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a  b  s  t  r  a  c  t

We  prepared  nanocrystalline  Ti2/3Sn1/3O2 by  a  coprecipitation  method  starting  from  Ti(isopropoxide)4

and  SnCl4·5H2O followed  by  calcination  at 600 ◦C.  TEM  and  XRD  measurements  reveal  crystallite  sizes
of  about  5  nm  and  a crystal  structure  equivalent  to those  of  TiO2 rutile  and  SnO2 cassiterite.  The  local
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structure  was  investigated  with 119Sn  NMR  and  Sn  Mössbauer  spectroscopy.  The  material  was cycled
with  C/20  at  voltages  between  3.0 and  0.02 V against  Li  metal.  Specific  capacities  of  300  mAh  g−1 were
obtained  for  100  cycles  with  voltage  profiles  very  similar  to those  of  pure  SnO2. Faster  cycling  leads  to
strong  decrease  of  the  capacities  but  after  returning  to  C/20  the  initial  values  are  obtained.

© 2011 Elsevier B.V. All rights reserved.
itanium tin oxide

. Introduction

The future development of mobile electronic devices and elec-
ric vehicles is strongly interrelated with the improvement of Li-ion
atteries [1–4]. Main focus is on the electrode materials, which
hould be capable of reversibly inserting large amounts of Li even at
igh rates. One example for an extensively studied material is SnO2,
here Li insertion takes place according to the following reactions

5,6]:

Li+ + 4e− + SnO2 → 2Li2O + Sn,  (1)

.4Li+ + 4.4e− + Sn → Li4.4Sn.  (2)

he second part of this mechanism consists of several steps, dur-
ng which different Li–Sn alloys are formed [5,7], with the final
omposition Li4.4Sn. This alloy formation is accompanied by strong
olume changes, resulting in mechanical stress and loss of contact
o the current collector and thus to strong capacity fading. Different
trategies have been pursued to cope with this problem, including
he preparation of nanostructured samples [8–16], doping with Al
17] or Co [18], the use of ternary compounds [19–28],  and the
abrication of nano-composites [29,30].

Another extensively studied material is TiO2, including the poly-
orphs anatase [31–35],  rutile [36–38],  and TiO2-B [39–41].  Here
nsertion of Li is based on the reaction

Li+ + xe− + TiO2 → LixTiO2 (0 ≤ x ≤ 1).  (3)

∗ Corresponding author. Tel.: +49 721 608 28312; fax: +49 721 608 26368.
E-mail address: sylvio.indris@kit.edu (S. Indris).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.07.046
It takes place at voltages of about 1.8 V, 1.5 V, and 1.6 V against Li|Li+

for anatase, rutile, and TiO2-B, respectively. For the anatase, doping
with Sn has also been reported [42].

In this paper we report on electrochemical insertion of Li into
a nanocrystalline solid solution of Ti2/3Sn1/3O2. It is prepared by
a coprecipitation method which offers the advantages of low cost
and facile up-scaling. The particle sizes and shapes were studied
by X-ray diffraction (XRD) and transmission electron microscopy
(TEM). The existence of the solid solution was verified by XRD, scan-
ning transmission electron microscopy (STEM) in combination with
energy dispersive X-ray analysis (EDX), and 119Sn nuclear mag-
netic resonance (NMR) spectroscopy. The local structure around
the Sn ions was  additionally studied by Sn Mössbauer spectroscopy.
The electrochemical performance was investigated by galvanos-
tatic cycling against a Li metal counter electrode in the voltage
range from 2.8 V to 0.02 V.

Earlier battery tests on solids solutions of TiySn1−yO2 (y = 0 . . . 1)
had been performed in the voltage range between 3 V and 1 V [28],
i.e. the range where the Ti4+/3+ reduction/oxidation occurs. Accord-
ingly, only small amounts of Li could be inserted/removed (about
0.2 per formula unit) and the high reduction potential is disadvan-
tageous.

2. Experimental

All educt materials were of analytical grade and were used

without further purification: Ti(isopropoxide)4 (Aldrich, 99.99%),
SnCl4·5H2O (Aldrich, 98%), NaOH (Aldrich, 99.998%), and ethanol
(Merck, 99.8%). A stoichiometric amount of Ti(isopropoxide)4 was
added dropwise to the stirring aqueous solution of SnCl4·5H2O

dx.doi.org/10.1016/j.jpowsour.2011.07.046
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:sylvio.indris@kit.edu
dx.doi.org/10.1016/j.jpowsour.2011.07.046
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image of many particles, together with the fast Fourier transform
(FFT) of the image. The rings in the FFT represent the lattice spac-
ings present in the HRTEM image. The measured lattice spacings
are also listed in Table 2. They are in good agreement with the val-

Table 1
Chemical composition of the Ti2/3Sn1/3O2 sample according to elemental analysis.

