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net-type fast Li-ion conductors for
all-solid state batteries†

Semih Afyon,*a Frank Krumeichb and Jennifer L. M. Rupp*a

Ga-doped Li7La3Zr2O12 garnet structures are among the most promising electrolytes for all-solid state Li-

ion-batteries. The synthesis and processing of garnet-type fast Li-ion conductors depend on conventional

sol–gel and solid state syntheses and sintering that are usually done at temperatures above 1050 �C to reach

the high Li-ion conducting cubic phase. This process results in micron-sized particles and potential Li-loss,

which are unfavorable for further processing and electrode–electrolyte assembly. Here, we tackle this

problem and report a novel low temperature synthesis-processing route to stabilize the cubic phase of

Li7La3Zr2O12, while keeping the nanocrystallites at �200–300 nm. Li7La3Zr2O12 phases are obtained at

temperatures as low as 600 �C by a modified sol–gel combustion method utilizing mainly nitrate

precursors, and the sintering temperature is lowered by �200 �C compared to the state-of-art. Through

a new model experiment, we also shed light on the conditions influencing the tetragonal to cubic phase

transformation via homogeneous Ga-diffusion and incorporation occurring at a surprisingly low

temperature of �100 �C for a post-annealing step. The sintered pellets of the newly obtained

Li6.4Ga0.2La3Zr2O12 deliver high bulk Li-ion conductivities in the range of �4.0 � 10�4 S cm�1 at 20 �C,
and a wide thermal operation window is accessible through its characteristic activation energy of

�0.32 eV. We report that there is an optimum in sintering-processing conditions for the cubic

c-Li6.4Ga0.2La3Zr2O12 solid state electrolytes and their Li-ionic conductivity and the (Raman) near order

characteristics that can be tracked through changes in Li–O vibrational modes. Based on this alternative

route, low-temperature synthesized powders can be sintered to relatively dense pellets at around only

950 �C. At higher sintering temperatures (e.g. 1100 �C), Li-losses progress as confirmed by structural

studies and a reduction of both ceramic pellet density and ionic conductivity, as well as distortions in the

Li-sublattice, are found. Through this work, an alternative low temperature processing route for

Ga-doped Li7La3Zr2O12 garnet type electrolytes for all-solid state batteries is suggested. The new

synthesis method and the use of c-Li6.4Ga0.2La3Zr2O12 nanoparticles could open pathways in terms of

preventing Li-loss during the process and advancing future solid electrolyte–electrode assembly options

for all-solid state Li-ion batteries.
1. Introduction

With their high energy density, long cycle life and variable
charge–discharge rates, rechargeable Li-ion batteries are
preferred to power electric vehicles by car manufacturers.
However, for this most anticipated use of Li-ion batteries, the
current technology and electrode materials are still not suffi-
cient to provide cost advantages and high practical energies that
could increase the range of electric vehicles, and consequently,
enable their large scale use with the elimination of range
anxiety experienced by consumers. Solid inorganic electrolytes
093 Zurich, Switzerland. E-mail: jennifer.
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636–18648
become quite interesting at this point that can enable the use of
high capacity electrode materials (e.g. sulphur,1,2 manganese3–5

and vanadate based cathodes6–8), which are otherwise not very
stable and safe to be used in liquid organic electrolytes for the
current Li-ion battery technology.9 The use of metallic Li
anodes, so further boosting practical energy densities, could
also be possible with ceramic electrolytes by preventing the
damage of dendritic Li growth. Solid inorganic electrolytes also
provide additional advantages such as better thermal and
chemical stabilities and the elimination of liquids and separa-
tors in electrochemical cells. Here, the development of fast Li-
ionic solid electrolyte materials may also be seen as the impetus
towards novel types of high power density all-solid state thin
lm microbatteries10–12 for electronics13 or of innovative large
scale storage solutions co-operating abundant industrial waste
heat to speed up Li-ion diffusion kinetics in solid Li-ion
batteries.
This journal is © The Royal Society of Chemistry 2015
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Among the solid Li-ionic electrolytes, Li7La3Zr2O12 (LLZO)
garnets and doped variants revealed the highest Li-ion
conductivities in the range of �10�4 S cm�1 at room tempera-
ture,14,15 as described in the detailed review of Thangadurai's
group.14 High ionic conductivities for Li7La3Zr2O12 (LLZO)
garnets were rst reported by Weppner and co-workers.16 The
crystal structures of the two LLZO polymorphs were later
described by Awaka et al.17,18 However, only the cubic phase
exhibits superior Li-ion conductivity close to the classic liquid
Li-ion electrolytes; its stabilization over the lower conducting
tetragonal phase and the management of Li-losses relative to
sintering conditions remain challenging. Though initial studies
suggested a high temperature stabilization of the high Li-ion
conducting cubic phase, recent reports showed that the stabi-
lization of the cubic phase mostly depends on the formation of
disordered and partially occupied Li-sites and vacancies that
cannot be obtained without a stabilizing agent;19–21 vice versa
either full or empty Li sites exist for the low-conductive tetrag-
onal phase. Currently, there is much debate surrounding the
best stabilization strategy for the desired cubic LLZO phase. For
example, the high temperature stabilization reported in some
investigations could be linked to either intentional or unin-
tentional doping of Al3+ as present in reaction crucibles during
the sintering of ceramics. When Al3+ is doped into LLZO,
additional charge compensation takes place through emer-
gence of Li+-vacancies which reduce the free energy associated
with ordering of the Li-sublattice, eventually leading to cubic
symmetry change with disordered partially occupied Li-sites.19,21

It is to be noted that only minor concentrations of Al in LLZO
(ca. 0.10–0.15 Al per formula unit of LLZO)22,23 are required to
stabilize the cubic LLZO phase. In addition, Li loss for sintering
at high temperatures (i.e. for >1000 �C) and the material's
protonic exchange of H+/Li+ in humidied air are also discussed
to facilitate the phase transition to cubic LLZO.24 The signi-
cance of stabilizing the cubic phase for LLZO ceramics can
directly be demonstrated in the two orders of magnitude
divergence of Li-ion conduction reported for Li7�3x(Alx)
La3Zr2O12 (x ¼ 0 to 0.5), �10�6 to 10�4 S cm�1 at ambient
conditions, being dependent on the degree of structural Li-site
occupancy, disorder, relative density and microstructure of the
pellets.21–23,25,26 Thus, Al3+ doping into LLZO has been adopted
as a key route to obtain the high Li-ion conducting cubic phase.
In addition to Li-site doping, the partial substitution of Zr4+

with a metal ion of a different oxidation state has also been
extensively investigated to improve the Li-ion conductivity via
the formation of additional vacancies.27–29

