0 �m and a carbon content of
.9% by weight. Surface coating of TiO2 on the LiFePO4 powder
as conducted as follows. Firstly, Ti(C3H7O)4 (Aldrich, 97%) in

thanol was mixed with the LiFePO4 powder in a molar ratio of
i(C3H7O)4:LiFePO4 = 0.03:1, and the slurry was heated to ∼70 ◦C
n ambient until totally dried. The as-prepared powder was then
red in a horizontal oven at 750 ◦C for 0.5 h under 1% H2/N2 atmo-
phere. X-ray diffraction (XRD) was carried out on a Philip X’pert
iffractometer with Cu K� radiation.

For electrochemical tests, the LiFePO4 electrode contains on a
ry basis 86% the LiFePO4 powder either with or without TiO2
oating, 5% graphitic flakes (KS6, Timcal), 1% nano-sized carbon
lack (Super P, Timcal), and 8% poly(vinylidene fluoride) (PVdF,
olvay Singapore Pte. Ltd.). Al foil is used as the current collec-
or, and the thickness of the LiFePO4 overlay is ∼55 �m. In the
iFePO4/Li cell, a Li foil was used as the counter-electrode; while in
he LiFePO4/C cell, a C electrode was used. The C electrode contains
3% MCMB (Osaka Gas) and 7% PVdF. The electrolyte is 1 M LiPF6

n a mixture of ethylene carbonate (EC) and ethyl methyl carbonate
EMC) with a volume ratio of 1:2. The electrodes were assembled
nto CR2032 coin cells for testing. The cells were cycled at 1C-rate
etween 2.5 and 4.3 V for the LiFePO4/Li cells and between 2.5
nd 3.65 V for the LiFePO4/C cells at 55 ◦C with a charge-discharge
ester (Arbin, model: MCN6410). Cyclic voltammetry (CV) analy-
is was performed at 5 mV min−1. Both the CV and electrochemical
mpedance spectroscopy (EIS) measurements were obtained using
UTOLAB, Eco Chenie PSGTAT30.

To prepare samples for surface analyses, the cycled coin cells
ere dissembled in a glove box under Ar atmosphere, and the

lectrodes were rinsed with diethyl carbonate (DEC) and dried
nd stored in the glove box before analysis. Surface and parti-
le morphology were examined by scanning electron microscopy
SEM; LEO1530 and JOEL JSM-6700F). Energy dispersive X-ray
pectroscopy (EDS, Oxford Instrument, model: 6587) and X-ray
hotoelectron spectroscopy (XPS, VG MICROTECH, MT-500) were
sed to analyze the surface compositions of electrodes.

In one experiment, Fe and Ti films were, respectively, deposited
nto different C electrodes, and the deposited C anodes were then
ycled against LiFePO4 cathode in order to evaluate the effects of
he metal deposit on capacity fading rate. The metal films were
eposited by vacuum sputtering under an atmosphere of 5 mtorr
r with the power condition of 60 mA and 280 V and designated
eposition periods that produce films of ∼40 nm thick.

. Results and discussion

For brevity, the TiO2-coated LiFePO4 powder will hereafter
e abbreviated as c-LFPO, while the un-coated powder as u-
FPO. Fig. 1 compares the XRD patterns of the u- and c-LFPO
owders. For both patterns, only LiFePO4 was detected. The
livine phase in these two patters show essentially the same
attice constants (a = 1.025 ± 0.001 nm, b = 0.597 ± 0.001 nm and
= 0.466 ± 0.001 nm), suggesting absence of solid solution, which

ould otherwise cause change in lattice constants. Being inacces-

ible to direct observation of the TiO2/LiFePO4 interface by, for
nstance, high-resolution transmission electron microscopy, the
resence of the TiO2 coating was ascertained by the following anal-
ses. Firstly, a c-LFPO/Li cell was subjected to CV test between

F
c

ig. 1. XRD patterns of (a) pristine and (b) TiO2-coated LiFePO4. Symbol � locates
he XRD-peak positions for LiFePO4.