Mass%

Ti 27.62 ± 0.15
Sn 31.46 ± 0.36
Ni <0.2
690 I. Issac et al. / Journal of Pow

esulting in the formation of a white colloid. Then the mixture was
ade basic to a pH of about 10 by dropwise addition of NaOH solu-

ion over a period of 1 h. Afterwards the temperature of the reaction
ixture was increased to 60 ◦C on a hot plate and left stirring for

bout 2 h. Then the sample was filtered, washed with deionised
ater and ethanol, and left to dry overnight at room temperature

yield of ca. 80% of fine white powder). The sample was  further dried
n the oven at 100 ◦C for 4 h and then calcinated at 600 ◦C for 4 h in
ir. The reaction can be represented by the following equations:

1/3)SnCl4 + (2/3)Ti(OCH(CH3)2)4 + 4NaOH → Ti2/3Sn1/3(OH)4

+ (4/3)NaCl + (8/3)NaOCH(CH3)2, (4)

i2/3Sn1/3(OH)4
600 ◦C−→ Ti2/3Sn1/3O2 + 2H2O. (5)

Chemical analysis was performed by different analytical meth-
ds. Oxygen was determined by carrier gas hot extraction, also
nown as inert gas fusion method (LECO TC 600). Tin capsules and
latinum pieces (10 times of the sample weight) with low oxygen
ontent served as fusion aid. The oxygen analysis was  calibrated
y TiO2 (99.995% purity, dried at 600 ◦C). The calibration range was
lose to the composition of the sample. Carbon and sulphur deter-
ination was performed by combustion in oxygen with a W/Sn

ccelerator forming CO2 and SO2 measured by infrared detectors
LECO CS 600). Dried CaCO3 and Li2SO4 of highest purity were used
s calibration samples. The Sn and Ti content were determined by
-ray fluorescence. Analysis and calibration samples were fused in

 mixture of Li2B4O7, LiBO2 and Sr(NO3)2 to form a homogeneous
ead. Mixtures of dried TiO2 and SnO2 (99.993%, 800 ◦C), close to
he sample’s composition, were used as calibration substances and
he intensities of the Ti-K� and Sn-L� lines were measured on an S4
ioneer (Bruker-AXS) X-ray fluorescence spectrometer. The sodium
mpurity was determined by inductively coupled plasma optical
mission spectroscopy (ICP-OES, Perkin Elmer OPTIMA 4300 DV)
fter sample digestion in hydrochloric and hydrofluoric acid.

Simultaneous TG-DSC-MS measurements were performed
nder Ar atmosphere on a Sensys Evo TG-DSC instrument (Setaram,
rance) with a heating rate of 5 ◦C min−1 from 25 ◦C to 600 ◦C using
lumina crucibles. It was connected to an Omnistar mass spectrom-
ter (Pfeiffer, Germany) for analysis of the evolved gases.

XRD was carried out on a Philips PANalytical X’Pert diffrac-
ometer (Cu K�1 radiation, Nickel monochromator, Bragg-Brentano
eometry). The synthesized sample was investigated by TEM,
TEM, and EDX in an aberration corrected FEI Titan 80–300 electron
icroscope operated at 300 kV accelerating voltage.

119Sn MAS  NMR  spectra were acquired on a Bruker Avance 500
pectrometer with 2.5 mm rotors at a spinning speed of 35 kHz. The
agnetic field was 11.7 T corresponding to a resonance frequency

f 186.5 MHz. A rotor-synchronized hahn-echo pulse sequence was
sed with a �/2 pulse length of 2.2 �s and a recycle delay of 60 s.
pectra were referenced to microcrystalline SnO2 with an isotropic
hemical shift of −604.3 ppm [43,44].

119Sn Mössbauer spectroscopic measurements were carried out
n transmission mode at room temperature (drive unit from Wissel
lectronics, detector from LND). 119Sn-enriched CaSnO3 (Ains-
ey Technologies) was used as a �-ray source. The velocity scale

as calibrated with SnO powder which has an isomer shift of
.63 mm s−1 and a quadrupole splitting of 1.30 mm s−1 [45,46]. For
ach sample 10 mg  of powder was deposited on an area of 1 cm2.

