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Volatility of lithium during preparation of lithium-stuffed garnet-type metal oxide solid Li ion electrolytes is a common problem,
which affects phase formation, ionic conductivity, mechanical strength and density. Synthesis of Li-stuffed garnets has been
performed generally using the conventional solid-state reactions at elevated temperature in air. The present study describes the effect
of excess LiNO3 (2.5 to 15 wt.%) addition during the ceramic synthesis on the structural and electrical properties of garnet-type
Li6La3Ta1.5Y0.5O12. Powder X-ray diffraction (PXRD) confirmed that cubic phase was formed in all tested cases, and there is
no significant variation in lattice parameter with amount of excess LiNO3 used. However, increasing amounts of excess lithium
decreased inter-particle contact and increased grain growth during sintering, producing sharply varied microstructures. PXRD showed
no secondary phase and scanning electron microscopy (SEM) analysis showed rather uniform morphology and absence of “glassy”
materials at the grain-boundaries. The bulk Li ion conductivity was found to increase with amount of excess lithium, reaching a
maximum room temperature conductivity of 1.62 × 10−4 Scm−1 for the sample prepared using 10 wt.% excess LiNO3. Raman
microscopy study indicated the presence of Li2CO3 in all aged Li6La3Ta1.5Y0.5O12 samples prepared using excess LiNO3.
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Li-stuffed garnet-type metal oxides have been considered as a
potential candidate solid electrolyte material to replace conventional
organic liquid based Li ion conducting electrolytes in Li-ion batter-
ies, since members of garnet solid electrolytes exhibit high bulk ion
conductivity of 10−4-10−3 Scm−1 at room temperature. Furthermore,
some of the garnet-type electrolytes show excellent chemical stability
against reaction with elemental Li, Li-ion insertion or intercalation
cathodes and high electrochemical stability window.1,2 However, the
synthesis of high bulk Li ion conducting garnet-type metal oxide-
based lithium ion conductors is a challenging process, very sensitive
to preparation conditions used, that are not yet fully characterized. For
example, Li7La3Zr2O12 calcined at 1230◦C results in highly conduct-
ing (7 × 10−4 Scm−1 at room temperature) cubic phase with a space
group Ia-3d whereas a calcining temperature of 980◦C leads to tetrag-
onal phase with a space group I41/acd, which showed 2 orders of mag-
nitude less conductive than cubic phase.3,4 Traditional solid-state tech-
niques are the most commonly used to synthesize garnet-type metal
oxides, but usually require the highest sintering temperature resulting
in the production of large particles.5–8 It is known that volatilization of
lithium occurs in the furnace, therefore, several researchers commonly
compensate with a 10 wt.% excess lithium precursors.3,9,10 Al-doped
Li7La3Zr2O12 prepared without adding any excess lithium salts during
synthesis, but varying the processing using powder cover condition
for sintering, greatly affects the morphology, grain size and density.11

Attempts have also been made to reduce the sintering temperature and
improve the control of stoichiometry via wet chemical synthesis as
well as through additives acting as sintering aids.12–18

It has been shown that Al migrates from the alumina crucible
used for garnet synthesis, causing significant effects in the material
including stabilization of the cubic phase.15–18 Lithium salts such
as Li2O, Li3BO4, Li3PO4 and Li4SiO4 have been shown to signifi-
cantly affect the electrical and microstructural properties.13,18,19 Liu
et al. showed that excess lithium (0 to 50 mol.%) added during synthe-
sis of Li6.5La3Ta0.5Zr1.5O12 increase the density and Li ion conductiv-
ity by the liquid phase formation during sintering.19 This seems due
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to reaction between the excess lithium and aluminum impurity from
the crucible, which was clearly visible from the PXRD studies. The
optimization of Li2O addition for Li6.75La3Zr1.75Ta0.25O12 has been
performed by Li et al. and found that 6 wt. % excess Li2O is required
for best conducting ceramic (6.4 × 10−4 Scm−1 at room temperature),
which is about 3 times higher than that of Li6.75La3Zr1.75Ta0.25O12

prepared without adding excess Li2O.20 They also found that the
glassy-like phase formed at the grain-boundaries increases the den-
sity of material as well as helps to decrease the grain-boundary and
improve the total Li+ conductivity. Sakamoto group has explored high
pressure and high temperature method to prepare dense garnet-type
Li ion electrolytes and such a technique can be used to control the
loss of Li content.21 In the present study, we systematically investi-
gate the effect of excess LiNO3 (2.5 to 15 wt.%) on the structural,
microstructural and Li ion conductivity properties of fast Li ion con-
ducting garnet-type Li6La3Ta1.5Y0.5O12 to understand the role of Li
content and its optimization for high ionic conductivity.