.0 and 4.3 V. As shown in Fig. 2, in addition to the lithiation/de-
ithiation pair of LiFePO4 centered at 3.44 V, there is an additional
edox pair centered at 1.84 V. This low-voltage redox pair can be
ttributed to lithiation/de-lithiation of anatase TiO2 [21]. Indeed,
ll the strong reflections of the anatase phase overlapped with
he reflections of LiFePO4, and this explains why its presence has
ot been detected by XRD. Secondly, as shown in Fig. 3a and
, EDS mapping of Ti on individual c-LFPO particles gives fairly
niform Ti distribution. These combined results give unequivocal
vidence to the presence of anatase TiO2 coating on the LiFePO4
articles. Unfortunately the thickness of the coating cannot be
etermined.

Discharge capacity data for the LiFePO4/Li cells were summa-
ized in Fig. 4. The c-LFPO/Li cell showed a maximum capacity
f 145 mAh g−1, and the capacity faded gradually with continuous
ycling, retaining 140 mAh g−1 after 90 cycles. The u-LFPO/Li cell
lso exhibited a maximum capacity of 145 mAh g−1 but its capacity
aded faster, to 132 mAh g−1 in totally 90 cycles (open symbols in
ig. 2. Cyclic voltammogram of a c-LFPO/Li cell, which contains TiO2-coated LiFePO4

athode.
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quency range and an inclined line within the low frequency range.
The curve profile is typical of the electrochemical reaction asso-
ciated with Li-ion intercalation. The resistance of the semi-circle
can be considered as the total interfacial resistance that is equal to
ig. 3. (a) SEM micrograph of a TiO2-coated LiFePO4; and (b) the corresponding EDS
apping of Ti.

ng appears having no effect on the fundamental nature of the
ithiation/de-lithiation chemistry of LiFePO4.

Fig. 6 compares the EIS profiles of these two cells at selected

ycles. All the EIS measurements were carried out at the lower
erminal voltage, 2.5 V, i.e., at the fully discharged state, at room
emperature. The curves show basically the same characteristics,
ncluding a depressed semi-circle within the high-to-middle fre-

ig. 4. Specific capacity versus cycle number (�: c-LFPO/Li; �: u-LFPO/Li). The cells
ere cycled at 55 ◦C at 1C–1C rate between 2.5 and 4.3 V.

F
c

ig. 5. Comparison of discharge potential curves of the maximum-capacity cycles
solid line: c-LFPO/Li; dashed line: u-LFPO/Li).
ig. 6. Nyquist plots of the cells discharged to 2.5 V after selected cycles for (a) the
-LFPO/Li cell and (b) u-LFPO/Li.
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ig. 7. Capacity retention of the LiFePO4/C type of cells versus cycle number (�:
-LFPO/C; �: u-LFPO/C).

he sum of the resistance of Li+ migration through the SEI film and
he resistance of charge transfer at the solid-film interface [see, for
nstance, Ref. #22]. This attribution holds for LiFePO4 electrode at
he fully discharged or charged state, which falls within the two
erminal solid-solution regions of LiFePO4-FePO4 phase diagram
23,24]. As shown in Fig. 6, the interfacial resistance of the u-LFPO/Li
ell, 7.0 �, is initially lower than that, ∼10 �, of the c-LFPO/Li cell.
owever, the former increases more rapidly with cycle number

han the latter. After 90 cycles, the u-LFPO/Li cell shows an inter-
acial resistance of 32 �, while the c-LFPO/Li cell 26 �. The trend
hown by the interfacial resistance coincides with the capacity data.
hat is, as the interfacial resistance of the u-LFPO/Li cell increases
aster with cycling, the cell also exhibits faster capacity fading.