Electrochemical tests were performed in coin-cell batteries
sing lithium foil as counter electrode. Cells were assembled in
n argon-filled glove box. The electrode films were prepared from
 mixture of 80% active material, 10% polyvinyl diene fluoride
Arkema Inc.), and 10% carbon black (Super P, Timcal). Drying of the
lms was done at 90 ◦C for 12 h. Typical mass load was 1 mg  cm−2

nd typical film thickness was 50 �m.  The electrolyte was  1 M LiPF6
rces 196 (2011) 9689– 9695

in ethylene carbonate/dimethyl carbonate (1:1 weight ratio, Ferro
Fine Chemicals). The cells were galvanostatically cycled using a
VMP3 galvanostat (Biologic).

3. Results and discussion

The chemical analysis of the as-prepared sample yields the com-
position listed in Table 1. The errors were calculated from the bias
of the calibration function. The results are consistent with a compo-
sition of Ti2/3Sn1/3O2 together with sodium containing impurities.

Thermogravimetric-differential scanning calorimetry in com-
bination with mass spectrometry (TG-DSC-MS) was used to
determine the calcination temperature required to remove water
and other decomposable organic materials present during the
preparation process. It was  also used to suggest the correct for-
mula for the decomposition reaction of the as-prepared precursor,
in combination with elemental analysis of the material calcinated at
600 ◦C for 4 h, and to observe any phase changes or decomposition.

The TG curve of the as-prepared sample (Fig. 1) reveals that the
dehydration process of the precursor starts at about 100 ◦C and is
finished at about 440 ◦C. This is confirmed by the MS  signals for
mass 17 (OH) and 18 (H2O). The dTG curve shows two steps of
dehydration processes, the first one with a maximum at 160 ◦C and
the second with a maximum at 300 ◦C. The overall weight loss is
about 9%. No significant weight loss was observed beyond 400 ◦C.
The DSC curve exhibits two endothermic peaks. The first broad peak
with a maximum at about 150 ◦C corresponds to the dehydration
process. The second sharp and intense peak located at 560 ◦C may
be attributed to the formation of a solid solution (see Eq. (5))  since
there is no weight loss observed from the TG in this temperature
region. The XRD pattern of the sample after this heat treatment is
shown in Fig. 2. It reveals that the structure is equivalent to those of
SnO2 cassiterite and TiO2 rutile. The very broad peaks indicate very
small crystallite sizes. Using the Scherer equation [47], an average
particle size of 7 nm can be estimated from the peak widths. The
position of the maxima is in between the values of the database
entries of the binary compounds. Two  explanations are possible.
First, a solid solution would result in lattice constants in between
those of the binary compounds. Second, a mixture of SnO2 and TiO2
nanocrystals would result in broad peaks at the positions of the
binary compounds, but superposition again would lead to maxima
at positions in between those of the binary compounds.

Fig. 3 shows the overview TEM micrograph with the selected
area electron diffraction (SAED) pattern in the inset. In the thin
area, the interface between particles could be reasonably distin-
guished and the particle size was  estimated to be around 5 nm,
in good agreement with XRD results. The lattice spacings of the
main diffraction were measured from SAED pattern and listed in
Table 2. They are slightly smaller than the lattice spacings of SnO2
measured by XRD. Fig. 4 shows the high-resolution TEM (HRTEM)
S <0.05
O 32.7 ± 0.9
Na 7.2 ± 0.2
C  0.7 ± 0.05
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Fig. 3. Overview TEM micrograph of Ti2/3Sn1/3O2 with the SAED pattern in the inset.

Table 2
Lattice spacings measured from SAED and HRTEM in comparison to those of SnO2

and TiO2.

