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a b s t r a c t

We investigate the properties of nanosized TiO2 rutile by electrochemical methods and thermal analysis.
The material shows a high capacity, high rate performance and excellent cycling stability. We can clearly
prove the safer character of rutile electrodes by thermal analysis. The lithiated rutile electrodes exhibit
exothermic reactions with a very small energy release and they are mainly related to surface film (SEI)
decomposition. The impedance spectra strongly indicate the formation of a surface film, but the semi-
vailable online 14 October 2010

eywords:
iO2 rutile
ithium-ion batteries
mpedance spectroscopy
hermal analysis

circles of charge transfer and SEI formation cannot be resolved at any potential. In addition a new pouch
cell design which is suitable for in situ measurements such as FTIR, Raman and XRD is introduced and its
efficiency is proven by in situ optical microscopy.

© 2010 Elsevier B.V. All rights reserved.
. Introduction

Lithium-ion batteries are the major electrochemical power
ources in the field of non stationary applications. But to meet the
uture demands of the market in the fields of hybrid electric vehicles
HEV) and electric vehicles (EV), further improvements are neces-
ary, especially in terms of cost reduction, higher power and energy
ensities, long life time and safety [1–3]. Graphite as a standard
node material presents a poor cycling behaviour at high rates as
ell as at low temperatures [4], a high irreversible capacity in the
rst cycle due to the solid electrolyte interface (SEI) formation [5]
nd safety issues in the charged (lithiated) state [6–9]. Hence alter-
ative anode materials with a better cycling ability and safety are
eeded. TiO2 materials have become an interesting anode material

or lithium-ion batteries with unique properties such as high power
ensities, cheapness, safety and non-toxicity. Different polymorphs
f TiO2 (e.g. anatase, TiO2 (B), brookite and rutile) have been inves-
igated as possible lithium-ion insertion compounds [10–13]. Their
heoretical capacity is 335 mA h g−1 corresponding to the insertion
f 1 lithium per mol of TiO2 according to the following equation:

iO2 + x(Li+ + e−) � LixTiO2 with x = 1
ulk rutile was investigated as a possible candidate for lithium-ion
atteries for a long time, but only Macklin and Neat could demon-
trate a successful Li+ insertion and extraction at 120 ◦C in a lithium

∗ Corresponding author. Tel.: +49 (0)7319530401; fax: +49 (0)7319530666.
E-mail address: pierre.kubiak@zsw-bw.de (P. Kubiak).

378-7753/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2010.09.109
polymer cell [14]. From these observations, it was commonly
believed that rutile can only insert/extract negligible amounts of
Li+ at room temperature. This picture totally changed in 2006
after the demonstration of the reversible Li+ insertion/extraction of
∼0.5 mol Li per mol TiO2 at room temperature into/from nanosized
rutile [15,16]. Kinetic limitations have been proposed to explain the
difference between microsized and nanosized TiO2 rutile [17,18].
Lithium insertion/extraction into/from rutile is highly anisotropic
and proceeds mainly through fast diffusion along the c-axis chan-
nels while Li diffusion in the ab-planes is very slow. The theoretical
Li+ diffusion coefficients along the c-axis and the ab-plane are
10−6 cm2 s−1 and 10−14 cm2 s−1 respectively [19–22]. A practical
determination of the diffusion coefficient is difficult due to the
unknown active surface and may differ for each nanosized sample
with different crystallite sizes and shapes. With a reversible accom-
modation of lithium into the rutile structure up to ∼Li0.55TiO2
(∼185 mA h g−1) at 1–3 V vs. Li/Li+ and ∼Li0.9TiO2 (∼300 mA h g−1)
at 0.1–3 V the capacity of nanosized rutile is competitive to graphite
anodes [23].

In this study we investigated the behaviour of nanosized rutile
in two potential windows 1–3 V and 0.1–3 V by galvanostatic and
impedance measurements. To study the safety properties of TiO2
rutile we compared the thermal behaviour of lithiated and delithi-
ated rutile electrodes with standard graphite electrodes in the
temperature range from 30 to 350 ◦C. In addition we present a new

two electrode pouch cell with a lithium iron phosphate cathode
and a rutile anode which is suitable for in situ measurements. Using
this cell we obtained first results of an in situ optical microscopy
experiment with a carbon free rutile electrode.

dx.doi.org/10.1016/j.jpowsour.2010.09.109
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:pierre.kubiak@zsw-bw.de
dx.doi.org/10.1016/j.jpowsour.2010.09.109
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Fig. 1. Scheme of the pouch cell for in situ measurements (a) with a lithium iron

is whisker-like with a diameter in the ab-plane of 5–6 nm and a
length of ∼50 nm in the c-direction. The whiskers are ordered in a
ball-like and a parallel arrangement which is consistent with the
SEM pictures (Fig. 3b).
816 M. Pfanzelt et al. / Journal of Po