Experimental

Synthesis of Li garnets.— Garnet-type Li6La3Ta1.5Y0.5O12 oxide
was prepared by solid-state (ceramic) method in air at elevated tem-
perature. The precursors used were LiNO3 (99%, Alfa Aesar), La2O3

(99.99%, Alfa Aesar) (pre-heated at 900◦C for 24 h), Ta2O5 (99.5%,
Alfa Aesar) and Y(NO3)3 (99.9%, Alfa Aesar). The amount of ex-
cess LiNO3 added was varied between 2.5 and 15 wt.% in order to
compensate for the lithium loss and to understand the role of excess
Li ion phase formation, microstructure and Li ion conductivity. The
synthesis process involved the conventional heating and ball milling
steps. Pulverisette, Fritsch, Germany ball mill at a spinning rate of
200 rpm for 6 h using 2-propanol was used to ensure homogeneous
mixing of the powder before and after the heating process at 700◦C
for 6 h. Pelletization was done using an isostatic press and the pellets
were covered with mother powder in clean alumina crucible. Heating
process involved 2 stages, 900◦C for 24 h and a final sintering of
1100◦C for 6 h in ambient air.

Phase, microstructure and conductivity characterization.— The
powder X-ray diffraction (PXRD) was used to study the phase pu-
rity of samples using a Bruker D8 powder X-ray diffractometer with
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Figure 1. The powder X-ray diffraction (PXRD) patterns of
Li6La3Ta1.5Y0.5O12 prepared via solid state synthesis method with
varying amounts of excess (a) 2.5, (b) 5, (c) 7, (d) 10 and (e) 15 wt. % LiNO3
and a calculated pattern for cubic garnet (Li5La3Ta2O12 ICSD # 01-074-9856
where ICSD stands for Inorganic Crystal Structure Database). Expected peak
for Li2CO3 is also marked with a dotted line at ∼31.92◦ (JCPDS # 22-1141
where JCPDS stands for Joint Committee on Powder Diffraction Standards).

Cu-Kα radiation at the University of Calgary. The theoretical density
(d) was calculated using the lattice parameter derived from PXRD
analysis by employing the equation;

d = Z M

a3 NA
[1]

where Z, M, a, and NA represent the number of chemical formula per
unit cell (Z = 8 in the present Li-stuffed garnets), molar mass of the
nominal chemical composition Li6La3Ta1.5Y0.5O12, lattice parameter
obtained from PXRD (Figure 1 and Table I), and Avogadro’s number,
respectively. Sample imaging was performed on a Hitachi SU-70
scanning electron microscope (SEM) at the University of Maryland.
Micrometrics AccuPyc 1340, Gas Pycnometer was used to measure
the density of Li6La3Ta1.5Y0.5O12 powder samples in Calgary. Sample
density was calculated based on mass (m) and volume (Vs) of the
sample used in He displacement Pycnometer experiment, i.e.,

d = m

Vs
[2]

The term Vs depends on various factors such as the volumes of refer-
ence (Vr) and empty cell (Vc) and the gas pressure at different stages

Table I. Comparison of densities calculated from PXRD data and
measured from He Pycnometer and the lattice parameter (a) of
Li6La3Ta1.5Y0.5O12 with excess amount of lithium (2.5 - 15 wt.%
LiNO3) added during solid-state synthesis.

Excess Li-salt
(wt. %)

Theoretical
density

(gcm−3)

Measured
density

(gcm−3)

Lattice
parameter,

a (Å)
Density

(%)

2.5 5.964 4.839(5) 12.911(1) 81
5 6.007 5.101(5) 12.880(3) 85
7 5.964 5.398(2) 12.911(1) 91
10 5.963 5.161(4) 12.912(1) 87
15 5.985 5.095(3) 12.896(1) 85

during the measurement, which can be represented as follows,

Vs = Vc − Vr(
Pi −Pr
P f −Pr

− 1
) [3]

where Pr, Pi, and Pf indicate the system reference, initial and final
pressure, respectively. Raman spectroscopy was also performed with
a 532 nm laser using a Horiba LabRAM ARAMIS Raman micro-
scope at Maryland. The microscope settings used included a grating
of 1800 mm−1 and a D1 filter (10 × intensity reduction). Results were
measured between wavenumbers from 50 cm−1 to 1400 cm−1.