Very recently, the stabilization of the cubic phase has been
demonstrated by an alternative strategy through Ga3+ substitu-
tion of Li+,30–33 instead of Al3+, which isn't surprising considering
the similar oxidation states and ionic radii of Al3+ and Ga3+ at
tetrahedral coordination sites for a cubic LLZO structure type.
Wolfenstine et al. showed an ionic conductivity of 3.5 � 10�4 S
cm�1 for a hot pressed pellet of Li6.25Ga0.25La3Zr2O12 with 91%
relative density.31 Shinawi and Janek stabilized the cubic phase
for a series of Ga:LLZO compounds and revealed optimized Li-
ion conductivity (5.4 � 10�4 S cm�1) for a 92.5% dense pellet of
1.0 mol% Ga LLZO obtained through conventional isostatic
This journal is © The Royal Society of Chemistry 2015
pressing and sintering.32 Excitingly, the microstructural locality
of excess Ga incorporation in the ceramics was discussed,
wherein a clear proof for LiGaO2 acting also as a sintering aid at
grain boundaries easing Li-diffusion was identied.32 The Slater
group conrmed through 71Ga NMR the increased ionic
conductivity of 1.0 � 10�4 S cm�1 to be related to Ga3+ incor-
poration on tetrahedral lattice sites stabilizing cubic LLZO.30

Moreover, the detrimental effect of humidity on ionic conduc-
tivity was also demonstrated in their study. Rettenwander et al.
also investigated a series of Ga-doped LLZO compounds in detail
and gave insights on the crystallographic position of Ga3+

through 71Ga Magic Angle Spinning (MAS) NMR spectroscopy at
high magnetic elds.34,35 In their recent study, they revealed that
Ga3+ can occupy both the 24d and 96h sites in Li7�3(x+y)GaxAly-
La3Zr2O12 garnets that is different from previous studies
showing a single site residence for Ga3+.35 Furthermore, Kilner
and co-workers gave clear guidance on how to increase the pellet
densities, up to 94%, for a series of Ga-substituted garnet pellets
by sintering in an O2 atmosphere and improved ionic conduc-
tivities to the proximity of 10�3 S cm�1.33 However, despite the
technological promise of LLZO compounds as fast conducting
Li-electrolytes, there is a subtle balance to be matched between
high sintering temperatures required to assure the stabilization
of the cubic phase at high density on the one hand, and mini-
mizing Li-losses from the system at these high temperatures on
the other. Conventionally, the processing of these ceramics is
based on either sol–gel or solid state syntheses of the powder
constituents, and the sintering is usually restricted to tempera-
tures above 1050 �C to ensure formation of the high Li-ion
conducting cubic phase.14 The high temperature synthesis also
produces micron-sized particles, which are unfavorable for
further processing and electrode–electrolyte assembly. Though
few reports36–38 on synthesis methods for cubic-LLZO nano-
particle processing utilizing a low temperature of 750 �C exist,
usually low theoretical densities around 60% with unfavorable
ionic conductivities in the range of 10�6 S cm�1 were demon-
strated.37,38 In principle, it is to be noted that all-solid state Li-
batteries do not necessarily require fully dense ceramic electro-
lytes, as long as the throughput Li-ionic transfer is maximized in
the bulk electrolyte to an acceptable range around 10�4 S cm�1

and allows for fast electrode–electrolyte interface transfer
kinetics with high mechanical interface stability. Hence,
potential reduction of the processing temperature and new
nano-particle processing routes to stabilize the highly desired
fast conducting Li-garnet phases would enable new ways for
battery cell assembly and a wider choice of high capacity elec-
trodes in view of their stability. For example in all-solid state Li-
batteries, the utilization of LLZO nano-particles will be very
advantageous in any future low-temperature co-sintering route
to assemble stable solid electrode–electrolyte interfaces with fast
Li diffusion kinetics and has the potential to maximize the
electrode surface area or even be the base of a composite elec-
trode. But, this aspect of garnet-type fast Li-ion conductors is not
yet optimized and requires new alternative approaches for low-
temperature processing of Ga:LLZO nanoparticle and ceramic
pellets to fundamentally study the interplay of structure and
phase evolvement vs. Li-ion diffusion.
J. Mater. Chem. A, 2015, 3, 18636–18648 | 18637
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In this work, we report a novel low temperature synthesis-
processing route for cubic Li6.4Ga0.2La3Zr2O12 through which the
synthesis-sintering temperature is decreased by �200 �C
compared to the state-of-art, viz. nano-particles of the
compounds are obtained at a temperature as low as 600 �C by a
modied sol–gel combustion method utilizing mainly nitrate
precursors. We demonstrate in model experiments that the
tetragonal to cubic LLZO phase transformation can occur at a
very low temperature of 100 �C by post-synthetic Ga-doping of
originally tetragonal nano-powders. Only low thermal activation
is required to incorporate Ga3+ into the Li-garnet structures. A
basic model of the chemical andmicrostructural evolution from
the nano-particle formation to dense sintered pellets of
submicron grain size which can be used for all-solid state
battery electrolytes is presented. High Li-ion conductivities in
the range of more than 10�4 S cm�1 at room temperature are
reached for the low temperature synthesized c-Li6.4Ga0.2La3-
Zr2O12. Comparable Li-ion conductivities are usually obtainable
through more laborious and not easily accessible techniques-
methods (e.g. hot press, special protective atmospheres, etc.) at
higher processing temperatures. To gain deeper insights, we
further investigate the Li-ionic conductivity and structural
changes vs. sintering processing temperature to study the
correlation and implicate on the best processing strategy to
avoid Li-losses. The new synthesis route and the utilization of
nano-c-Li6.4Ga0.2La3Zr2O12 could open new pathways in terms
of a simplied solid electrolyte–electrode assembly and the
prevention of Li-loss during synthesis and processing due to the
strongly lowered temperatures and high sintering activity.

2. Experimental section
2.1 Synthesis

Stable sols are obtained by dissolving stoichiometric amounts
of LiNO3 (99.99%, Merck), La(NO3)3$(H2O)6 (99.9%, Alfa Aesar),
and zirconium(IV) 2,4-pentanedionate (Alfa Aesar) in a water
and ethanol mixture. Importantly, water and ethanol dissolve
nitrate and pentanedionate compounds, respectively. Aer the
salts are completely dissolved, a gel powder is obtained by
evaporating the solvent at 90 �C. Firing of the gel-powder at
�600–650 �C for 1 to 10 hours in alumina crucibles with lids
placed in a muffle furnace yields the tetragonal phase t-Li7-
La3Zr2O12. The tetragonal phase, t-Li7La3Zr2O12, can be
obtained at a temperature as low as 600 �C and for an annealing
time of 1 hour, but to ensure a high purity phase, a heating
prole at 650 �C for 10–15 hours is usually applied. To obtain
the cubic phase of Li7La3Zr2O12, stoichiometric amounts of
Ga2O3 and t-Li7La3Zr2O12 that would give a composition of
Li6.4Ga0.2La3Zr2O12 are thoroughly mixed in an agate mortar.
Annealing the Ga2O3 + t-Li7La3Zr2O12 mixture at �600–650 �C,
either in the powder form or as pressed pellets covered with the
parent powder for 10 hours, yields the cubic phase c-Li6.4-
Ga0.2La3Zr2O12 with small nanoparticle sizes of �200–300 nm.
The synthesis procedure is also summarized in Fig. 1a.