. Experimental

.1. Materials

The synthesis of nanosized rutile was already reported else-
here [24]. Sodium dodecylsulfate (SDS, Merck) was dissolved

n diluted hydrochloric acid (pH 0) and a glycerol modified TiO2
recursor (bis(1,2,3-trihydroxypropyl)titanate, prepared from tita-
ium isopropoxide and glycerol) was added. After ageing at 60 ◦C
vernight, the resulting powder was centrifuged, washed with
ater, dried at 60 ◦C overnight and finally annealed at 400 ◦C for 4 h.

Lithium iron phosphate (P2 from Süd-Chemie) was used as cath-
de material for the in situ pouch cell. Graphite (active material:
AGD, Hitachi Chem., Japan) electrodes without conductive carbon
ere prepared for TG/DSC measurements.

.2. Characterisation methods

X-ray diffraction measurements were performed using Cu-K�
adiation (� = 0.154 nm) on a Siemens D5000 and the data was
valuated with the program TOPAS 2.1 from Bruker. Scanning
lectron Microscopy (SEM) pictures were taken on a LEO 1530
P. Transmission Electron Microscopy (TEM) was performed on
Titan 80–300 kV. In this study we used a NETSZCH STA 449C

upiter for the Thermogravimetry (TG) and Differential Scanning
alorimetry (DSC) at a scan rate of 10 ◦C min−1 in the tempera-
ure range of 30–350 ◦C, under argon flux. To analyse the produced
ases a mass spectrometer (MS) (NETSZCH QMS 403C electron
mpact, channeltron, 1.4 kV Aëolos) was coupled with the above
escribed TG/DSC instrument. The lithiated/delithiated electrodes
ere analysed directly after cycling (lithiated electrodes 2.5 cycles,
elithiated electrodes 3 cycles).

.3. Electrode preparation and electrochemical evaluation

The anode electrodes were manufactured by mixing
iO2:carbon black (Timcal, Super P):polyvinylidene fluoride in the
atio 76:12:12 wt%. Afterwards a few mL N-Methylpyrrolidone
NMP) were added to coat the resulting slurry on a cupper foil
sing “doctor blade” technique (thickness 150 �m). The electrode
lm was dried at 40 ◦C for 1 h and then punched into circular
isks with a mass loading of ∼2 mg cm−2. After that the electrode
isks were pressed, dried under vacuum and transferred in an
rgon filled glovebox (MBRAUN) with a water and oxygen content
ess than 1 ppm. For galvanostatic and impedance measurements

three electrode cell was used with lithium as counter and
eference electrode, TiO2 as working electrode, glass microfiber
Whatman, GF/A) as separator and 1 M LiPF6 in EC:DMC (1:1 wt%)
UBE Industry, Japan) as electrolyte.

All the measurements were carried out at room temperature
sing a VMP/Z (Princeton, Biologic) electrochemical workstation
or galvanostatic and impedance measurements. The frequency
ange of the impedance measurements was 0.01–75,000 Hz and
he evaluation of the received data was done with the program
oukamp [25,26]. A �2 value <10−3 indicates a good agreement
etween simulated spectra and recorded data. All potentials men-
ioned in this study are given vs. Li/Li+. For all electrochemical

easurements the maximum x in LixTiO2 is assumed to be 1
335 mA h g−1) and thus, all charging rates were based on TiO2
ccording to the following relationship: 1 C = 0.335 A g−1.

.4. Pouch cell for in situ optical microscopy measurements
A special pouch cell with a LiFePO4 cathode, a TiO2 anode and a
elgard® separator was used for the in situ microscopy measure-
ent. In order to have a free view directly onto the rutile anode,
phosphate cathode and a TiO2 rutile anode. (b) Image of the pouch cell with a direct
view onto the anode side (brown). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

a circular disk was cut into the cathode and the separator (Fig. 1a
and b). The components were placed into a transparent plastic bag,
electrolyte was added and the whole pouch cell was sealed in an
argon filled glovebox.