Lattice spacings
measured from
SAED (Å)

Lattice spacings
measured from
HRTEM (Å)

SnO2 (Å) TiO2 (Å) h k l

3.35 3.33 3.35 3.25 1 1 0
2.64 2.62 2.64 2.49 1 0 1

in which the electron beam is converged to the probe of about 1 nm
in size so that the local composition can be characterized. Fig. 5a
and b show such an EDX line profile and the results of raw quantifi-
cation, respectively. The ratio of Ti:Sn fluctuates considerably along
ig. 1. Weight loss (TG), differential weight loss (dTG), differential scanning
alorimetry (DSC), and MS  signals of Ti2/3Sn1/3O2.

es measured from SAED pattern. The slight difference is due to the
ifferent calibration in diffraction and in TEM modes. Therefore the

tructure of Ti2/3Sn1/3O2 nanocrystals is close to tetragonal SnO2
ut with slightly smaller lattice parameters. No separate diffraction
rom TiO2 and SnO2 was distinguished.

ig. 2. XRD pattern of Ti2/3Sn1/3O2 in comparison to database values for SnO2 cas-
iterite (JCPDS 41-1445) and TiO2 rutile (JCPDS 21-1276).
2.31 2.30 2.37 2.30 2 0 0
2.15 2.11 2.12 2.05 2 1 0
1.75 1.74 1.76 1.68 2 1 1

In order to investigate the composition of the Ti2/3Sn1/3O2
nanocrystals, EDX spectrum profiles were acquired in STEM mode,
Fig. 4. HRTEM image of Ti2/3Sn1/3O2 nanocrystals with the FFT in the inset.
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Fig. 5. (a) STEM image of Ti2/3Sn1/3O2 with line profile indicated by a red line, along
which EDX spectra were acquired on 50 positions in a total length of 50 nm;  (b)
the concentration profiles of Ti, Sn and O, and (c) the integrated EDX spectrum. (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of the article.)
Fig. 6. Sn Mössbauer spectra of Ti2/3Sn1/3O2 and SnO2.

the line profile. The integrated EDX spectrum along the whole line
profile is shown in Fig. 5c. The quantification using Ti K and Sn L
excitations of the integrated EDX spectrum suggests an atomic ratio
of Ti:Sn = 60.9:39.1. However, the EDX spectra from other areas or
scanned lines also exhibit certain fluctuations of Ti:Sn ratio.

Therefore, the nanocrystals are mostly Ti–Sn mixed oxide. The
crystal structure is rather uniform, which is close to the tetrago-
nal SnO2. The concentration of Ti and Sn varies considerably for
different particles and areas.

The Mössbauer spectra of Ti2/3Sn1/3O2 and SnO2 are shown
in Fig. 6. They have to be described in terms of a doublet with
overlapping Lorentzian lines. The parameters that result from the
corresponding fit (solid lines in Fig. 6) are listed in Table 3. The dif-
ferences are small but significant. The bigger isomer shift found for
the Ti2/3Sn1/3O2 sample indicates a smaller average electron den-
sity at the sites of the Sn nuclei in comparison to the SnO2 sample.
The bigger quadrupole splitting for the Ti2/3Sn1/3O2 sample reveals
a bigger asymmetry around the Sn nuclei which might be caused by
a solid solution of Sn and Ti on the cation sites and thus a variation
of next nearest neighbours around the Sn.

Fig. 7 shows the 119Sn MAS  NMR  spectra of Ti2/3Sn1/3O2 and
SnO2. The spectrum of SnO2 is characterized by a single narrow
peak at −604 ppm which represents the uniform SnO6 octahedra
in the tetragonal structure of SnO2. In contrast to that, the spectrum
of Ti2/3Sn1/3O2 reveals three contributions. A broad peak at around
−604 ppm represents environments similar to those found in SnO2.
Additional peaks at around −570 ppm and −640 ppm and the fact
that all peaks are very broad hint at disordered environments with
Ti next nearest neighbours and thus to a solid solution. In summary,
the TEM, Mössbauer, and NMR  results show that the material con-
sists of crystallites, where each crystallite is a solid solution, but
where the stoichiometry of the crystallites varies slightly.

Fig. 8 shows the voltage profile for the first three cycles of gal-
vanostatic cycling of Ti2/3Sn1/3O2 against Li metal. A rate of C/20 was

used, i.e. insertion/removal of 2 Li ions per formula unit Ti2/3Sn1/3O2
within 20 h. The 2 Li ions per formula unit refer to the practical
reversible capacity that was obtained at a very small current rate

Table 3
Mössbauer parameters of Ti2/3Sn1/3O2 and SnO2. All values are given in mm s−1.

