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Perovskite-type lithium lanthanum titanates (LLTO) display a high bulk ionic conductivity and are con-
sidered a promising electrolyte for building up to advanced solid-state Li-ion batteries. The LLTO crystals
contain a high concentration of intrinsically formed 90�-rotated domain boundaries (DBs) serving as bar-
riers to bulk Li-ion conduction. However, the mechanism of how the DB concentration and DB resistance
can compete with each other to determine the bulk conductivity of LLTO is still unknown. Here we report
a comprehensive study of LLTO compounds, aimed to unravel the mechanism and hence explore new
path(s) for further improving the conductivity of this material. Our results show that both the sintering
temperature and chemical composition can affect significantly the domain structures in LLTO. It is found
that a decrease in the DB concentration is always accompanied by increased DB resistance due to the
increased lattice mismatch at DBs, and vice versa. By unifying the electrochemical impedance spec-
troscopy and transmission electron microscopy analysis, it is clearly shown that the high DB resistance,
instead of DB concentration, acts as the dominant factor governing the bulk conductivity of LLTO. The
results thus renew the conventional understanding of the bulk Li-ion conduction in LLTO and shed light
on developing novel LLTO electrolyte materials with improved ionic conductivity.
� 2022 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published

by ELSEVIER B.V. and Science Press. All rights reserved.
Solid state electrolytes (SSEs) have been intensively studied as
potential candidates for replacing highly flammable organic liquid
electrolytes in commercial lithium-ion batteries [1–5]. Most of the
SSEs, including oxide, sulfide and polymer material systems, are
usually subjected to low ionic conductivity, which has been an
obstacle to the practical application of the materials [6–8]. The
polymer electrolytes, such as the most studied PEO and PVDF-
based systems, usually exhibit a low conductivity at room temper-
ature (generally less than 10�5 S cm�1) [9–11]. Several sulfide elec-
trolytes, such as Li7P3S11 and Li10GeP2S12-based electrolytes exhibit
a high lithium ionic conductivity up to (1.2–2.5) � 10�2 S cm�1 at
room temperature, which is comparable with that of organic liquid
electrolytes [12–14]. Unfortunately, the sulfides usually have a rel-
atively narrow electrochemical widow and are highly reactive to
moisture at room temperature, leading to the release of poisonous
hydrogen sulfide gas and hence difficult to produce on a large scale
[15,16]. In contrast, many oxide electrolytes have been outstanding
for their excellent thermal, and electrochemical stability as well as
high ionic conductivity, and hence have attracted considerable
attention [17–23].

So far as known, perovskite-type lithium lanthanum titanates,
La2/3�xLi3xTiO3 (LLTO, 0 < 3x < 0.5) exhibit the highest bulk ionic
conductivity, i.e. up to the level of 1.0 � 10�3 S cm�1 at room tem-
perature [24,25], as compared with the other oxide solid elec-
trolytes. In particular, recent studies found the bulk conductivity
of LLTO exceeds even the value of 2 � 10�3 S cm�1 by optimizing
the materials design and sintering conditions [26,27]. More inter-
estingly, electrochemical impedance spectroscopy (EIS) measure-
ment indicates high energy barrier of Ea = 0.30–0.40 eV for bulk
Li-ion mobility in LLTO [24,28,29], while first-principles calculation
suggests a low energy barrier of Ea = 0.24–0.31 eV based on
averaged crystal structure models for various LLTO compositions
[30,31]. Such a discrepancy has been a mystery for understanding
the Li-ion mobility in LLTO for quite a long time.
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Fig. 1. Powder X-ray diffraction patterns of LLTO ceramic samples sintered at (a)
1250, (b) 1300 and (c) 1350 �C, respectively. The enlarged characteristic diffraction
peaks in the 2h range of 46–47.5� are shown as insets. (*: TiO2, ◦: La2Ti2O7.)
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Recently, Gao and coworkers reported the origin of such an
experiment–theory discrepancy as a result of the formation of
mainly considerable 90�-rotation domain boundaries (DBs) in LLTO
crystals [32,33]. Based on advanced scanning transmission electron
microscopy (STEM), they reported for the first time that the atom
structure of various DBs and these DBs are uniformly subjected
to interfacial La segregation and significant lattice strain, which
would result in much higher interfacial resistance for inter-
domain Li-ion migration than that of the inner-domain Li-ion
migration. First principles calculation further suggests that in case
of the absence of DBs, the bulk conductivity of LLTO ceramics could
increase up to three orders of magnitude based on Arrhenius for-
mula, i.e. reaching a new record break-through level of 1 S cm�1