3. Results and discussion

3.1. Material characterisation

The X-ray diffraction (XRD) patterns of the synthesised sample
are shown in Fig. 2. All reflexes were assigned to TiO2 rutile (JCPDS
21-1276 a = 4.593 Å; c = 2.959 Å) and they are broadened due to the
low crystallite size. The refinement made by TOPAS (Total Pattern
Analysis from Bruker) converges to the measured data and the lat-
tice parameters of the space group P42/mnm were calculated to
a = 4.592 Å and c = 2.959 Å which is in good agreement with the ref-
erence values. The shape of the crystallites detected by TEM (Fig. 3a)
Fig. 2. XRD of the investigated TiO2 sample after calcination. All reflexes can be
assigned to rutile.
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electrolyte evaporation. The DSC curve of the delithiated rutile elec-
trode showed similar shape with an exothermic peak ARt. and an
endothermic peak BRt. As the shape and onset temperature of ARt.
in the lithiated and the delithiated state was comparable to the
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ig. 3. Transmission electron microscopy pictures of the annealed rutile sample (a)
nd scanning microscopy image (b).

In our previous paper we have reported electrochemical results
f this nanosized rutile sample [23]. The material combines excel-
ent capacity values for charge/discharge rates from C/5 up to 5 C.
n enlargement of the potential limits to 0.1–3 V results in a higher
apacity for charging rates ranging from C/5 to 5 C (Fig. 4a). In order
o investigate the cycling stability we performed 1000 cycles at 5 C
n the potential range of 1–3 V with the first 5 cycles C/5 to achieve
table cycling conditions (Fig. 4b). We observed a constant cycling
ehaviour with an end capacity of 105 mA h g−1 after 1000 cycles
hich is ∼70% of the initial capacity.

Electrochemical investigations during the first discharge of
anosized rutile revealed two dominating plateaus at 1.4 and 1.1 V
s. Li/Li+ respectively corresponding to 2 two-phase mechanisms
nd afterwards a slope like decay down to 0.1 V. The first galvano-
tatic cycle is characterised by a huge irreversible capacity loss
hich increases with increasing potential range (Fig. 5). Therefore,

n our previous communication we suggested the formation of a
EI-like film especially at potential below 0.8 V vs. Li/Li+ [23]. To
nvestigate the influence of this surface film on the material prop-
rties we performed TG/DSC and impedance measurements.

.2. TG/DSC measurements

TG/DSC with an analysis of the produced gases by MS pro-
ides useful information about the thermal stability and the safety
f a battery material. The preparation of lithiated and delithiated
amples was carried out by galvanostatic cycling. The comparison
etween the graphite system and rutile in the charged and dis-
harged state is shown in Fig. 6a and b and the detailed data are

iven in Table 2. The fully lithiated graphite (Fig. 6a) presented an
xothermic peak AGr. which is assigned to SEI decomposition and
wo peaks BGr.

′ and BGr.
′′ with a large �H value (202.5 mW mg−1).

n the literature, the exothermic heat generation of graphite anodes
ources 196 (2011) 6815–6821 6817

is mainly attributed to reactions of the SEI. Although the exact reac-
tion mechanism is still under discussion, one possibility is that the
first exothermic peak is related to the SEI decomposition to form a
secondary SEI and the subsequent ones are related to a breakdown
of the secondary SEI followed by an exothermic reaction between
the electrolyte and the intercalated lithium [6–9]. Up to now there
have not been any studies about the thermal behaviour of rutile
electrodes. The lithiated rutile sample showed only two exother-
mic peaks (ARt. and BRt.) with low �H values (18.3 and 3.0 J g−1)
in comparison to graphite. Peak ARt. had a similar onset tempera-
ture and shape in comparison to the graphite peak AGr. while peak
BRt. was not present in the graphite curve. Both peaks ARt. and BRt.
evoked typical electrolyte fragments in the mass spectrometer.

Delithiated samples of graphite and rutile were also prepared
and analysed (Fig. 6b). The exothermic peak AGr. of the graphite
electrode can again be attributed to the SEI decomposition. The
peaks BGr.

′ and BGr.
′′ disappeared due to the missing interca-

lated lithium and an endothermic peak CGr. showed up which
was associated to a huge mass loss. Additionally the mass spec-
trometer detected typical electrolyte fragments for CGr. Therefore
the only possible reaction corresponding to this peak was the
Fig. 4. Evolution of the reversible capacity from C/5 to 5 C in the potential window
of 1–3 V (�) and 0.1–3 ( ) (a). Cycling stability and coulombic efficiency of 1000
cycles at a charging rate of 5 C (b) (first 5 cycles at C/5). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)
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ig. 5. Galvanostatic curves of the first discharge and charge in the potential windo
rst cycle.