Throughout the study, all sample powders are kept under an
inert atmosphere (e.g. Ar) aer the synthesis to minimize the
exposure to humidity. Though no major Li-loss is expected due
18638 | J. Mater. Chem. A, 2015, 3, 18636–18648
to the low annealing temperature, still the Li-precursor (LiNO3)
is taken in a slightly excess amount of 1–2 mol% for the
synthesis.

2.2 Characterization

A STOE Stadi P diffractometer equipped with a germanium
monochromator and CuKa1 radiation (operated at 35mA, 35 kV)
was used to acquire powder X-ray diffraction patterns of the
samples. Dilatometry curves were recorded with a TA Instru-
ments DIL 806 optical dilatometer. Scanning electron micros-
copy (SEM) analysis of the samples was carried out with a Zeiss
Gemini 1530 operated at 5 kV. For (scanning) transmission
electron microscopy ((S)TEM) analysis the material was depos-
ited on a carbon foil supported on a Cu grid. TEM was per-
formed on a Tecnai F30 microscope (FEI; eld emission gun)
operated at 300 kV (point resolution � 2 Å), STEM and energy-
dispersive X-ray spectroscopy (EDXS) on a Hitachi HD 2700 CS
microscope equipped with an EDX spectrometer (EDAX).
Raman spectroscopy was carried out with a confocal WITec
CRM200 Raman microscope instrument (WITec, Germany)
equipped with a 532 nm wavelength laser for excitation, and the
spectral resolution was 0.7 cm�1.

2.3 Electrochemical tests

For AC electrochemical impedance studies, c-Li6.4Ga0.2La3Zr2-
O12 pellets were processed fromGa2O3 + t-Li7La3Zr2O12 mixtures
and symmetric electrodes were applied. Stoichiometric
amounts of Ga2O3 and freshly synthesized t-Li7La3Zr2O12 were
thoroughly mixed in an agate mortar and pressed into pellets
with a uniaxial press at 35 kN. The pellets obtained this way
were further processed in an isostatic press at a pressure of 1000
kN and sintered at 950 �C for 6 hours covered with the parent
powder to avoid Li-losses and Al contamination from the
alumina crucibles. The resulting pellets usually have a thick-
ness of roughly 1 mm and a diameter of �9–10 mm,
respectively.

Pt was sputtered on both sides of the pellets (BAL-TEC, SCD
050 Sputter-Coater) and Pt wires were sandwiched between two
layers of Pt paste (Heraeus C 3605 S) using ceramic binders
(Roth, Thermokitt (A) & (B)) to ensure best contacts, see Fig. 5a.
Pellet drying aer the application of pastes and binders was
done under vacuum to protect the pellets from humidity.

Electrochemical impedance spectra were measured with a
Gamry Reference 600 potentiostat/galvanostat/ZRA within a
range of 1 MHz to 1 Hz. The spectra were characterized using
the ZView soware.39 Cable and wiring resistances in the
measurement system were approximated to 3 U based on a
constant value for high temperature measurements. High
temperature measurements (>100 �C) were performed under
dry synthetic air to avoid humidity exposure. For this,
symmetric Pt–LLZO–Pt (electrode–electrolyte–electrode struc-
tures) were introduced in an own-constructed atmospheric-
closed tube furnace (20–1100 �C) equipped with electrical and
gas ow connections and a sample test platform for which
temperature values and gradients were recorded exactly next to
the sample by K-type thermocouples.
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) Scheme for the modified sol–gel combustion synthesis andmodel experiment to stabilize the fast Li+ conducting cubic phase through
post-Ga2O3 addition to the tetragonal phase. (b) XRD powder patterns of t-Li7La3Zr2O12 (calculated (green) and experimental (black)). (c) Cubic
c-Li7La3Zr2O12 (LLZO) garnet structure displayed along skew [001]. (d) XRD powder patterns of c-Li6.4Ga0.2La3Zr2O12 (calculated (blue) and
experimental (black)).
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3. Results and discussion
3.1 Novel low temperature synthesis-processing route for t-
Li7La3Zr2O12 and c-Li6.4Ga0.2La3Zr2O12 solid state Li-ion
electrolytes

Wet chemistry routes ensure a more homogeneous mixing of
precursors compared to solid state synthesis methods. This also
facilitates the synthesis of single phase products at lower
temperatures. This way, the utilization of nitrate salt precursors
and ring the gel-powder obtained from them have also been
demonstrated to yield various Li-compounds such as Li2FeP2-
O7,40 LiMnBO3,41 and LiCoBO3

42 at much lowered tempera-
tures.40–42 Exothermic combustion reactions are suggested as
the driving force for the formation of those phases at lowered
This journal is © The Royal Society of Chemistry 2015
temperatures. Herein, similarly, we show a novel low tempera-
ture combustion method to produce LLZO solid electrolytes,
whereby in a rst step tetragonal Li7La3Zr2O12 is obtained and
eventually transfered to the cubic phase through post-Ga2O3

additions and low-temperature treatment, as shown in the
scheme Fig. 1a. Interestingly, the synthesis route suggested is
also a model experiment to fundamentally investigate the role
of Ga-structural incorporation and diffusion, and their impli-
cation on cubic phase transition in garnets, since the tetragonal
Li7La3Zr2O12 is already formed in the rst synthesis step.

