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Li4Ti5O12 (LTO) is known as one of the most robust and long-
lasting anode materials in lithium-ion batteries. As yet, the Li-
ion transport properties of LTO are, however, not completely
understood. Here, we used broadband impedance spectroscopy
spanning a wide temperature range to investigate the full
electrical response of LTO over a wide frequency range. It
turned out that the isotherms recorded entail information
about two relaxation processes. While at high temperatures the
isotherms show a frequency independent plateau that corre-
sponds to poor long-range ion transport (<10� 11 Scm� 1 (298 K),
0.79 eV), they reveal a second region, seen at lower temper-

atures and higher frequencies, which we attribute to short-
range ion dynamics (10� 8 Scm� 1) with a significantly reduced
activation energy of ca. 0.51 eV. At even lower temperatures,
the isotherms are fully governed by nearly constant loss
behavior, which has frequently been explained by cage-like
dynamics. The present results agree with those earlier pre-
sented by 7Li NMR spin-lattice relaxation measurements being
sensitive to dynamic processes taking place on quite different
length scales. Our findings unveil complex Li+ ion dynamics in
LTO and help understand its superior electrochemical proper-
ties.

Introduction

Studying the principles that govern the irregular movements of
small cations such as H+ and Li+ in solids belongs to the
traditional research themes in solid-state physical chemistry.
Analyzing the diffusion properties of materials providing various
structural motifs will help us to develop materials with tailored
diffusion properties.

Even until now, we do only partly understand the relevant
diffusion mechanisms[1] in site-disordered materials usually
providing a range of energetically possible diffusion pathways.[2]

Such an understanding, also including the important role of
structural disorder and defects,[3] is, however, urgently needed if
we want to develop active materials for, e.g., energy storage

systems[4] that rely on both sufficiently high ionic[5] and
electronic conduction.[6]

Here, Li4Ti5O12 (LTO, space group Fd-3 m) served as a model
system,[3c,7] inspired by applications as anode material,[8] to
investigate long-range as well as short-range Li+ ion dynamics
within a spinel-type structure.[9] Long-range ion transport and
short-range Li+ translational motions are expected to manifest
themselves in characteristic features of the corresponding
broadband conductivity isotherms,[3b,10] which we recorded over
a wide temperature (and frequency) range.

In LTO the Li ions occupy the two inequivalent sites viz the
sites 8a and 16d, see Figure 1. Stoichiometric LTO is a rather
poor ionic (and electronic, <10� 13 Scm� 1)[7b,11] conductor at
room temperature[9b] which shows an overall (direct current,
DC) conductivity of <10� 11 Scm� 1 at 298 K. This value corre-
sponds to the prominent DC plateau which determines the
conductivity isotherms at elevated temperatures.[9b] The present
study is aimed at answering the question whether other
processes do also contribute to the full electric response.[12] In
fact, depending on frequency and temperature, another electric
process comes into play that might be attributed to the faster
8a–16c exchange process.[9a,13] Such (local) translational dynam-
ics are indeed supposed to govern 3D Li+ ion dynamics in Li4+

xTi5O12 with x>0, which is formed during the charging process
in Li-ion full cells.[9a,13–14]

Results and Discussion

Figure 2 shows the broadband dielectric response that is
obtained if a dense pellet of polycrystalline LTO is subjected to
an alternating voltage of 100 mVrms. While in Figure 2a the real
part of the conductivity σ’ is plotted at fixed frequency for
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various temperatures T, Figure 2b shows the corresponding
conductivity isotherms σ’(ν).

The isotherms shown in Figure 2b reveal that the total
conductivity passes through two distinct, frequency-independ-
ent plateau regions; this feature is especially seen if we consider

the isotherm recorded at T=90 °C. At even higher T, polar-
ization effects appear due to fast Li ion transport and piling up
of the charge carriers in front of the ion-blocking electrodes
used to measure the spectra, see the arrow pointing to this
region seen at 210 °C. At low frequencies the DC plateau is seen
that corresponds to long-range, through-going ionic transport.
At room temperature σDC amounts to values in the order of
10� 11 Scm� 1 (Figure 2b) clearly showing the poor transport
characteristics of LTO. This response is associated with
capacitance values in the pF regime,[15] hence it indeed refers to
a bulk process and does not mirror the effect of ion-blocking
grain boundaries. The latter might block long-range ion trans-
port, as has been shown for many oxide-type materials or
silicates.[16]

When going to higher frequencies a second plateau is
passed through. Its DC conductivity is higher by ca. 3 orders of
magnitude. Again, the associated capacitance C is in the order
of some pF reflecting another bulk response, which, most likely,
proceeds on a shorter length scale. The corresponding electric
modulus spectra are shown in the insets of Figure 2a and 2b. As
the amplitude of M’’(ν) is proportional to 1/C,[15] the difference
in capacitance of the two electric relaxation processes turned
out to be rather small; the amplitudes differ from each other
only by a factor of 2.6. The distance of the two modulus peaks
on the frequency scale seen in the insets of Figure 2 agree with
the ratio of the conductivities of the two plateau regions.

