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The rapidly growing demand for electric vehicles and mobile
electronics urgently requires the development of electro-
chemical energy storage systems with both high energy
density and high power.[1] Supercapacitors[2] can deliver very
high powers, but their attainable energy densities are far
lower than those of batteries.[3] Closing the gap between the
two main technologies requires the development of materials
that can incorporate or liberate a large amount of charge in
a very short time. Herein we report the synthesis of fully
crystalline interconnected porous frameworks composed of
ultrasmall lithium titanate spinel nanocrystals of a few nano-
meters in size. These frameworks feature a gravimetric
capacity of about 175 mAhg�1 at rates of 1–50C (0.17–
8.7 Ag�1) and can deliver up to 73% of their maximum
capacity at unprecedented high rates of up to 800 C or
140 Ag�1 (corresponding to only 4.5 s of charge/discharge)
without deterioration up to a thousand cycles. This titanate
morphology results in the fastest ever-reported lithium
insertion.

A key to this performance is the design of a fully
crystalline interconnected porous framework composed of
ultrasmall spinel nanocrystals of a few nanometers in size. The
assembly of nanoscale building blocks into interconnected
porous frameworks is a promising strategy to maximize the
rate performance and to enhance the power density, and is
also possible for materials not accessible by electrodeposition.
Nanoscaling greatly increases the interface leading to
enhanced charge transfer, and drastically shortens the ion/
electron diffusion pathways by decreasing the grain size of the
bulk material.[1b, 4,5] Lithium titanate Li4Ti5O12 (LTO) is widely
used as an active material in commercial lithium ion batteries
and hybrid electrochemical storage devices[6] owing to its
suitable potential, relatively high capacity, and robustness.
Although the lithium insertion rate in bulk LTO is intrinsi-
cally low, which is due to its low conductivity, recent reports
have demonstrated that it can be substantially increased by

decreasing the crystal size to the nanometer scale,[6,7] and
several approaches were developed to obtain nanoscaled
material. The reported strategies include flash annealing[6] or
solid-state reactions of nanosized titania,[7a] which however
lead to relatively large crystals of over 30 nm. Lithium
titanate with much smaller crystalline domains and enhanced
insertion rates can be obtained by solvothermal[7b] and sol–gel
reactions.[7c–f,i, 8] However, the power density and especially
the cycling stability still need to be improved. High rate
capability in combination with excellent cycling stability was
achieved for hybrid materials composed of a few nanometer-
sized crystals anchored on a conducting carbon matrix,
although at the expense of significantly decreased gravimetric
and volumetric capacities owing to a high content of the
conducting support.[9, 10] A non-supported nanosized and fully
crystalline LTO with extremely high insertion/extraction rates
and high cycling stability has not yet been reported.

To create ultrasmall building blocks for a porous spinel
framework, we have developed a solvothermal reaction in
tert-butanol in the absence of water for the LTO synthesis. We
have recently shown that tert-butanol is an excellent reaction
medium for the synthesis of ultrasmall undoped and Nb-
doped anatase titania crystals.[5c,11] In a reaction of appro-
priate molecular metal oxide precursors (see below) with tert-
butanol, the spinel nuclei are formed already at a low reaction
temperature of 170 8C. Although the materials obtained at
this temperature appear to be amorphous based on X-ray
scattering, the formation of nuclei with the spinel symmetry
can be detected by Raman spectroscopy (Figure 1a). The
formed nuclei are subsequently crystallized in a controlled
way by a thermal treatment of the dried reaction mixture at
400–500 8C. Screening of different precursor combinations
demonstrates that a similar reactivity of the precursors in the
solvothermal reaction is required for the formation of a pure
spinel phase (Supporting Information, Figure S1). The choice
of LiOtBu and Ti(OBu)4 as the metal sources and the
presence of amphiphilic Pluronic polymer (P123) in the
reaction mixture were found to be essential for the formation
of the phase-pure porous spinel framework. Moreover,
considering that the single-phase LTO is formed only when
the polymer is added, we can propose that it also influences
the crystallization process, which is possibly due to its
coordination to metal precursors, thus modulating their
reactivity.