for solid-state lithium ionics. However, it would be rather chal-
lenging to eliminate the domains and DBs, which are intrinsically
formed in LLTO as a result of degraded phase transition during
the cooling process from high sintering temperature [34]. In partic-
ular, it is still unknown how the DB concentration and DB resis-
tance compete with each other to affect the Li-ion conductivity
in LLTO. Furthermore, it was pointed out that both the Li content
and synthesis condition can have a significant influence on not
only the DB concentration (domain size) and DB resistance
[32,35], but also the conductivity of LLTO [36]. To shed light on
material design and synthesis, it is highly necessary to explore
the dominant factor(s) and their mechanism(s) governing the bulk
ionic conductivity of LLTO electrolytes.

In this work, we report a systematic study on the ionic conduc-
tivity and domain structure in LLTO crystals fabricated using varied
compositions and sintering temperatures. The results reveal for the
first time the complex correlations between the synthesis–micro
structure–property in LLTO, as well as the critical factor dominat-
ing the conductivity of LLTO crystals. The results would pave the
way for developing novel solid-state electrolytes with improved
performance for large-scale applications in solid-state lithium-
ion batteries.

Nine ceramic LLTO samples with three nominal Li content
(LLTO1 for 3x = 0.16, LLTO2 for 3x = 0.33, LLTO3 for 3x = 0.40),
are fabricated via solid-state reaction method using three different
sintering temperatures (1250, 1300 and 1350 �C), as shown in
Table S1.

To determine the crystallinity of LLTO ceramic samples, XRD
measurement was performed. As shown in Fig. 1(a–c), the main
phase was determined as crystalline LLTO, while very weak peaks
indicated a very small amount of secondary phase (rutile TiO2 or/
and La2Ti2O7) were also discerned in some LLTO samples. It has
been reported that these secondary phases are actually ionic insu-
lators, which act as the barriers to intergranular Li-ion conduction
[37], i.e., adding up the grain boundary resistance. As indicated by
the splitting of characteristic peaks at around 2h = 47�, it is clear
that the Li-poor samples of LLTO1-1250/1300/1350, and Li-rich
samples sintered at relatively high temperatures of LLTO2-
1300/1350 and LLTO3-1350, show the splitting of the characteris-
tic peaks into (0 0 4)/(2 0 0)/(0 2 0) peaks. While the remains of
LLTO2-1250 and LLTO3-1250/1300 display a splitting of the char-
acteristic peaks into (2 0 0)/(0 0 4) peaks. It can be concluded that
the Li-poor samples of LLTO1-1250/1300/1350, and Li-rich samples
sintered at relatively high temperatures of LLTO2-1300/1350 and
LLTO3-1350 exhibit uniformly an orthorhombic crystal symmetry
(S.G. Pmmm). While the LLTO2-1250 and LLTO3-1250/1300 exhibit
the tetragonal crystal symmetry (S.G. P4/mmm). The splitting of
the characteristic peaks in the inset clearly monitors the evolution
of crystal structure symmetry with the varied lithium content and
sintering temperature. The diffraction peaks at around 2h = 11.5�
for the superstructure correspond to the ordering of cations or
vacancies on A-sites. It is obvious that the superstructure peaks
gradually become weaker and broader with increasing (decreas-
355
ing) nominal Li content (sintering temperature). Such a change
can be ascribed to the variation of Li content and sintering temper-
ature, which result in the ordering degree of lattice structure and
hence the crystal symmetry evolution from orthorhombic to



Fig. 2. SEM images showing the surface morphology of LLTO ceramic samples. (a)
LLTO1-1350, (b) LLTO2-1350, (c) LLTO3-1350, (d) LLTO1-1300, (e) LLTO2-1300, (f)
LLTO3-1300, (g) LLTO1-1250, (h) LLTO2-1250, (i) LLTO3-1250.
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tetragonal. These results indicate that either the Li content or the
sintering temperature can be utilized to tune the crystal symmetry
of LLTO, which is consistent with previous results [25,36]. To
understand the structural details of LLTO ceramics, Rietveld refine-
ments were carried out (see Fig. S1 and Table S2 in supporting
materials).