If we cool the pellets further down, we see that at � 100 °C
the isotherms do follow an almost linear behavior, σ’(ν) ∝ νp

(p=1), that is fully developed at T= � 160 °C. The linear

Figure 1. Crystal structure of Li4Ti5O12 (Fd-3 m). The tetrahedral
voids 8a are fully occupied by Li+ ions; the sites 16d are randomly
occupied by both Li+ (1/3) and Ti4+ (5/3). Two tetrahedral 8a sites
are directly connected by an empty octahedral void (16c) by
sharing common faces, not shown.

Figure 2. (a) Change of the real part, σ’, of the complex conductivity as a function of temperature T for fixed frequency; curves were
recorded under N2 atmosphere (drying at 100 °C (30 min), cooling down to � 130 °C then heating up to 210 °C). Dashed lines are to guide
the eye. The inset, a logarithmic plot, displays the modulus curves M’’(ν) selected for three temperatures: 50 °C, 70 °C and 90 °C. (b) σ’(ν)
isotherms recorded over a frequency range of 7 orders of magnitude revealing NCL behaviour at low T and two distinct DC plateaus, which
are best seen for the curves at 90 °C. The straight line shows the linear dependence of σ’ on frequency. The inset shows M’’ vs ν using a
logarithmic plot. The two amplitudes of the electric modulus do only differ by a factor of 2.6 and, thus, point to two bulk processes sensed.
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dependence of σ’ on frequency is known as the so-called nearly
constant loss (NCL)[17] behavior as it corresponds to an almost
constant imaginary part, ɛ’’, of the complex (relative) permittiv-
ity. Indeed, in Figure 3a, which shows the change of ɛ’’ as a
function of frequency but for different temperatures, ɛ’’(ν)
recorded at � 160 °C turned out to be almost independent of
temperature; this temperature independence is also seen for σ’
if we regard the low temperatures and high frequencies, see
Figure 2b. NCL behavior is frequently associated with cage-like
ion dynamics that is, for example, present in the famous silver-
ion conductor RbAg4I5 with its pocket-like cages[17d] that leave
behind the typical NCL response for strictly localized ion
dynamics, which does not contribute to long-range ion trans-
port. This feature belongs to one of the universal responses in
conductivity spectroscopy.[17c,f] It is usually seen in glassy
materials,[17b,e,18] but is also present in some crystalline
materials.[17d,19] LTO is another crystalline model system that
shows this feature. A Li ion conductor where NCL behavior was
observed both in the glassy and crystalline form with the same
chemical compositions is LiAlSi2O6.

[20]

Analyzing the temperature dependence of the DC con-
ductivities associated with the two plateau regions seen in
Figure 2b, we obtain Arrhenius behavior; the Arrhenius diagram
is constructed by plotting σDCT as a function of the inverse
temperature, 1000/T, see Figure 3b. The first plateau seen at
low frequencies yields an activation energy of 0.79 eV. This
value excellently agrees with that[9b] which was deduced from
7Li spin-alignment echo (SAE) NMR being a method that is
sensitive to slow, long-range ion dynamics.[21] Similar to σDC, SAE
samples successful ion displacements in the bulk that are
characterized by a change of the electric quadrupole frequency.
SAE NMR is able to directly record a single particle (or single
spin) motional correlation function.[21–22] Most likely, SAE NMR
and σDC probe slow ion exchange processes involving all of the
Li ions in LTO including the less mobile ones residing on the

16d sites.[9b] Recently, their low mobility was revealed by 2D
exchange NMR spectroscopy.[13]

The second plateau reveals an activation of only 0.51 eV
and points to a more locally restricted diffusion process, see
Figure 3b. Indications of such a process are also given by earlier
7Li NMR spin-lattice relaxation measurements pointing to
activation energies in the order of 0.25 eV.[9b] We think that this
process seen here reflects localized (forward-backward) 8a–16c
jumps between the neighboring tetrahedra and octahedra that
share common faces. This diffusion process is essential for Li4+

xTi5O12 with x>0, as for such compositions the 16c sites get
filled with Li+ ions.[23] Simultaneously, to reduce the ion-ion
Coulomb interactions, Li ions escape from the originally fully
occupied 8a sites and occupy the 16c sites.[9a,13] However, the
simultaneous occupation[23] of the neighboring sites 16c and 8a
results in a frustrated geometry for the Li+ ions that is the
origin for rapid Li+ exchange in Li-inserted Li4+xTi5O12,