Isomer shift Quadrupole splitting Line width

SnO2 −0.0233 ± 0.0003 0.527 ± 0.001 1.053 ± 0.002
Ti2/3Sn1/3O2 0.012 ± 0.002 0.553 ± 0.006 0.968 ± 0.009
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Fig. 9. Cyclic voltammogram of Ti Sn O vs. Li|Li+ during first cycle (solid line)

Faster cycling with rates up to 20C lead to a drastic decrease
of the specific capacities (Fig. 13). But when returning to slower
Fig. 7. 119Sn MAS  NMR  spectra of Ti2/3Sn1/3O2 and SnO2.

f 5.8 mA  g−1. The shape of the voltage profile is very similar to that
f pure SnO2 [5].  More than 3.5 Li ions can be inserted per formula
nit during the first discharge. The irreversible capacity in the first
ycle is 440 mAh  g−1. During the following cycles almost 2 Li ions
an be inserted/removed with high reversibility corresponding to

 specific capacity of about 500 mAh  g−1.
In order to get more insight into the reaction mechanism that

ccurs during Li insertion, we acquired cyclic voltammograms and
erformed XRD measurements on electrodes after galvanostatic

nsertion/removal of different amounts of Li. The shape of the CV
urve (Fig. 9.) is very similar to that of pure SnO2 [6] and the main
lectrochemical activity occurs in the region between 0 V and 1 V.
nly minor contributions are visible in the range from 1.5 V to 1.8 V,
here Ti3+/4+ is active. The XRD patterns obtained on samples after
ischarging to 1.15 V, 0.75 V, and 0.02 V (Fig. 10)  reveal that the
utile/cassiterite structure disappears successively, and new peaks
n the region between 20◦ and 25◦ 2� appear. The peaks at 22.1◦,
2.4◦, and 22.8◦ can be assigned to Li22Sn5/Li5Sn2, Li13Sn5, and

i7Sn2, respectively. After recharging, these peaks disappear and
nly very broad contributions are visible in the pattern, hinting at a
ighly disordered structure. A broad peak around 45◦ 2� might rep-
esent very small Sn metal particles. Metallic Ti cannot be detected

ig. 8. The voltage as a function of Li content x (lower abscissa) and the corre-
ponding specific capacity (upper abscissa) of LixTi2/3Sn1/3O2 for the first three
alvanostatic cycles at a rate of C/20.
2/3 1/3 2

and  second cycle (dashed line) at a sweep rate of 0.05 mV s−1.

in either of the patterns. If we assume that only Sn is active and
that every Sn atom is able to accommodate 4.4 Li ions (resulting in
a final alloy composition Li22Sn5), one formula unit of Ti2/3Sn1/3O2
should be able to convert 1.46 Li ions which would correspond to a
specific discharge capacity of 378 mAh  g−1. This value is very close
to the experimental value obtained in the first cycles (cf. Fig. 8).

The specific charge and discharge capacities for the first 100
cycles are shown in Fig. 11.  They show a slight decrease with about
300 mAh  g−1 in the 100th cycle. The coulombic efficiency, i.e. the
ratio of the charge capacity to the discharge capacity of each cycle,
is shown in Fig. 12.  Values close to 1 are obtained again reflecting
the very high reversibility of the underlying reactions. The capac-
ity losses occur mainly during discharging, i.e. during reduction of
Ti2/3Sn1/3O2 (see also Fig. 8).
Fig. 10. XRD patterns of pristine Ti2/3Sn1/3O2, after discharging to different voltages,
and after one complete cycle.
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Fig. 11. The specific charge and discharge capacities for Ti2/3Sn1/3O2 cycled against
Li  metal with C/20.
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ig. 12. The coulombic efficiency for Ti2/3Sn1/3O2 cycled against Li metal with C/20.

ycling (C/20) the initial values with specific capacities of more than
00 mAh  g−1 are obtained again.

In summary, our results show that Ti2/3Sn1/3O2 shows good per-

ormance in terms of specific discharge capacity, cyclic stability, and
ow redox potential. The synthesis method offers the advantages of
ow cost and facile up-scaling.

ig. 13. The specific charge and discharge capacities for Ti2/3Sn1/3O2 cycled against
i  metal with different C rates.
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4. Conclusion

We  prepared nanocrystalline Ti2/3Sn1/3O2 with a narrow crys-
tallite size distribution around 5 nm.  The synthesis method is
inexpensive and offers the possibility of facile up-scaling. The exis-
tence of a solid solution was  verified by XRD, STEM in combination
with EDX, and NMR  spectroscopy. Li could be inserted reversibly at
a rate of C/20 with specific capacities of more than 300 mAh  g−1 for
100 cycles. The shape of the voltage profile, cyclic voltammograms,
and XRD measurements after complete Li insertion reveal that the
electrochemical mechanism is similar to that of pure SnO2.
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