Different from the aforementioned syntheses for cathode
materials40–42 and other sol–gel syntheses reported for LLZO,33,43

we use no carboxylic acids (e.g. citric acid) and ethylene glycol
during the synthesis. These compounds are mainly used as
J. Mater. Chem. A, 2015, 3, 18636–18648 | 18639
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complexing agents and solvents, and in the case of cathode
materials, they provide additional advantages like a reducing
atmosphere (e.g. CO, through decomposition during calcina-
tion) maintaining the desired low oxidation states for transition
metals (e.g. Fe2+, Co2+, Mn2+) and also giving ne conductive
carbon coatings on particle surfaces at the end. However, these
are unwanted properties for the synthesis of LLZO powders, so
that they are compensated through special measures, such as
Fig. 2 (a) In situ heated XRD powder patterns to study in a model experim
and phase change with respect to temperature (5 �C min�1 heating ra
conducting cubic phase evolves already at a temperature as low as 85
temperature diffusion kinetics of Ga3+ ions to the garnet structure. (b) Diff
t-Li7La3Zr2O12 + Ga2O3 (black), c-Li6.4Ga0.2La3Zr2O12 (blue), and t-Li7La3Z
characteristics of the sintering for t-Li7La3Zr2O12 + Ga2O3 (black). In com
peaks can be observed for c-Li6.4Ga0.2La3Zr2O12 (blue), and for t-Li7La3Zr2
displays no sintering and densification at all within the same test condi
analysis, we indicate schematic drawings highlighting a model for Ga3+ di
synthesis of the initial particles and on sintering to dense electrolyte pel

18640 | J. Mater. Chem. A, 2015, 3, 18636–18648
longer annealing times and higher calcination temperatures to
completely burn off organic residues or annealing under an O2

atmosphere, and these processes produce unfavorable large
micron-sized particles.

Our synthesis yields the desired tetragonal phase of small-
grained and pure t-Li7La3Zr2O12 powder aer the rst reaction-
step at 600–650 �C for 1 to 10 h: the XRD powder pattern of
tetragonal t-Li7La3Zr2O12 is shown in Fig. 1b. The product has a
ent the incorporation of post-added Ga2O3 to originally t-Li7La3Zr2O12

te and annealing 15 minutes at each temperature). The desired fast
�C for the post-Ga2O3 addition route, indicating the fast and low-

erential dilatometry plots with a constant heating rate of 10 �Cmin�1 for
r2O12 (purple). Peaks display the phase transformation, onset and main
parison, proving the effect of post-Ga doping, no phase transformation
O12 (purple). In addition, the tetragonal phase of t-Li7La3Zr2O12 (purple)
tions. In accordance with the sintering characteristics and in situ XRD
ffusion and its role in stabilizing the cubic phase in the low temperature
lets.

This journal is © The Royal Society of Chemistry 2015
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high purity and the diffraction peaks can be matched with the
theoretical pattern (ICSD 246816 17). The presence of the slightly
broadened diffraction peaks displays the low dimensional
character of the t-Li7La3Zr2O12 crystallites. In order to reach the
high Li-conducting cubic phase and also to fundamentally
investigate the role of Ga3+ incorporation in structural phase
change starting from the tetragonal phase, we applied in the
next step of the synthesis post-synthetic Ga-doping. For this,
stoichiometric amounts of Ga2O3 and t-Li7La3Zr2O12 that would
result in a composition of Li6.4Ga0.2La3Zr2O12 (given the
substitution of Ga3+ with 3Li+) are thoroughly mixed in an agate
mortar and post-annealed at �600–650 �C for 10 hours. Fig. 1d
represents the XRD powder pattern of c-Li6.4Ga0.2La3Zr2O12. All
diffraction peaks of the synthesized powder are associated with
the cubic phase of LLZO (ICSD 182312 18), and they can be
indexed using Werner's algorithm (TREOR)44 (Table S1†) with a
cubic cell constant of 12.974(4) Å. Accordingly, the reported
cubic LLZO structure16,18 is presented in Fig. 1c. The cubic Li7-
La3Zr2O12 crystallizes in Ia�3d, where La3+ (Wyckoff position 24c)
and Zr4+ (Wyckoff position 16a) are dodecahedrally and octa-
hedrally coordinated by oxygen neighbors. Li+ ions are in
tetrahedral coordination and fractionally occupy two different
Fig. 3 Scanning electron microscopy (SEM) images of (a) tetragonal t-L
cross-section of c-Li6.4Ga0.2La3Zr2O12. Schematics for the microstruct
dilatometry to study the microstructural evolution and Ga uptake to the

This journal is © The Royal Society of Chemistry 2015
sites (Wyckoff positions 24d and 96h). According to the previous
investigations with 71Ga NMR and neutron diffraction,30,33 Ga3+

is expected to substitute 3Li+ ions in the Li-ion sublattice and
stabilize the cubic structure. 3D Li-diffusion pathways made by
closely spaced, disordered and vacant Li sites provide high Li-
ion conductivities for the cubic LLZO. In order to conrm the
inuence of post-synthetic Ga-doping, the calcined powders are
also re-annealed at 650 �C without adding any Ga2O3, and in
this case, the samples still remain in the tetragonal phase, see
ESI Fig. S1.†Moreover, syntheses performed with post-synthetic
Ga-doping in glassy carbon crucibles rather than alumina
crucibles still yield the cubic phase of LLZO, eliminating any
role of Al3+ incorporation in the phase transformation observed
here, see ESI Fig. S2.† Therefore, we clearly demonstrate the
inuence of post-synthetic Ga-doping and Ga3+ incorporation
into the structure.

3.2 Ga-diffusion and incorporation into low temperature
synthesized t-Li7La3Zr2O12 and microstructure analysis for c-
Li6.4Ga0.2La3Zr2O12: a model experiment

To reveal more insights about the phase transformation and the
effect of post-synthetic Ga2O3 addition, a series of XRD patterns
i7La3Zr2O12 powder, (b) c-Li6.4Ga0.2La3Zr2O12 powder, and (c) a pellet
ures based on SEM and also in view of the in situ heating XRDs and
Li-garnet structures are presented.

J. Mater. Chem. A, 2015, 3, 18636–18648 | 18641
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were recorded for in situ heated Ga2O3 + t-Li7La3Zr2O12 powders
with respect to the post-annealing temperature, see Fig. 2a;
here, again, the ratio was xed at 0.2 Ga per formula unit of t-
Li7La3Zr2O12. We observe a phase transition starting at �85 �C,
and a single cubic c-Li6.4Ga0.2La3Zr2O12 phase is measurable
already at a temperature as low as �150 �C. This is also a model
experiment highlighting Ga-diffusion to particles that cannot
be directly compared with other previous studies, as conven-
tionally Ga is already added to the LLZO directly in the rst solid
state or sol–gel syntheses.30–33 Through Ga diffusion to the
tetragonal phase upon heating, as sketched in Fig. 2b, the Ga-
doped cubic LLZO phase forms according to the present XRD
results in the bulk of the particles. Ga diffusion into oxides at
such low temperatures was also observed by Mikkelsen et al.45