The TiO2-coating on LiFePO4 particles, however, was found to
ave an opposite effect on the cycle performance of the LiFePO4/C
ype of cells, including u-LFPO/C and c-LFPO/C, as show in Fig. 7.

hen cycled between 3.65 and 2.5 V, both cells exhibited initial
aximum discharge capacities near 1.0 mAh, suggesting that they

ave similar initial properties. Two features are worth noting upon
rolonged cycling. Firstly, for both cells, the capacity fades at a

aster pace than their LiFePO4/Li counterparts. For instance, the u-
FPO/C cell lost 29% capacity after 90 cycles, while the u-LFPO/Li
ell lost only 9.7% (Fig. 4a). The difference is even more dramatic
or the TiO2-coated LiFePO4 electrode; the c-LFPO/C cell lost 39%, in
ontrast to 3.5% for the u-LFPO/Li. Secondly, for the LiFePO4/C con-
guration, the u-LFPO/C cell shows a slower fading rate than the
-LFPO/C cell. This is opposite to the trend shown by the LiFePO4/Li
ells.

SEM study on the cycled C anodes of both the u- and c-LFPO/C
ells showed that the surfaces of the anodes were found to be
overed with nodules of SEI materials (Fig. 8a and b). There is appar-
ntly a much greater amount of the nodules for the c-LFPO/C cell.
DS analysis of the nodules showed strong F signal. Fig. 9a–d com-
ares the XPS patterns of selected elements acquired from these
wo anodes. While they give similar intensities of the C and O
eaks (Fig. 9a and b), the anode of the c-LFPO/C cell shows dis-
inctly higher intensities of the F and P peaks (Fig. 9c and d). The F
eak has a binding energy (b and e) characteristic of LiF [25], sug-
esting that a greater amount of LiF is deposited on the C anode of

he TiO2-coated LiFePO4 cell. This is consistent with the SEM and
DS results described above, which showed a greater amount of F-
ich nodules formed on the surface of the C anode of the c-LFPO/C
ell.

c
t
u
o

Fig. 8. SEM micrographs of the C anodes from (a) u-LFPO/C and (b) c-LFPO/C.

XPS analysis detected Fe signal on both anodes. Fig. 10 plots
he Fe XPS signal intensity as a function of sputtering depth. The
ata confirmed the occurrence of Fe deposition on both C anodes.
urthermore, it is shown that there is less amount of Fe deposited
n the C anode of the c-LFPO/C cell than on the anode of the u-
FPO/C cell. On the other hand, the former additionally showed Ti
ignal but the latter did not (Fig. 11). The Ti appearing on the C
node of the c-LFPO/C cell must have come from the TiO2 coating
n the cathode side. The results indicate that Ti ions were dissolved
rom the cathode side and subsequently reduced on the C anode in
he c-LFPO/C cell during the cycling process. Possible dissolution of
i ions has not been addressed in the earlier studies concerning the
iO2-coated cathodes [17–20].

The capacity data of the LiFePO4/Li cells in Fig. 4 have demon-
trated reduced capacity fading rate as a result of the TiO2-coating
n the LiFePO4 powder. This is in agreement with the gen-
ral trend that has been reported in several other TiO2-coated
athode materials, such as LiCoO2 [17,18], LiMn2O4 [18,19], and
iNi1/3Mn1/3Co1/3O2 [20]. In all these studies, the TiO2-coated cath-
des have been cycled against Li metal electrode. Taking into
ccount all the analysis results presented above, we infer that the
ading improvement is largely because the presence of the TiO2

oating helps to prevent direct contact between the LiFePO4 par-
icles and the electrolyte, and hence it reduces erosion of LiFePO4
pon cycling. As pointed out by Amatucci et al. [26] in their study
n LiMn2O4, dissolution of metal ions may lead to the formation
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Fig. 9. XPS spectra of (a) C (1s), (b) O (1s), (c) F (1s), and (d) P (2p3/2) acquired f
f passivating surface layer of high charge-resistance on cathode,
hich, along with material loss, contributes to capacity fading. This

s consistent with the observation that the c-LFPO/Li cell has a
ower increasing rate in interfacial resistance than the u-LFPO/Li

ig. 10. Fe XPS signal intensity from the C anode as a function of sputtering time
�: c-LFPO/C; �: u-LFPO/C).
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e surface of the C anode of (solid line): c-LFPO/C; and (dashed line): u-LFPO/C.

ell upon cycling (Fig. 6). Furthermore, the XPS data (Fig. 9) also
onfirmed that, in the case of the LiFePO4/C type of cells, there is
ess Fe deposition on the C anode cycled against c-LFPO than against
-LFPO.