At Calgary, Solartron SI 1260 impedance and gain-phase analyzer
was used in the frequency range of 0.01 Hz to 6 MHz to determine
the conductivity of the Li-stuffed garnets. The pellets were painted
with Au electrodes and cured at 600◦C for 1 h before conductivity
measurements. The actual capacitance (C) values can be computed
using the impedance data analysis as,

C = R
(

1−n
n

)
C P E

(
1
n

)
[4]

where R, CPE, and n represent the resistance, constant phase element
and the exponent which varies from 0 to 1. The total conductivity was
determined using the formula,

σ =
(

1

R

)(
l

a

)
[5]

where R is the resistance, l is the thickness of the sample and a is the
area of the electrode.

Results and Discussion

Structure and density.— Figure 1 shows the PXRD patterns of
Li6La3Ta1.5Y0.5O12 prepared using 2.5 to 15 wt. % excess LiNO3 along
with the calculated pattern for the cubic phase of Li5La3Ta2O12 (Inor-
ganic Crystal Structure Database (ICSD) # 01-074-9856). PXRD show
the formation of cubic phase in all the investigated Li6La3Ta1.5Y0.5O12

samples. There is no secondary phase observed in the PXRD. It is
found that the crystal structure is stable irrespective of the change
in the amount of excess lithium content, which was added to avoid
Li loss during high temperature sintering. The exact amount of Li in
the investigated compound was unable to be quantified in the present
study due to lack of available experimental method. However, there
is no significant change in the cubic lattice constant as a function of
Li content (Table I). The theoretical and measured density results of
garnet-type Li6La3Ta1.5Y0.5O12 prepared using 2.5 to 15 wt. % excess
LiNO3 obtained using PXRD and He pycnometer, respectively, are
listed in Table I. The He pycnometer density was found to be in the
range of 4.84–5.40 gcm−3 for Li6La3Ta1.5Y0.5O12 prepared using 2.5
to 15 wt. % excess LiNO3 (Table I), while the theoretical density
obtained using XRD is ∼ 6 gcm−3. The density of the samples varied
between 81 and 91%. The discrepancy in experimental density value
can be attributed to the porosity of garnet oxides.

Microstructure and chemical composition.— Lithium dependence
of microstructure is demonstrated by scanning electron microscopy
(SEM) (Figure 2). The secondary electron images were recorded at
different magnifications. Imaging was performed on slices of isostat-
ically pressed pellets sintered at 1100◦C for 6 h. Significant porosity
is seen at the sample with 5 wt.% excess LiNO3 and below, with
a microstructure possibly indicating liquid phase sintering. This ob-
servation supports the lower density obtained from He Pycnometer
(Table I). Grain growth generally increased from 7 to 15 wt.% excess
LiNO3, though 10 % excess LiNO3 was out of the trend with somewhat
smaller particle size. In general, the inter-particle contact decreased
with increased excess LiNO3, while the extent of grain growth in-
creased. The beneficial impact of excess LiNO3 on grain growth may
have to be balanced with the lessened inter-particle contact. It seems
that 7 wt. % excess LiNO3 is close to this balancing point. Also, less
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Figure 2. Scanning electron micrographs of Li6La3Ta1.5Y0.5O12 with varying
amounts of excess (a) 2.5, (b) 5, (c) 7, (d) 10, and (e) 15 wt. % LiNO3
(corresponding higher magnification images are shown in the same row).

porosity with inter-particle contact and maximum density of 5.4 gcm−3

was observed for 7 wt. % LiNO3 excess sample compared to others
(Table I).