To further identify the impact of Ga-diffusion into the t-
Li7La3Zr2O12 particles on their phase change and sintering
characteristics, we turn to dilatometry measurements on
pressed ceramic powder green bodies and correlate the
observed changes with diffraction results in the given sche-
matics showing the phase evolution and densication over
time. Firstly, in agreement with the in situ XRD studies, the
dilatometry measurements conrm the phase transformation at
around �100 �C shown by a starting volume expansion (broad
peak at differential dilatometry plots and expansion in relative
dilatometry curves at �100 �C), see Fig. 2b and ESI Fig. S3.† In
contrast, such volume changes are neither present for the
reference green pellet of t-Li7La3Zr2O12 without Ga-addition nor
for the already transformed green pellets of cubic Li6.4Ga0.2-
La3Zr2O12 (already annealed-transformed powder mixture at
�600–650 �C for 10 hours, then pressed into green pellets), see
Fig. 2b. As the cubic LLZO unit cell has a larger volume than the
tetragonal LLZO cell,17,18 the observed volume expansion ts
well with the expectation upon phase transformation. But, it
should be noted that the pellet geometry could slightly change
upon phase transformation, so that the volume change values
deduced from the dilatometry curves should not be evaluated as
quantitative values reecting the exact volume change at the
unit cell level. Secondly, the onset temperature and the main
sintering temperature for c-Li6.4Ga0.2La3Zr2O12 pellets are also
found to be �800 �C and �950–975 �C, respectively, Fig. 2b. In
comparison with the previous reports on cubic LLZO,25,26,46 the
onset sintering temperature is lowered by �300 �C, and the
effective sintering temperature to reach a relative density above
75% is decreased by �200 �C. The densication at a lower
sintering temperature is attributed to the large specic surface
area of the nano-grained material resulting in better contact
between the crystallites. As a consequence, this promotes grain
boundary and volume diffusion which is further supported by
Ga acting as a sintering agent32 at the grain boundary. Excit-
ingly, the nature of the model experiment demonstrates that
before sintering is even active, Ga3+ is already incorporated into
the LLZO structure and induces phase transformation to the
desired cubic phase at temperatures as low as 100 �C, even long
before an active grain boundary has formed in the green bodies.
The phase transformation at such low temperatures was also
observed by Larraz et al., however, in that case, the material's
protonic exchange of H+/Li+ in humidied air was shown to
18642 | J. Mater. Chem. A, 2015, 3, 18636–18648
induce the phase transition to cubic LLZO.24 But, here, we
clearly demonstrate that the transformation was caused by post-
synthetic Ga doping, as t-Li7La3Zr2O12 samples without Ga-
addition do not show any sign of phase change (see ESI Fig. S1,
S3† and 2b).

Scanning electron microscopy (SEM) micrographs of t-Li7-
La3Zr2O12 and c-Li6.4Ga0.2La3Zr2O12 powders and sintered pellets
are displayed in Fig. 3. Transmission electron microscopy (TEM)
images for t-Li7La3Zr2O12 and c-Li6.4Ga0.2La3Zr2O12 powders are
shown in ESI Fig. S4.† For tetragonal t-Li7La3Zr2O12, the shape of
the particles is not very well-dened and the crystallite size of t-
Li7La3Zr2O12 particles approximately ranges from 300 nm to 1
mm aer the synthesis at 650 �C, see Fig. 3a and ESI Fig. S4.† The
smaller crystallites also form agglomerates in the range of 2 to 10
microns. With the phase transformation to the cubic phase, it
can be observed that spherical nano-crystallites of c-Li6.4Ga0.2-
La3Zr2O12 emerge from the larger particle agglomerates, see
Fig. 3b. The nano-crystallites of c-Li6.4Ga0.2La3Zr2O12 are mostly
in the range of�200–300 nm, see Fig. 3b and ESI Fig. S4,† which
is one of the smallest reported for garnet-type fast Li-ion
conductors compared to the literature.22,26,29,32 The SEM image of
a c-Li6.4Ga0.2La3Zr2O12 pellet cross-sectional surface aer sin-
tering to 950 �C for 6 hours is shown in Fig. 3c. It is clearly visible
that densication of the sample and good inter-grain connec-
tivity are achieved in agreement with the sintering characteris-
tics. No clearly distinct large grains in the micron regime can be
observed in SEM micrographs and an isotropic shape is found
for the cubic Li6.4Ga0.2La3Zr2O12 sintered pellets. The grain
boundaries show no sharp fringes and appear as a potential
glass-like inter-granular phase. Our ndings may suggest that
for the given novel low temperature processing route one may
observe such glass-like inter-granular Ga-rich phases also at
lower Ga-doping concentrations and for smaller average grain
sizes of the sintered ceramics. Thus, we demonstrate through
the new synthesis route, in comparison with previous solid state
synthesized powders and sintered pellets, that the Li6.4Ga0.2-
La3Zr2O12 pellets reported here reveal considerably lowered
mean grain sizes for comparable sintering conditions and Ga-
doping.31,32

Motivated by the microstructural nding, we turn to scan-
ning transmission electron microscopy (STEM) to elucidate the
nature of gallium incorporation and distribution in our post-
synthetic Ga-doped LLZO synthesized at 650 �C. Previously, it
was shown that Ga3+ substitutes Li+ in tetrahedral sites leading
to the stabilization of the cubic phase via the formation of
disordered Li-sites and vacancies;30,33 however, the presence of
Ga in grain boundaries as LiGaO2, rather than going into the
garnet structure, was also reported by El Shinawi and Janek for
0.3 to 1.0 mol Ga doped LLZO.32 Here, we found a homogeneous
Ga distribution in the nanoparticles of cubic c-Li6.4Ga0.2La3-
Zr2O12, see Fig. 4. In addition, also, Zr and La distributions are
homogeneous over the investigated nano-particles. SEM-EDXS
analysis performed at the c-Li6.4Ga0.2La3Zr2O12 pellet cross-
sectional surface aer sintering to 950 �C for 6 hours also
conrms the homogeneous distribution of elements, and in
addition, elemental ratios for Ga, La and Zr are found to be in
close proximity to the initial composition (see ESI Fig. S5†).
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Scanning transmission electron microscopy (STEM) images and
elemental mapping of cubic c-Li6.4Ga0.2La3Zr2O12 powders (synthe-
sized at 650 �C) are presented. The homogeneous distribution of Zr
(red), La (green) and Ga (blue) are shown for their superposition and
singlemapping over the nanoparticles. No enrichment either in the bulk
grain cores or towards the grain boundary-close interfaces is measur-
able within the limit of STEM and elemental mapping carried out.
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Besides, within the detection limit of the technique, EDX
spectra obtained from the selected regions in cross-sectional
images do not show any major Al contamination that might
result from the alumina crucibles used during the sintering of
pellets (see ESI Fig. S6†).