The LiFePO4/C type of cells exhibited a completely opposite
rend in cycling stability to the LiFePO4/Li cells. That is, the c-LFPO/C
ell showed a faster capacity fading rate than the u-LFPO/C cell
Fig. 7). Different from the LiFePO4/Li cells, the LiFePO4/C cells have
nly limited amount of Li ions. As the SEI formation consumes Li,
he cell that exhibits more SEI materials formation is expected to
how a faster capacity fading. This is consistent with the SEM and
PS results (Figs. 8 and 9), which show that there has indeed been
ore SEI formation on the C anode of the c-LFPO/C cell. The ques-

ion is now why the cell, c-LFPO/C, showing less Fe deposition at
node turns out to have a greater amount of SEI materials.

As shown by XPS, in addition to Fe, there was also Ti deposi-
ion on the C anode of the c-LFPO/C cell. The effect of Ti deposit
n the cycling performance of the olivine cathode has never been
etermined in the literature. To evaluate such effects, the follow-

ng experiment was conducted. Ti and Fe layers were, respectively,

eposited onto different C electrodes by vacuum deposition, and
he electrodes were then cycled against u-LFPO cathode. Fig. 12
ompares the capacity data between these two cells. Data of the
ell without any pre-deposited metal film are also shown. It was
ound that the cell containing the Ti-coated anode shows the fastest
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ig. 11. XPS spectra of Ti from the MCMB anode of (a) u-LFPO/C and (b–d) c-LFPO/C
ith different sputtering times: (b) 0, (c) 5, and (d) 25 min.

apacity fading than the rest cells. As shown by SEM analysis
Fig. 13), the SEI layer on the Ti-coated C anode is very thick, show-
ng uniformly covered film morphology. On the other hand, the
ranular nature of the MCMB particles can still be seen on the Fe-
oated anode. The pre-deposited Ti layer apparently has a much
reater catalytic activity in accelerating SEI formation than the Fe
ayer. Therefore, one may anticipate that Ti deposited on the C
node causes more pronounced deteriorating effect on capacity
erformance than the Fe deposit. This result explains why the c-
FPO/C cell, which shows Ti deposition on the C anode, exhibits

aster capacity fading than the u-LFPO/C cell.

It is worth noting that large majority of the past studies con-
erning metal-oxide coating on cathodes have been using Li as the
ounter electrode. The results of the present study point out the

ig. 12. Discharge capacity versus cycle number for the u-LFPO/C cells of which the
anode is coated with (�) Fe layer, (©) Ti layer, and (�) no metal layer.
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ig. 13. SEM micrographs of the C anodes of the u-LFPO/C cells of which the anodes
re initially coated with a layer of (a) Ti and (b) Fe.

eed to re-evaluate those coating materials for their chemical sta-
ility under cycling as well as for their potential deteriorating effect
n the anode side.

. Conclusions

The effects of TiO2 coating on the cycling performance at 55 ◦C
f the LiFePO4 cathode against either a Li or a C anode have been
tudied. It has been demonstrated that, while the presence of the
xide coating helps to reduce capacity fading for the LiFePO4/Li
ell, it imposes an adverse effect on the LiFePO4/C cell. The analysis
esults indicate that the presence of the TiO2 coating helps to reduce
he Fe dissolution problem at the cathode. However, the coating
tself is not stable and partially dissolved upon cycling, causing re-
eposition of Ti at the C anode. Ti deposit has been shown to be
ore active than Fe in causing SEI layer formation at the anode,

eading to accelerated capacity fading.
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