Heating the reaction mixture in air at 400 8C leads to the
formation of a highly porous single-phase Li4Ti5O12 spinel
framework (named nano-LTO-400) with a very small size of
the crystalline domains (3–4 nm), as derived from the peak
broadening in the XRD patterns (Figure 1 b) and from

[*] J. M. Feckl, K. Fominykh, Dr. M. Dçblinger,
Dr. D. Fattakhova-Rohlfing, Prof. Dr. T. Bein
Department of Chemistry and Center for Nanoscience (CeNS)
University of Munich (LMU)
Butenandtstrasse 11 (E), 81377 Munich (Germany)
E-mail: dina.fattakhova@cup.lmu.de

bein@lmu.de
Homepage: http://bein.cup.uni-muenchen.de

[**] Financial support from the NIM cluster and LMUMentoring is
gratefully acknowledged. We thank Bastian R�hle for graphics
design.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201201463.

Angewandte
Chemie

7459Angew. Chem. Int. Ed. 2012, 51, 7459 –7463 � 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201201463


transmission electron microscopy (Figure 2c). The heating
time at this temperature does not markedly influence the
crystallinity, as we did not observe any significant differences
in the crystallinity of the material heated at 4 h and 12 h,
respectively. Heating at 500 8C for 10 min (achieved with a 2 h
ramp) leads to material, named nano-LTO-500, with slightly
larger crystalline domains between 4 nm and 7 nm in diam-
eter, but the highly porous character of the LTO framework
remains preserved (Figure 1 b and 2b,d). Electron microscopy
confirms that the materials obtained at both temperatures are
homogenous and that, despite the very small size of the
crystals, the samples appear to be fully crystalline, being
composed of spinel nanocrystals interconnected into a porous
scaffold (Figure 2, SEM and TEM). Furthermore, gas adsorp-
tion studies show that the LTO samples obtained at 400 8C
and at 500 8C feature highly porous morphologies with high
surface areas of 205 m2 g�1 and 170 m2 g�1 and a uniform pore
size of 7 nm and 8 nm (Figure 2), respectively. The latter
correspond to the pores usually formed by Pluronic P123.
Heating the as-prepared reaction mixture at 600 8C results in
the formation of larger spinel crystals (around 35–55 nm)
along with smaller crystals of (15� 5) nm in size, and in the
formation of some fraction of larger TiO2 anatase crystals
(even for annealing times as short as 10 min; Supporting
Information, Figure S2). The crystal growth at 600 8C is
accompanied by the collapse of porosity and a decrease of
surface area to 25 m2 g�1. These findings show that heating at
400–500 8C constitutes the optimum thermal treatment con-
ditions for the nanoscale spinel materials using the above
reaction procedure.

Coating of the synthesis
solutions on conducting sub-
strates followed by heating in
air at temperatures beyond
400 8C leads to the formation
of homogeneous films, the
thickness of which can be
varied from 150 to 500 nm
(for experimental details, see
the Supporting Information).
The thickest films heated at
400 8C (nano-LTO-400) show
a reversible electrochemical
Li uptake of 176 mAhg�1,
which is practically equal to
the theoretical insertion
capacity for Li4Ti5O12 spinel
(Figure 3a; the capacitive
contribution from the FTO
substrate can be practically
neglected; Supporting Infor-
mation, Figure S3). The max-
imum theoretical capacity
was achieved already at
a rate of 50C or 8.6 Ag�1

(meaning complete charging
or discharging of the total
storage capacity in 1/50 hour

or 1.2 min), and 96 % of the maximum capacity were still
achieved at the rate of 100 C or 17 Ag�1 (36 s). At the rate of
300 C, up to 82% of the maximum capacity could still be
obtained, and even at the very high rate of 400 C or 68 Ag�1