Any enrichment of Ga in grain boundaries cannot be
observed, so it can be predicted that Ga3+ predominantly goes
into the garnet structure substituting Li+ in a similar way to the
former discussed reports.30,33 However, in agreement with the
ndings from dilatometry characteristics, cross-sectional SEM
micrographs and the investigations of Janek et al., possible
glass-like inter-granular Ga-rich phases acting as sintering
agents can also be suggested. The existence of such amorphous
inter-granular phases is found in some regions through our
TEM investigations, where the amorphous nano-particles with a
lack of order even at 20 nm resolution can be observed (see ESI
Fig. S7†). It may be hypothesized that the amorphous inter-
granular phase consists of Ga2O3, Li-compounds (e.g. Li2O,
Li2CO3) that could eventually form in air starting from the
exchange of Li+ in the LLZO structure with Ga3+, LiGaO2 and
other glassy Ga and Li rich materials.
3.3 Lithium ionic conductivity, sintering characteristics and
Raman near order characteristics of low temperature
synthesized c-Li6.4Ga0.2La3Zr2O12 electrolyte pellets

The ionic conductivity of the low temperature synthesized cubic
c-Li6.4Ga0.2La3Zr2O12 was examined by AC electrochemical
impedance spectroscopy using Pt electrodes, Fig. 5. For this, the
This journal is © The Royal Society of Chemistry 2015
sintering temperature of the pellet (processed from Ga2O3 +
t-Li7La3Zr2O12 mixture) is chosen based on the dilatometry
proles, where the main shrinkage for the pellet occurs at
�950 �C (accordingly we employ an isothermal hold for 6 hours,
5 �C min�1 heating rate), Fig. 2b. Aer the sintering process,
pellets usually have relative densities in the range of �76–80%.
The relative density was calculated through the processed pel-
let's mass and volume (geometrically derived).

A typical Nyquist plot of c-Li6.4Ga0.2La3Zr2O12, measured at
RT in air, is displayed in Fig. 5b. The main characteristics of the
impedance spectrum are a resistance off-set at high frequen-
cies, a compressed semicircle at intermediate frequencies, and
a tail at low frequencies. The impedance data were tted with an
equivalent circuit of (Rbulk)(RgbQgb)(Qelectrode), R denotes the
resistance and Q the constant phase element contributions of
the respective bulk (Rbulk), grain-boundary (Rgb), and electrode
contributions. We ascribe the low frequency constant phase
element, Qelectrode, to the electrode–electrolyte (Pt–LLZO) inter-
faces due to their variation upon opposed test bias (over
potentials). The higher frequency intercept and the compressed
semicircle can be attributed to bulk and grain-boundary
contributions and agree well with earlier reports.29,30 Notably,
ionic conductivities of 4.0 � 10�4 S cm�1 (bulk) and 0.24 � 10�4

S cm�1 (total) are determined for the low temperature synthe-
sized cubic c-Li6.4Ga0.2La3Zr2O12 at ambient conditions, Fig. 5.
The employment of nano-particles might be considered to lead
to an increase in total resistance due to the formation of addi-
tional grain boundaries. But this is not the case here, as the
total ionic conductivity (Rbulk + Rgb) obtained here is still
considerably high with the good inter-grain connectivity
provided through the successful sintering of nano-particles and
glass-like inter-granular phase. The Arrhenius activation of bulk
Li ionic conductivity is displayed in Fig. 5c. The activation
energy of conductivity is�0.32 eV being in good agreement with
previous studies.14 It can also be observed that the bulk
contribution in the impedance spectra becomes more apparent
with an incomplete semicircle for the higher resistive pellets,
which are intentionally exposed to air for longer periods of time,
see ESI Fig. S8 and S9.† The resistance values further increase as
the exposure of pellets are prolonged (ESI Fig. S9†); the reported
H+/Li+ exchange in humid air24 could be expected to block the
Li-ion conduction pathway and hamper ionic conductivity.
Similarly, Wang et al. also demonstrated the effect of H+/Li+

exchange on the ionic conductivity of LLZO compounds.47 In
their study, although the bulk resistances were rst observed to
drop for the samples tested at 150, 200 and 250 �C under
moisture ow, the resistance values considerably deteriorated
under prolonged exposure times that was linked to the blocking
effect of protons.47 CO2 present in the atmosphere could also be
expected to have a negative impact on ionic conductivity
through the formation of Li2CO3 at grain boundaries, as shown
by different research groups.24,47,48

In Table 1, we compare synthesis and sintering conditions,
Li-ionic conductivities, activation energies and relative densi-
ties for Al and Ga doped LLZO compounds with the low
temperature synthesized-processed cubic c-Li6.4Ga0.2La3Zr2O12.
Compared to the previously reported Al- and Ga-doped cubic
J. Mater. Chem. A, 2015, 3, 18636–18648 | 18643
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Fig. 5 (a) A typical pellet of cubic c-Li6.4Ga0.2La3Zr2O12 with symmetric Pt electrodes and contacts used for AC electrochemical impedance
analysis is presented schematically. (b) Nyquist plot of c-Li6.4Ga0.2La3Zr2O12, obtained at room temperature (the measured pellet was sintered at
950 �C for 6 hours). Measurements with Pt electrodes were carried out from 1 MHz to 1 Hz. (c) Arrhenius plot for bulk ionic conductivity of
c-Li6.4Ga0.2La3Zr2O12. For comparison, ionic conductivities reported for Al22 and Ga30 doped cubic c-LLZO are also represented.
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LLZO sintered pellets, we show that the newly synthesized c-
Li6.4Ga0.2La3Zr2O12 is characterized by the following features.
Firstly, the temperature for the powder synthesis was lowered by
almost 300 �C with a successful structural and homogeneous
incorporation of Ga over the LLZO particles. This results in a
strongly lowered particle size in the range of �200–300 nm.
Secondly, the sintering temperature to obtain acceptable pellet
densities of �76–80% was reduced to 950 �C. Besides, the
pellets could also be sintered at higher temperatures above
�1000 �C for longer times to reach higher densities; however,
this may result in Li-loss from the system, especially, if the
pellets are not properly covered with the parent or Li-rich
powders.

In order to test this hypothesis and effects of higher pro-
cessing temperatures on the ionic conductivity and structure of
c-Li6.4Ga0.2La3Zr2O12, we also sintered the pellets (processed
from Ga2O3 + t-Li7La3Zr2O12 mixture) at higher temperatures.
The new pellets were sintered for 10 hours under synthetic air,
as higher densities were demonstrated by Kilner et al.33 via
preventing the humidity exposure of pellets at higher sintering
temperatures. Fig. 6c illustrates the change of relative density
for the c-Li6.4Ga0.2La3Zr2O12 pellets with sintering temperature,
and the bulk ionic conductivity values obtained for each pellet
18644 | J. Mater. Chem. A, 2015, 3, 18636–18648
are indicated. The pellet sintered at 1000 �C shows increased
density �86%, and a bulk ionic conductivity of 7.6 � 10�4 S
cm�1 in the range of the low temperature sintered pellet.
Interestingly, when the pellets are sintered at temperatures
higher than 1000 �C, they lose weight and their density
decreases indicating Li-loss from the system, Fig. 6b; viz. the
relative density decreases to 69% and ionic conductivity drops
to 0.6 � 10�4 S cm�1 for an increase of the sintering tempera-
ture to 1100 �C. In the latter pellet state, color changes and pit-
like formations on the pellet surfaces are also clearly visible, see
Fig. 6b. We turn to XRD powder diffraction and Raman spec-
troscopy to study the structural changes for the transition from
relatively dense and highly conductive LLZO pellets to porous
and one order of magnitude reduced conductive ceramics,
Fig. 6a and d.