As shown in Fig. 2, the SEM observations show clearly that the
grain size of LLTO ceramic samples increases with the increasing of
lithium content (sintering temperature) at a given sintering tem-
Fig. 3. Two-beam dark-field TEM images showing the typical domain structures in
LLTO ceramic samples. (a) LLTO1-1350, (b) LLTO2-1350, (c) LLTO3-1350, (d) LLTO1-
1300, (e) LLTO2-1300, (f) LLTO3-1300, (g) LLTO1-1250, (h) LLTO2-1250, (i) LLTO3-
1250. The red and blue squares indicate the formation of mainly elongated domains
with straight DBs in orthorhombic LLTO crystals (a–d, g) and the formation of
smaller mosaic-like domains with curved DBs in tetragonal LLTO crystals (f, h, i),
respectively. The LLTO2-1300 exhibits a mixture of the two types of domains. The
scale bars in all the figures are 100 nm.
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perature (lithium content). The sample density values are shown
in Table S3. The relative densities of LLTO samples are all >92%,
which are consistent with the SEM observations.

Two-beam dark-field TEM imaging enables direct observation
of domain structures in LLTO crystals. Fig. 3 shows the two-beam
dark-field TEM images of typical domain structures in LLTO sam-
ples. Interestingly, two categories of projected domain patterns
are found, depending on the crystal symmetry of LLTO compounds.
The orthorhombic LLTO samples (LLTO1-1250/1300/1350, LLTO2-
1350, LLTO3-1350) exhibit mainly elongated domains with
straight DBs, while the tetragonal LLTO samples (LLTO2-1250,
LLTO3-1250, LLTO3-1300) exhibit uniformly much smaller
mosaic-like domains with curved DBs, respectively. It is worth not-
ing that, the LLTO2-1300 sample with a medium Li content and
sintering temperature shows a mixture of both types of domains.
On the other hand, it is clear that the domain size (DB concentra-
tion) decreases (increases) with increasing nominal lithium con-
tent at a given sintering temperature. Meanwhile, for a given
nominal Li content, the DB concentration decreases with increasing
sintering temperature. The domain size in relation to experimental
Li content of various LLTO samples is roughly estimated from the
TEM observation, as shown in Fig. S2.

Fig. S3 shows the experimentally measured Li content is more
or less small as compared to its nominal value for LLTO samples.
It is well known that such a decrease in lithium content should
be caused by lithium loss at high temperatures. In general, a larger
ratio of lithium loss is observed to occur in samples having either a
higher Li content (at a given sintering temperature) or in samples
sintered at higher temperatures (with a given lithium content).
While it is rather surprising that the lithium loss can reach up to
39% in LLTO3-1350, which has not been reported so far for this
material. Note the detailed measured compositions of LLTO sam-
ples are listed in Table S4. The knowledge of real Li content with
respect to the designed nominal composition would undoubtedly
shed light on a better understanding of the structure-microstruc
ture-property relationship as well as the improved material design
of LLTO.

The ionic conductivities of LLTO samples were investigated via
electrochemical impedance spectroscopy (EIS) measurement.
Fig. 4(a–c) shows Nyquist plots for LLTO samples measured at
room temperature, where two well-separated semicircles are
observed with a spike. The high-frequency semicircle results from
the bulk, and the lower-frequency semicircle corresponds to grain
boundary contribution [26]. The impedance data were fitted with
the equivalent circuit (see the inset in Fig. 4a–c), where R is the
resistance, CPE is the constant phase element and the indices ‘‘1”,
‘‘2” and ‘‘3” refer to bulk, grain boundary, and blocking electrode,
respectively. All the impedance data were well fitted with such
an equivalent circuit by using Zview software, and the bulk con-
ductivity (rb), grain boundary conductivity, (rgb) and total conduc-
tivity (rtotal) of LLTO samples can be determined according to r = L/
(R � A) (A meaning the area of Pt electrode and L on behalf of the
thickness of the ceramic sample) (see Table S5).