(9 s) about 72 % of the total capacity were still available
(Figure 3a). Even higher insertion/extraction rates can be
achieved for the thinner films. The film of about 150 nm in
thickness can be charged/discharged to 85% of its full
capacity at the rate of 400C and deliver up to 73% of the
theoretical capacity at the rate of 800 C or 136 Ag�1 (4.5 s)
(Figure 4). We attribute this extremely high rate of insertion/
extraction processes to the very small size of the crystalline
domains and the very large electrode–electrolyte interface.
The nanoscale morphology of the LTO spinel is also reflected
in its potential profiles during charging (Li insertion) and
discharging (Li extraction). Bulk Li4Ti5O12 spinel exhibits an
extended potential plateau owing to a well-defined two-phase
insertion mechanism.[12] In contrast, the nano-LTO-400 spinel
shows curved voltage profiles with reduced length of the
potential plateau region. This feature, which is characteristic
for different nanosized materials, is usually attributed to
a dominant role of surface-associated insertion processes in
the very small crystals.[12b, 13] The latter involve a changed
potential distribution in the near-surface area,[12b] as well as
pseudocapacitive surface storage processes, which become
very significant for large-surface-area materials. Analysis of
cyclic voltammograms of the nano-LTO-400 spinel performed
according to the procedure described by Conway et al.[14a] and
Dunn et al.[14b] reveals that the pseudocapacitive storage
contributes to about 55–60% of the total charge, which can
explain the unusually high rate performance of the nano-LTO

Figure 1. Formation of the lithium titanate LTO by solvothermal reaction in tert-butanol. a) Raman spectrum
of the as-prepared material, demonstrating formation of the spinel nuclei after solvothermal reaction (gray
bars: Raman bands of crystalline Li4Ti5O12; remaining bands marked by an asterisk are associated with the
Pluronic polymer). b) Powder XRD patterns of the LTO obtained after thermal treatment of as-prepared
material at 400 8C and 500 8C and (below) the JCPSD card 26-1198 for the Li4Ti5O12 spinel. Bottom left: the
depth of Li diffusion (red) into large (top) and small (bottom) crystals.
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electrodes (Supporting Information, Figure S4). Another
feature of the nanocrystallinity is the additional insertion
process at low potentials, which was also observed for other
nanoscale spinel materials.[12b] For the samples nano-LTO-400
and nano-LTO-500, this effect was observed for insertion
rates below 25 C (4.3 Ag�1) at potentials below 1.2 V; this
process is irreversible (Supporting Information, Figure S5).
At high insertion rates, the insertion/extraction process in the
nanosized spinel is perfectly reversible up to 1 V versus Li,
and the electrode can be charged/discharged over several
hundreds of cycles with only a minor capacity loss (the
capacity retention is 98% after 500 cycles and 89% after 1000
cycles at a rate of 100 C; Figure 3c).

The lithium insertion behavior of the LTO annealed at
500 8C is similar to that of nano-LTO-400. Owing to the
slightly increased crystal size (about 6 nm compared to about
3 nm for nano-LTO-400) the insertion/extraction rate in
nano-LTO-500 is slightly slower compared to nano-LTO-400
but still extremely fast, such that 66 % of the maximum
insertion capacity is retained at a rate of 400C (68 Ag�1) and
80% at a rate of 300 C (51 Ag�1), respectively, for about
0.5 mm thick films. The lower surface area of the nano-LTO-

500 material and the slightly larger crystal size are reflected in
the increase of the plateau region (Figure 3b). The nano-
LTO-500 spinel is also perfectly stable in multiple insertion/
extraction processes (Figure 3 c,d), the capacity retention
being 98 and 91% after 500 and 1000 cycles, respectively. We
note that the high stability of these systems, even after 1000
cycles at 100 C (17 Ag�1), is reflected in unchanged nano-
morphology (see electron micrographs in the Supporting
Information, Figure S6). The advantages of the small crystal
size for the lithium insertion rates are highlighted by
comparing the electrochemical performance of the materials
obtained after heating at 400 8C and 500 8C to that heated at
600 8C. In the latter, the presence of larger crystals in addition
to the smaller crystals as well as the anatase impurity
substantially decrease the insertion capacity already at low
insertion rates to about 70 % of the theoretical value, and
results in slower insertion kinetics (Supporting Information,
Figure S2).