Up to 950 �C the sintered and dense pellets reveal a cubic
c-Li6.4Ga0.2La3Zr2O12 as originally obtained at 650 �C from the
powder with comparable unit cell constants, see Fig. 6a and ESI
Table S1 and S2.†However, we track important deviations in the
XRD characteristics such as an increased higher background
and broadening of the full width at half maximum diffraction
peaks for the 1100 �C sintered lowest density pellets. In addi-
tion, the cubic cell constant is reduced to 12.958(4) Å (indexed
This journal is © The Royal Society of Chemistry 2015
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Table 1 Literature overview of synthesis methods-conditions for the initial powders and sintering conditions to process solid Li-electrolyte
pellets, the temperature indicating the main shrinkage as-observed in dilatometry, ionic conductivities at room temperature and corresponding
activation energies (Ea), and relative densities achieved for the Li-site doped cubic Li-garnet compounds. We compare the state-of-the-art in the
field with the newly suggested modified sol–gel combustion synthesis and post-Ga-doping processing route for cubic c-Li6.4Ga0.2La3Zr2O12

electrolytes in this study

Compound
Synthesis
conditions

Sintering
conditions Dilatometrya

Li-ion conductivity
(S cm�1) Ea (eV)

Relative density
[%] Ref.

Li7La3Zr2O12 (1.2 wt% Al) Sol–gel 900,
1200 �C, 12 h

1200 �C/6 h
(uniaxial)

�1150 �C 2.0 � 10�4 n/a 86 25 and 46

Li5.82Al0.30La3Zr1.93O11.72 Solid-state
1100 �C, 12 h

1100 �C/12 h �1100 �C 2.3 � 10�4 0.37 94 26

Li7La3Zr2O12 Solution method
750 �C, 8 h

750 �C/4 h n/a 2.85 � 10�6 0.36 89 37

Li6.24Al0.24La3Zr2O11.98 Solid-state
1000 �C, 4 h

1000 �C/5 h (hot
press)

n/a 4.0 � 10�4 0.26 98 22

Li6.55Al0.15La3Zr2O12 Spray pyrolysis
900–1000 �C, 1 h

1000 �C/1 h
(uniaxial)

n/a 4.4 � 10�6 0.49 51 23

Li5.5Ga0.5La3Zr2O12 Solid-state
900 �C, 12 h

1150 �C/3 h n/a 1.0 � 10�4 n/a 80 30

Li6.4Ga0.2La3Zr2O12 Sol–gel (Pechini)
800 �C, 12 h

1085 �C/6 h n/a 9.0 � 10�4 0.3 94 33

Li6.25Ga0.25La3Zr2O12 Co-precipitation,
solid-state
1000 �C, 4 h

1000 �C/1 h (hot
press)

n/a 3.5 � 10�4 n/a 91 31

Li7.8La3Zr2O12+d (1.0 Ga per
one mole)

Sol–gel 1085 �C,
6 h

1085 �C/6 h
(isostatic)

n/a 5.4 � 10�4 0.32 93 32

Li6.4Ga0.2La3Zr2O12 Modied sol–gel
combustion 600–
650 �C, 1–10 h

950 �C/6 h
(isostatic)

�950 �C 4.0 � 10�4 0.32 76 This work

a The temperature, at which the main sintering can be observed in dilatometry measurements.
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with Werner's algorithm (TREOR)44 and for LLZO (ICSD
182312 18)), ESI Table S3.† Shoulder-like diffraction peaks next
to the high intensity ones also appear, which cannot be related
to any expected impurity phases, and these might be stemming
from a fraction of cubic LLZO with slightly different cell
parameters. These ndings indicate that the pellet loses density
and conductivity due to the partial amorphization with Li-loss
in the ceramic, and also suggest potential rearrangements in
the Li-sublattice of the LLZO.

To further elucidate the structural changes we acquired and
investigated Raman spectra of the sintered cubic c-Li6.4Ga0.2-
La3Zr2O12 pellets relative to the processing temperature at
950 �C and 1100 �C and also the initially synthesized powders of
cubic c-Li6.4Ga0.2La3Zr2O12 and tetragonal t-Li7La3Zr2O12 at
650 �C, see Fig. 6d. In a rst attempt, we conrm the LLZORaman
near order characteristic and high phase purity of the synthesized
powders through the alternative low temperature processing
route described in this study (nano-c-Li6.4Ga0.2La3Zr2O12 and
t-Li7La3Zr2O12), which agree with other process-derived LLZO-
materials in the literature.24,29,49 Analyzing the Raman spectra of
the powders as references, the low energy region <200–300 cm�1

and intermediate-energy region 300–550 cm�1 bands can be
linked to translational modes of mobile cations and vibrational
modes of LiO4 and LaO12 in accordance with the literature, see
ref. 24 and 49. Hence, there is a clear coupling to the Li–O
sublattice which is detectable via Raman spectroscopy, and also
This journal is © The Royal Society of Chemistry 2015
the cubic and tetragonal phases can be assigned in accordance
with the LLZO structures, Fig. 6c. Importantly, we demonstrate
that for the low temperature sintered cubic c-Li6.4Ga0.2La3Zr2O12

