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2. Experimental

2.1. Materials

The synthesis of nanosized rutile was already reported else-

where [24]. Sodium dodecylsulfate (SDS, Merck) was dissolved

in diluted hydrochloric acid (pH 0) and a glycerol modified TiO2

precursor (bis(1,2,3-trihydroxypropyl)titanate, prepared from tita-

nium isopropoxide and glycerol) was added. After ageing at 60 ◦C

overnight, the resulting powder was centrifuged, washed with

water, 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-

ode material for the in situ pouch cell. Graphite (active material:

MAGD, Hitachi Chem., Japan) electrodes without conductive carbon

were prepared for TG/DSC measurements.

2.2. Characterisation methods

X-ray diffraction measurements were performed using Cu-K�
radiation (� = 0.154 nm) on a Siemens D5000 and the data was

evaluated with the program TOPAS 2.1 from Bruker. Scanning

Electron Microscopy (SEM) pictures were taken on a LEO 1530

VP. Transmission Electron Microscopy (TEM) was performed on

a Titan 80–300 kV. In this study we used a NETSZCH STA 449C

Jupiter for the Thermogravimetry (TG) and Differential Scanning

Calorimetry (DSC) at a scan rate of 10 ◦C min−1 in the tempera-

ture range of 30–350 ◦C, under argon flux. To analyse the produced

gases a mass spectrometer (MS) (NETSZCH QMS 403C electron

impact, channeltron, 1.4 kV Aëolos) was coupled with the above

described TG/DSC instrument. The lithiated/delithiated electrodes

were analysed directly after cycling (lithiated electrodes 2.5 cycles,

delithiated electrodes 3 cycles).

2.3. Electrode preparation and electrochemical evaluation

The anode electrodes were manufactured by mixing

TiO2:carbon black (Timcal, Super P):polyvinylidene fluoride in the

ratio 76:12:12 wt%. Afterwards a few mL N-Methylpyrrolidone

(NMP) were added to coat the resulting slurry on a cupper foil

using “doctor blade” technique (thickness 150 �m). The electrode

film was dried at 40 ◦C for 1 h and then punched into circular

disks with a mass loading of ∼2 mg cm−2. After that the electrode

disks were pressed, dried under vacuum and transferred in an

argon filled glovebox (MBRAUN) with a water and oxygen content

less than 1 ppm. For galvanostatic and impedance measurements

a three electrode cell was used with lithium as counter and

reference 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

using a VMP/Z (Princeton, Biologic) electrochemical workstation

for galvanostatic and impedance measurements. The frequency

range of the impedance measurements was 0.01–75,000 Hz and

the evaluation of the received data was done with the program

Boukamp [25,26]. A �2 value <10−3 indicates a good agreement

between simulated spectra and recorded data. All potentials men-

tioned in this study are given vs. Li/Li+. For all electrochemical

measurements the maximum x in LixTiO2 is assumed to be 1

(335 mA h g−1) and thus, all charging rates were based on TiO2

according to the following relationship: 1 C = 0.335 A g−1.

2.4. Pouch cell for in situ optical microscopy measurements

A special pouch cell with a LiFePO4 cathode, a TiO2 anode and a

Celgard® separator was used for the in situ microscopy measure-

ment. In order to have a free view directly onto the rutile anode,

Fig. 1. Scheme of the pouch cell for in situ measurements (a) with a lithium iron

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)

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).

Fig. 2. XRD of the investigated TiO2 sample after calcination. All reflexes can be

assigned to rutile.
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charged and discharged for several cycles without any problems of

short circuits or lithium dendrite formation although no separator

is covering the hole area of the rutile anode. Secondly the inhomo-

geneous current distribution does not lead to any electrochemical

problems. Therefore this pouch cell design is very promising and

allows the use of several in situ techniques (FTIR, Raman, XRD) to

identify the material properties of a target electrode.

4. Conclusion

The nanosized rutile has, due to its small crystallite size and

morphology, excellent electrochemical properties e.g. high capac-

ity, high rate cycling up to 30 C and good capacity retention for

fast cycling (1000 cycles at 5 C). TG/DSC measurements of lithi-

ated and delithiated rutile showed only a small heat generation

mainly related to a surface film decomposition (SEI), while graphite

revealed strong exothermic reactions in the lithiated state. These

findings proved the safer character of rutile electrodes in com-

parison to graphite. Impedance measurements showed only one

semicircle in the spectra which was related to the charge transfer.

It is suggested that the SEI was present in the impedance mea-

surements but the time constants for SEI and charge transfer were

the same. A strong indication of a SEI contribution is the increas-

ing semicircle in the first discharge down to 0.1 V which remains

constant upon further charge and discharge. In order to resolve the

two semicircles further impedance measurements at low temper-

ature are needed. A new pouch cell design which is suitable for

in situ measurements was presented. With a hole in counter elec-

trode (LiFePO4) and in the separator we could directly view onto

the target electrode. This lithium-ion full cell can provide useful

information about the insertion mechanism and the ageing of the

battery material and its functionality was demonstrated by in situ

optical microscopy.
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