raphite peak AGr., we conclude that ARt. is also related to a surface
lm (SEI) decomposition. The peak ARt. was also present in a sample
ycled between 1 and 3 V in the partly lithiated state (1 V) (Table 1)

herefore it is obvious that the SEI is also formed at potentials
bove 1 V but increases as we cycle down to 0.1 V. This additional
EI formation could be related to the peak at ∼0.8 V in the cyclic
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ig. 6. DSC/TG curves of the (a) lithiated graphite (top) and rutile (bottom) elec-
rodes and the (b) delithiated graphite (top) and rutile (bottom). Positive peaks are
xothermic and negative ones endothermic.
–3 V (left) and 0.1–3 V (right). Arrows indicate the irreversible capacity loss in the

voltammetry in our previous work [23]. The endothermic peak BRt.
′

in the delithiated and in the partly lithiated (1 V) state (Table 1) is,
like in the graphite electrode, related to the evaporation of the elec-
trolyte. The nature of the exothermic peak BRt. in the fully lithiated
state (0.1 V) is up to now not understood and is under investigation
in our lab. Additionally no oxygen release, which could lead to a
sever safety problem, could be detected for rutile electrodes at any
temperature. The thermal behaviour of delithiated rutile is, akin to
graphite, endothermic and had one exothermic reaction related to
the SEI decomposition. But the crucial point for of an anode material
is the thermal stability in the lithiated state. At this point, the rutile
sample appeared to be a very safe electrode material for lithium-ion
batteries.

3.3. Impedance measurements

To examine the nature of the irreversible capacity we per-
formed impedance measurements at certain potentials in two
potential windows, 1–3 V and 0.1–3 V, in the frequency range of
0.01–75,000 Hz. The shape of all diagrams showed one semicir-
cle with a following diffusion region for both potential windows
(Fig. 7a–d). A deeper insight into the spectra could be achieved
using Boukamp and simulating the recorded data with an equiv-
alent circuit. Two equivalent circuits (1, 2) were used to simulate
the impedance spectra.
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Table 1
Onset temperature and heat generation of the peaks in the DSC curve rutile (top) and graphite electrodes (bottom). Positive (+) �H values are exothermic and negative (−)
ones are endothermic.

ARt. BRt. BRt.
′

Onset (◦C) �H (J g−1) Onset (◦C) �H (J g−1) Onset (◦C) �H (J g−1)

Rutile electrodes
Delithiated (3.0 V) 112 8.7 152 −13.3
Lithiated (1 V) 115 14.0 145 −10.9
Lithiated (0.1 V) 118 18.3 178 3.0

AGr. BGr. BGr.
′ + BGr.

′′

Onset (◦C) �H (J g−1) Onset (◦C) �H (J g−1) Onset (◦C) �H (J g−1)

Graphite electrodes
Delithiated (1.5 V) 110 13.8 160 −67.4
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Lithiated (0.02 V) 120 27.3

, endotherm; +, exotherm.

An ohmic resistance (R�) was used to describe the resistance
f the electrolyte and cell components. A parallel circuit of a con-
tant phase element and a resistance was taken for the double layer
apacitance (QDL) and the charge transfer resistance (RCT). Another
onstant phase element was used for the solid state diffusion of
i+ (QDiff.). Impedance spectra below 1.5 V in the first discharge
dditionally showed a lithium accumulation at low frequencies
epresented by a capacitor (CLi Accum.). Detailed results for the first

ycle are given in Table 2.

In both potential windows 1–3 V and 0.1–3 V the ohmic resis-
ance was comparable ∼3 � and remained constant within the

argin of errors. With higher Li+ content in the discharge of TiO2
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ig. 7. Impedance spectra of the evaluated rutile samples: (a) 1st cycle discharge in the
nd (d) 1st cycle charge 0.1–3 V.
223, 268 202.5

we observed in both potential windows a higher charge transfer
resistance. In the following charging cycle the two potential win-
dows showed a completely different picture. In the 1–3 V region
we observed a small increase (1.5 V) followed by a decrease of the
charge transfer in the following cycle, while in the 0.1–3 V win-
dow the charge transfer was stable for the complete charge and
all following impedance measurements. In the diffusion region at
low frequencies (<10 Hz) we observed a Warburg like diffusion with

nDiff. values (exponent of QDiff.) between 0.58 and 0.42 except for the
beginning of the first discharge (2 and 1.5 V). The DSC/TA strongly
indicates the formation of a SEI, thus we suggest that the SEI was
present in the impedance measurements but the time constants
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Table 2
Simulated values of the ohmic resistance (R�), the charge transfer resistance (RCT)
and the exponent of the constant phase element of the diffusion (nDiff.) in the 1st
cycle (top) and second cycle (bottom).

0.1–3 V 1–3 V

R� RCT nDiff. R� RCT nDiff.