Fig. 4(d–f) and Fig. 4(g–i) show typical Arrhenius plots of ionic
conductivity in the bulk and at the grain boundary, respectively, for
LLTO samples. The conductivity (log r) shows a linear relationship
with the reciprocal of temperature from 0 to 50 �C (see Fig. S4).
According to the Arrhenius equation, the activation energy was
determined. The activation energies in the bulk of LLTO samples
are determined to be in the range of 0.309–0.337 eV, while the
activation energies at the grain boundary lie in the range of
0.372–0.401 eV (see Table S5). The grain boundary shows higher
activation energy than the bulk, which is in agreement with the
previous studies [24,26,27].



Fig. 4. Electrochemical impedance measurement of LLTO ceramic samples. (a–c) Room-temperature electrochemical impedance spectroscopy (EIS) of LLTO ceramic samples.
The corresponding equivalent circuit and the high-frequency semicircle are shown as insets. (d–f) and (g–i) The Arrhenius plots of LLTO ceramic samples in the bulk and at the
grain boundary, respectively, where we obtained EIS in the temperature range of 0–50 �C.

Fig. 5. EIS measured bulk conductivity (rb) in relation to the Li content of LLTO
ceramic samples. The horizontal dotted line indicates that the LLTO1-1250 and
LLTO2-1350 exhibit almost the same rb value. The vertical dashed line separates
the LLTO ceramic samples having either an orthorhombic (khaki region) or a
tetragonal (cyan region) crystal symmetry.
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Fig. 5 shows the measured bulk conductivity (rb) in relation to
the experimental Li content of LLTO ceramic samples. In general, it
appears that the rb increases with increasing measured Li content
(0 < 3x � 0.305) for a given sintering temperature. It is also shown
the tetragonal LLTO samples have a Li-rich composition (LLTO2-
1250, LLTO3-1250, LLTO3-1300, 0.277 � 3x � 0.305) and show uni-
formly higher rb values as compared to that the orthorhombic
LLTO samples which have smaller Li content (LLTO1-
1250/1300/1350, LLTO2-1300/1350, LLTO3-1350,
357
0.121 � 3x � 0.261). Based on the results, it seems reasonable to
infer that the Li content determines largely the crystal symmetry
and hence the bulk ionic conductivity of LLTO, as previously
reported [25,36,38,39]. However, such a scenario may not be the
true mechanism governing the bulk conductivity of LLTO. For
example, it also occurs that the LLTO2-1350 and LLTO1-1250 have
almost the same rb, nevertheless, the former has a much higher Li
content (3x = 0.219) than that of the latter (3x = 0.167). In partic-
ular, there is a large discrepancy of activation energy (Ea) between
the experimental data (Ea = 0.30–0.40 eV) from EIS measurement
and first-principles calculation results (Ea = 0.24–0.31 eV) based
on averaged crystal structure models for bulk Li-ion mobility in
LLTO. Note that the Ea in the bulk for LLTO samples of the present
study lies in the range of 0.309–0.337 eV, which is consistent with
previous results.