[9a] as also
suggested by Wagemaker et al.,[9h] Pang et al.[24] and Zhang
et al.[9c] Other studies considered the involvement of 32e split
sites[25] as well as occupational disorder, that is, the participation
of anti-site defects assisting in Li ion diffusion.[12] In contrast to
Ren et al. we do only observe two relaxation processes in our
LTO sample.[25c] Pang et al. [24] pointed out that the 32e sites[25a]

may act as a bridge connecting the 8a and 16c sites linearly.
Our interpretation that the two DC plateau regions, as well

as the two modulus peaks, have to be ascribed to two bulk
processes, is further corroborated by measurements of the real
part of the electric permittivity shown in Figure 3c. Values in
the low frequency regions clearly indicate bulk dielectric
processes. Hence, LTO is one of the very rare materials where
two dynamic processes can be differentiated by conductivity
spectroscopy. An early other example was β-LiAlSiO4 (β-
eucryptite).[26] Most likely, the behaviour of LTO is caused by the
16d ions having only access to slow diffusion pathways,
whereas the 8a ions can locally jump between the filled 8a sites
and the empty 16c sites.

Figure 3. (a) Permittivity isotherms that reveal NCL behaviour at the lowest temperatures, which shows an almost frequency independent
imaginary part, ɛ’’, of the complex permittivity. (b) Arrhenius plot of the DC conductivities (plotted as σDCT vs 1/T) extracted from the
frequency independent plateau regions of the conductivity isotherms shown in Figure 2b. Values indicate activation energies. (c) Change of
the real part of the dielectric permittivity as a function of frequency. The two responses point to ɛ’ values of 70 and 220. See text for further
explanation.
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The present findings do also shed light on the complex
results obtained by Fehr et al. who studied Li4Ti5O12 under
different conditions[7a] thereby revealing changes of the overall
conductivity with atmosphere and during several heating and
cooling runs. We anticipate that the defect chemistry depend-
ing on the oxygen partial pressure will affect the results. Future
studies shall, however, consider the fact that, below 500 K, two
dielectric processes are at play in stoichiometric LTO, which,
most likely, reflect two distinct dynamic Li+ processes with
activation energies of approximately 0.8 eV and 0.5 eV, respec-
tively.

Conclusions

Li4+xTi5O12 is known as a powerful anode material that offers
fast Li+ diffusion and efficient electron transport if additional Li
(Li+ and e� ) is chemically or electrochemically inserted. The
compound with x=0 is, however, a rather poor ionic conductor
governed by a relatively high activation energy of ca. 0.8 eV.
Here, besides the main DC plateau dominating the conductivity
spectra at elevated temperatures, broadband conductivity
spectroscopy reveals a second electrical response that points to
enhanced bulk diffusivity that is characterized by an activation
energy of only approximately 0.5 eV. The same response is also
seen in electric modulus spectroscopy and permittivity studies.
It is ascribed to short-range (forward-backward) Li+ translational
dynamics that do not contribute to long-range ion dynamics.
Most likely, this process becomes the dominant one upon
lithiation of LTO. In the low temperature region, LTO reveals the
classical NCL-type behavior pointing to dynamic processes
being spatially restricted even more than those thermally
activated by 0.5 eV.

Experimental Section
LTO was purchased from SüdChemie. The same sample was used in
earlier NMR studies to investigate Li+ ion diffusivity. For the
impedance measurements the as-received polycrystalline powder
samples were pressed to cylindrical pellets with a diameter of
8 mm and a thickness of 0.5 mm. Gold electrodes, blocking any Li+

ion transport, were sputtered on both sides (Leica, EM SCD050) to
ensure electrical contact.

Alternating current (AC) impedance data (0.1 Hz up to 107 Hz) were
recorded with a Novocontrol Concept 80 spectrometer in combina-
tion with an active BDS 1200 cell and a ZGS interface (Novocontrol).
A QUATRO cryo-system was employed to precisely control and
monitor the temperature via Pt100 thermocouples. Here, we varied
the temperature T from � 160 °C to 210 °C. Data were analyzed with
the software IGOR Pro developed by WaveMetrics. The crystal
structure was drawn with the help of the VESTA software
package.[27]
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