1st cycle
Discharge

2 3.3 12.8 0.89
1.5 2.7 15.8 0.7 3.3 15.2 0.77
1.2 2.7 20.4 0.48 3.4 19.8 0.48
1.0 2.8 25.6 0.42 3.6 24.5 0.58
0.5 3.2 34.7 0.50
0.1 3.2 40.3 0.48

Charge
0.5 3.1 40.3 0.52
1.0 3.1 39.3 0.42 3.6 24.5 0.58
1.5 3.2 39.9 0.52 3.6 25.5 0.5

2nd cycle
Discharge

2 3.7 21.2 0.52
1.5 3.3 41.8 0.45 3.6 23.7 0.53
1.2 3.3 42.0 0.49 3.6 25.5 0.45
1.0 3.2 41.3 0.42 3.7 27.2 0.51
0.5 3.1 42.6 0.52
0.1 3.1 42.7 0.55

Charge
0.5 3.2 42.1 0.49
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Fig. 8. Galvanostatic charge curve of the LFP/TiO2 full cell (pouch), ( ) mark the
1.0 3.3 41.2 0.42 3.7 27.2 0.51
1.5 3.4 41.8 0.53 3.8 28.2 0.49

or SEI and charge transfer were the same. Therefore it was not
ossible to resolve the two semicircles in the spectra. A strong indi-
ation of a stable SEI is the increasing semicircle in the discharge
own to 0.1 V which remains constant in the following charge and
ischarge. In the potential window of 1–3 V the increasing semi-
ircle in the discharge and the decreasing in the charge could be
aused by a more dynamic film which was formed in the discharge

nd partially dissolved in the charge. To resolve the two semicir-
les further impedance studies at low temperatures are needed.
dditional XPS analysis could identify the properties of the solid
lectrolyte interface.

Fig. 9. Different in situ microscopy images of the hole in the pouch cell, reco
selected in situ microscopy images. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

3.4. Pouch cell for in situ analysis

A new pouch cell design suitable for various in situ techniques
is presented in Fig. 1a and b. In our case we performed in situ opti-
cal microscopy on a carbon free rutile electrode with a LiFePO4
counter electrode. The hole in the middle of the cell enables a direct
view on one electrode which is in our case the rutile anode. Upon
lithium insertion into TiO2 rutile (Fig. 8) the reduction of Ti4+ to
Ti3+ occurs and is identified by a color change from beige to black
(Fig. 9a–f). Once a black spot is formed, indicating an electronic
change, a growth of other spots around the first one can be seen.
After the rutile electrode had almost turned completely into black
at ∼0.5 mol Li+ per mol Ti the color remains upon further lithia-
tion and delithiation. This indicates that not all the Ti3+ formed

during Li insertion is re-oxidized to Ti4+ upon delithiation. Further
in situ measurements of the cycled LixTiOy species are in progress
in our lab to identify the reaction mechanism. The pouch cell was

rded at different lithiation states (a–f) calculated for the rutile anode.
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harged and discharged for several cycles without any problems of
hort circuits or lithium dendrite formation although no separator
s covering the hole area of the rutile anode. Secondly the inhomo-
eneous current distribution does not lead to any electrochemical
roblems. Therefore this pouch cell design is very promising and
llows the use of several in situ techniques (FTIR, Raman, XRD) to
dentify the material properties of a target electrode.

. Conclusion

The nanosized rutile has, due to its small crystallite size and
orphology, excellent electrochemical properties e.g. high capac-

ty, high rate cycling up to 30 C and good capacity retention for
ast cycling (1000 cycles at 5 C). TG/DSC measurements of lithi-
ted and delithiated rutile showed only a small heat generation
ainly related to a surface film decomposition (SEI), while graphite

evealed strong exothermic reactions in the lithiated state. These
ndings proved the safer character of rutile electrodes in com-
arison to graphite. Impedance measurements showed only one
emicircle in the spectra which was related to the charge transfer.
t is suggested that the SEI was present in the impedance mea-
urements but the time constants for SEI and charge transfer were
he same. A strong indication of a SEI contribution is the increas-
ng semicircle in the first discharge down to 0.1 V which remains
onstant upon further charge and discharge. In order to resolve the
wo semicircles further impedance measurements at low temper-
ture are needed. A new pouch cell design which is suitable for
n situ measurements was presented. With a hole in counter elec-
rode (LiFePO4) and in the separator we could directly view onto
he target electrode. This lithium-ion full cell can provide useful
nformation about the insertion mechanism and the ageing of the
attery material and its functionality was demonstrated by in situ
ptical microscopy.
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