To the best of our knowledge, the nano-LTO spinel
obtained by our novel tert-butanol route is by far the fastest
spinel lithium titanate morphology for lithium insertion
reported to date. It compares favorably with the porous
nanocrystalline LTO spinel obtained by sol–gel methods,[7c,8]

composed of crystals greater than 11 nm (Figure 4). Our
nano-LTO spinel also has a much higher insertion rate than
porous Li4Ti5O12 obtained by solution–combustion synthe-
sis[15] and carbon-coated nanocrystalline spinel,[7g] and
a higher available gravimetric capacity compared to hybrid
materials.[9, 10] It is also significantly faster than the nano-
crystalline TiO2 (B) morphology that can deliver about
120 mAhg�1 at the rate of 20 Ag�1 (60 C), which was recently
reported to be the fastest titania material.[16]

The novel non-aqueous synthesis in tert-butanol described
herein enables the formation of extremely small crystalline
nanoparticles of LTO whose size can be tuned by the heating
temperature. We have shown that these particles can be used
to construct crystalline lithium titanate spinel frameworks
with extremely high surface areas already at the mild
temperature of 400 8C. The combination of these features in
the LTO framework leads to drastically enhanced kinetic
behavior at high cycle stability. This way we have created
materials with combined properties typical for both batteries
(high energy density) and for supercapacitors (high power
densities). The nano-LTO spinel can be charged very quickly
to almost its full capacity, and then discharged at much slower
rates (Supporting Information, Figure S7). Such materials are
of great interest for applications in electrical vehicles or
mobile electronic devices, where very short charging times are
highly desirable and enabling for many envisioned applica-
tions. In combination with emerging fast nanostructured
cathode materials,[4,17] the ultrafast LTO anodes should have
great potential for the development of lithium ion batteries
and supercapacitors that can operate both at high energy
density and high power.

Experimental Section
For the synthesis of nanocrystalline mesoporous LTO, stoichiometric
amounts of titanium(IV) butoxide (2.04 g, 5.99 mmol), and lithium

Figure 2. Morphology and crystallinity of nanosized spinel lithium
titanate heated at 400 8C (a,c, e) and 500 8C (b,d, f): First row: SEM
top view of the films on the FTO substrate; second row: HR-TEM
images; third row: nitrogen sorption isotherms with pore size
distributions.
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tert-butoxide (0.381 g, 4.76 mmol) were
dissolved in tert-butanol (19 mL) contain-
ing Pluronic P123 (0.5 g) and benzyl alco-
hol (1 mL). The resulting solution was
placed in a Teflon-lined steel autoclave
and heated in a laboratory oven at 170 8C
for 20 h. Mesoporous films were prepared
by drop-casting 5.0 mL of the as-prepared
synthesis solution on about 1 cm2 of FTO-
coated glass substrates or, alternatively, by
spin-coating at speeds of 500 to 2000 rpm at
(23� 2) 8C and a relative humidity of (35�
10)% (see the Supporting Information for
more details). The transparent films were
heated in air at various temperatures
(nano-LTO-400: 2 h ramp to 400 8C fol-
lowed by 10 h dwell time; nano-LTO-500:
2 h ramp to 500 8C followed by 10 min
dwell time; nano-LTO-600: 1 h ramp to
600 8C followed by 10 min dwell time). The
thickness of the films can be varied from
about 150 nm to about 500 nm by changing
the rotation speed. The largest thickness of
the films prepared by both methods is
about 500 nm (corresponding to a loading
of about 0.14 mg cm�2).

Electrochemical measurements were
carried out using a Parstat 2273 potentio-
stat (Princeton Applied Research). The
measurements were performed in 1m LiN-
(SO2CF3)2 solution in a 1:1 by weight
mixture of ethylenecarbonate (EC) and
1,2-dimethoxyethane (DME). Li wires
were used as both the auxiliary and the
reference electrodes.
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