Indeed, our previous TEM/STEM study has shown that the direct
experimental evidence of the high DB resistance originates from
the La segregation and large lattice strain at DBs. The elongated
domains in Li-poor orthorhombic LLTO are subjected to severe La
segregation and lattice strain at DBs, which impedes significantly
Li-ion conduction in the grain interior [32]. While the curved DBs
of much smaller mosaic-like domains (high DB concentration) in
Li-rich tetragonal LLTO exhibit clearly decreased degree of La seg-
regation and lattice strain at DBs, contributing to decreased DB
resistance to Li-ion migration [32]. Based on first principles calcu-
lation results and Arrhenius formula, it is illustrated that the large
DB resistance should account for the previously reported large dis-
crepancy of Ea between experimental and theoretical results for
the bulk ionic conductivity of LLTO, and it is further proposed that
the bulk conductivity of LLTO ceramics could increase up to 1000
times higher if the DBs could be removed, i.e. reaching a new
record break-through level of 1 S cm�1 for solid-state lithium ion-
ics [33]. Based on these results, it is obvious that a lower resistance
of the DB structure and a lower DB concentration would be a ben-
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efit for achieving a higher bulk conductivity of LLTO. However,
based on our observations, the DB structure with a low resistance
shows always a high DB concentration, and vice versa. Therefore, it
is critical to know how the DB structure and the DB concentration
compete with each other to determine the bulk ionic conductivity
and thus optimize the property performance of LLTO.

Based on a systematic study, the present work further reveals
that both the sintering temperature and composition can be uti-
lized to mediate effectively the domain structure and bulk conduc-
tivity of LLTO. By comparing the direct TEM observation of domain
structures, it is clearly shown that the tetragonal LLTO samples
having a high concentration of curved DBs exhibit uniformly much
larger rb, as compared to the orthorhombic LLTO samples having a
much lower concentration of straight DBs. In particular, the LLTO3-
1250 with the highest concentration of curved DBs showed the lar-
gest rb value (rb = 1.2 � 10�3 S cm�1), while the LLTO1-1350 with
the lowest concentration of straight DBs showed the smallest rb

value (rb = 1.8 � 10�4 S cm�1) among all samples. Note that both
orthorhombic and tetragonal symmetry does not play a critical fac-
tor in the bulk conductivity because of the similar temperature
dependence of the bulk conductivity, and slight variation activa-
tion energies determined for Li-ion mobility among all LLTO sam-
ples [40]. The results indicate that the DB resistance plays a much
more dominant role over the DB concentration in determining the
bulk conductivity of LLTO. In addition, it is found that the mecha-
nism is also applicable between LLTO samples having the same
crystal symmetry of either tetragonal or orthorhombic. The reason
for the observed results can be well interpreted based on varied DB
resistance in these samples.

It has been reported that either the straight or curved DBs in
LLTO is composed mainly of the 90�-rotated DBs (90� DBs), and
the high DB resistance originates from the La segregation and large
lattice strain caused by lattice mismatch at DBs [32]. In this regard,
a larger lattice mismatch would result in a higher DB resistance.
There are two types of interface relations at 90� DBs, namely the
(010)p/(001)p and (100)p/(001)p, respectively, where ‘‘p” refers to
the pseudo-cubic perovskite structure of LLTO. Based on an elastic
force model, the lattice mismatch (f) for the two types of interface
relationships can be estimated from the lattice parameters
obtained by XRD, and the results are shown in Table S6. It is found
that the varied f values match well with the change of bulk conduc-
tivity of LLTO samples as shown above. Therefore, it can be con-
cluded that, an increase in the lattice mismatch at DBs would
result in increased DB resistance and hence decreased bulk ionic
conductivity of LLTO. It is promising that further development to
optimize the conductivity of this electrolyte material can resort
to minimizing the lattice mismatch at DBs, while suppressing the
DB concentration as much as possible.

In summary, this work presents a systematic study of the crys-
tal structure, domain structure and ionic conductivity of LLTO com-
pounds. It is found that both the sintering temperature and Li
content can affect significantly the domain and domain boundary
structure as well as bulk ionic conductivity in LLTO. While the real
Li content in LLTO could be much smaller than its designed compo-
sition as a result of Li loss at high sintering temperatures. Based on
an in-depth analysis of the complex structure–microstructure–pr
operty relations, our results further verify that the DB structure,
which has a high resistance to Li-ion migration as a result of lattice
mismatch at DBs, plays a dominant role in determining the bulk
ionic conductivity of LLTO. The results reveal for the first time
the dominant factor governing the bulk ionic conductivity of LLTO,
and shed light on novel directions and routes for further improve-
ments of property performance for this typical solid-state elec-
trolyte material.
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