pellets at 950 �C similar Raman spectra to that acquired for the
650 �C powder cubic-reference can be obtained. These reveal
broad peaks at around 254, 358 and 406 cm�1 from the inter-
mediate energy region and two peaks at 103 and 116 cm�1 from
the low energy region which conrm the vibrational modes of the
Li–O and La–O sublattice bonding, which are in agreement with
the literature.24,49 However, a close Raman study of the low
density and high temperature (1100 �C) sintered Li6.4Ga0.2La3-
Zr2O12 pellets reveals additional vibrational modes as apparent
shoulders at 98 and 123 cm�1 for the low energy bands and at
205, 282, 336 and 368 cm�1 for the intermediate energy bands
which could be related to changes in the Li–O bonding sub-
lattice. We interpret the emergence of new bands to the splitting
of degenerate modes, and a potential overall reduction in the
symmetry potentially indicating a structural rearrangement in
the Li-sublattice of Li6.4Ga0.2La3Zr2O12 with Li-loss. Ref. 49
reported that the general observation in Raman spectra of
broadened peaks in the low energy region, as measured for the
dense cubic Ga–LLZO-based pellets and powders, is related to
the static or dynamic disorder of highly mobile Li+-ions moving
along the isotropic pathways connecting the different structure
sites; once the Raman peaks sharpen and shoulders appear here
such as in the given example of the low density and high
J. Mater. Chem. A, 2015, 3, 18636–18648 | 18645
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Fig. 6 (a) XRD powder patterns of c-Li6.4Ga0.2La3Zr2O12: sample powder synthesized at 650 �C (black), pellet sintered at 950 �C for 6 hours
(blue), pellet sintered at 1100 �C for 10 hours under synthetic air (red). (b) Typical pellets of c-Li6.4Ga0.2La3Zr2O12 obtained after sintering at 950 �C
for 6 hours (bottom) and at 1100 �C for 10 hours under synthetic air (top). (c) The change of relative density for the c-Li6.4Ga0.2La3Zr2O12 pellets
with sintering temperature. The bulk ionic conductivity values obtained for each pellet are indicated. (d) Raman spectra for t-Li7La3Zr2O12: sample
powder synthesized at 650 �C (purple) and for c-Li6.4Ga0.2La3Zr2O12: sample powder synthesized at 650 �C (black), pellet sintered at 950 �C for 6
hours (blue), pellet sintered at 1100 �C for 10 hours under synthetic air (red).
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temperature sintered Li6.4Ga0.2La3Zr2O12 in this study, the
lattice distortion and Li-loss could be claimed leading to lower
density and lower conduction.

To sum up, there is an optimum trade in Li-loss, sintering
temperature and phase. We conrm high bulk Li-ion conduc-
tivities in the range of 4.0 � 10�4 S cm�1 for the low tempera-
ture synthesized-processed c-Li6.4Ga0.2La3Zr2O12. Higher
processing temperatures (�1100 �C) lead to Li-loss, substantial
decrease in Li-ion conduction and in relative density, as well as
to near order phase distortions.

In terms of ceramic processing, the implication of the low-
ered temperature processing and nanoparticle grained micro-
structure on the Li-ionic conductivity is striking. We report an
equivalent Li-ionic conductivity when compared to other Ga-
18646 | J. Mater. Chem. A, 2015, 3, 18636–18648
doped LLZO compounds processed at signicantly higher
temperatures. Usually, low ionic conductivities in the range of
10�6 S cm�1 with low pellet densities, e.g. 60%, are demon-
strated for the low temperature synthesized and processed
cubic Li7La3Zr2O12.37,38 The improved properties here could be
linked to the post-synthetic Ga-doping and the employment of
nano-particles ensuring the proper densication of cubic LLZO
pellets. Though Ga3+ ions on the Li sites could block the Li-ion
conduction pathway, especially at higher concentrations,33 the
conductivity is still enhanced via the formation of vacancies and
disordered Li-sites that is also necessary to stabilize the cubic
phase. Suggested potential glass-like inter-granular Ga-rich pha-
ses can also contribute to continuous and fast ion conduction.
For the assembly of all-solid state batteries, electrode–solid
This journal is © The Royal Society of Chemistry 2015
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electrolyte composites are usually employed in order to ensure
good ionic conduction in electrodes (anode or cathode) and to
optimize electrode–electrolyte interface resistance. Thus, the
utilization of LLZO nano-particles could be quite important and
benecial to ensure a better contact between nano-electrode and
electrolyte particles, when co-sintering, tape-casting methods
and electrode–solid electrolyte composites are necessary and
used to construct complete all-solid state battery cells. Here, the
presented low temperature synthesis-processing opens new
perspectives for all-solid state Li-battery processing based on
garnets. It may be hypothesized that lowering the overall powder
processing and sintering temperature was advantageous to avoid
Li-losses, and an alternative strategy to stabilize the cubic phase
and to achieve homogeneous Ga distribution over the nano-
grains was presented.

4. Conclusion

In conclusion, we developed a novel low temperature synthesis-
processing route for garnet-type fast Li-ionic conductors that
are potential electrolytes for all-solid state batteries. We
substantially decreased the particle size, revealed stable phases
for the desired cubic Ga-doped Li-garnet structures, offered new
insights into the role of Ga-diffusion in the evolution of the
structures and phases, and concluded on sintering guidelines
towards fast Li-ion conducting solid electrolytes.

Here, the tetragonal phase of Li7La3Zr2O12 was synthesized
by a modied sol–gel – combustion method at a temperature of
�600 �C, one of the lowest reported for garnet-type fast Li-ion
conductors. Post-synthetic Ga-doping was shown to induce a
phase transformation to the cubic phase at a very low temper-
ature of �100 �C. The synthesis-processing route and the
subsequent dilatometry and in situ XRD experiments were also
suggested as model experiments to understand the role and
effects of Ga-incorporation and diffusion on the tetragonal to
cubic phase transformation. We demonstrate homogeneous
distributions of Ga, La and Zr over the c-Li6.4Ga0.2La3Zr2O12

nanoparticles by STEM studies. Due to the high sintering
activity of c-Li6.4Ga0.2La3Zr2O12 nanoparticles, processing
temperatures were considerably decreased compared to the
state-of-art. The small particle size of c-Li6.4Ga0.2La3Zr2O12, in
the range of �300 nm, is expected to bring about further
advantages in terms of an enhanced solid electrolyte–electrode
assembly for the construction of all-solid state batteries.

AC electrochemical impedance measurements revealed high
bulk Li-ionic conductivities in the range of �4.0 � 10�4 S cm�1

at 20 �C for the c-Li6.4Ga0.2La3Zr2O12 pellets processed at a
rather low temperature of 950 �C for 6 h. Similar values are only
reachable through more complicated and laborious methods,
also employing much higher processing temperatures, pres-
sures and longer sintering times. Besides, the investigations on
1100 �C sintered pellets through Raman spectroscopy and XRD
powder diffraction conrm the rearrangement in the garnet
structure with Li-loss for higher sintering temperatures, which
further supports the benets of the novel low temperature
synthesis-processing route for garnet-type fast Li-ionic
conductors. Thus, we provide insights into the correlation of Li-
This journal is © The Royal Society of Chemistry 2015
loss, Li+-conductivity, density and the (Raman) near order
characteristics to further implicate on the best pellet processing
conditions.

The new synthesis and processing route for garnet type fast
Li-ion conductors is rather a simple “shortcut” and cost efficient
in terms of strongly decreased annealing times and tempera-
tures, but yet ensuring high Li-ion conductivities for battery
electrolytes. Implication for all-solid state battery application is
the option to employ nano-particles in tape-casting methods
and to co-sinter through the nano-particle structure electrodes
towards fast Li-ion transfer interfaces, which could enable the
use of a broader range of electrode materials with potentially
higher storage capacities.
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