The elemental distribution (EDS mapping) of Li6La3Ta1.5Y0.5O12

prepared using 2.5 to 15 wt. % excess LiNO3 is shown in Figure 3,
indicating the presence of heavy elements in the composition along
with the Al contamination from the crucible used for the synthesis. The
EDS mapping further indicates that there is no significant segregation
of Al or other elements in Li6La3Ta1.5Y0.5O12 prepared using 2.5 to
15 wt. %. The presence of Al contamination was further confirmed
from the 27Al MAS NMR studies, as shown in Figure 4. The peak
close to 0 ppm indicates the octahedral coordination of Al, while the
other peak close to 70 ppm indicates the tetrahedral coordination of
Al.8,16,22–24 Geiger et al. proposed that the octahedral sites occupied
by Al3+ could lead to distortion.25 It is possible that Al3+ substitutes
for Li+ sites and creates lithium vacancies in the structure which af-
fect the structural stabilization.26 Li7La3Zr2O12 garnet needs a critical
concentration of 0.204 moles of Al to stabilize cubic structure and
it exists as tetragonal polymorph below that concentration limit.26

Though EDS mapping showed no significant segregation of Al at
grain boundaries in this study, a small amount of Al could also be
present at grain-boundaries as an amorphous phase, which acts as
sintering aid and prevents Li volatilization during sintering.27 There
was no indication of aluminum containing impurity peaks in PXRD
(Figure 1), which could be due to the detection limit of the technique.
Chemical shift value of 7Li MAS NMR was reported against LiCl
standard (Figure 5). In all the cases, a single peak was obtained close
to 0 ppm which is typical for Li-stuffed garnet-type oxides.7,8,16,28

Raman spectroscopy.— Raman spectroscopy was performed to re-
veal the presence of any surface phases and fingerprint the garnet
phase. Figure 6 shows that the spectrograph matches that of cubic
garnet regardless of excess lithium amount.29,30 However, it is also
apparent that all samples show some amount of Li2CO3 formation on

Figure 3. SEM image and corresponding elemental mapping of Li6La3Ta1.5Y0.5O12 with varying amounts of excess (a) 2.5, (b) 5, (c) 7, (d) 10 and (e) 15 wt. %
LiNO3.
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Figure 4. 27Al MAS NMR of Li6La3Ta1.5Y0.5O12 with varying amounts of
excess (a) 2.5, (b) 5, (c) 7, (d) 10, and (e) 15 wt. % LiNO3 measured against
Al(NO3)3 as standard.

the surface, as evidenced by the strong peak at 1090 cm−1. However,
the expected carbonate peak (2θ ∼ 31. 92◦, JCPDS # 22-1141 where
JCPDS stands for Joint Committee on Powder Diffraction Standards)
is not present in PXRD patterns (Figure 1). The detection of Li2CO3 in
Raman, but not in PXRD, signifies that the Li2CO3 is likely a minority
phase existing as a surface layer formed in a reaction between lithium
garnet and atmospheric CO2. The presence of Li2CO3 due to the sam-
ple exposure to atmosphere is also reported recently using the tech-
niques such as X-ray photoelectron spectroscopy (XPS) and soft X-ray
absorption spectroscopy (sXAS).31 There is no correlation between
excess lithium in the sample and intensity of the Raman peak signify-
ing Li2CO3. The samples may have had slightly different exposures
to the atmosphere. Lithium vibrations are expected between 300 and

-100 -80 -60 -40 -20 0 20 40 60 80 100

 Chemical shift (ppm)

(e)

(d)

(c)

(b)

(a)

Figure 5. 7Li MAS NMR of Li6La3Ta1.5Y0.5O12 with varying amounts of
excess (a) 2.5, (b) 5, (c) 7, (d) 10, and (e) 15 wt. % LiNO3. The standard
material used was LiCl.
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Figure 6. Raman spectroscopy of Li6La3Ta1.5Y0.5O12 with varying amounts
of excess (a) 2.5, (b) 5, (c) 7, (d) 10 and (e) 15 wt. % LiNO3. For comparison,
Raman spectrum of commercial Li2CO3 is also shown.

600 cm−1, more specifically in Figure 6, the internal modes of octa-
hedrally coordinated lithium occur at 200–300 cm−1 and that of tetra-
hedrally coordinated lithium occur at 350–600 cm−1.18,32 The peak at
∼750 cm−1 could be due to the stretching modes of TaO6 octahedra.33

Electrical conductivity.— Typical AC impedance spectra of
Li6La3Ta1.5Y0.5O12 prepared using 2.5 to 15 wt. % excess LiNO3

recorded in air at 50◦C are shown in Figure 7, and the equivalent
circuit used for fitting are shown as inset figures. Two semicircles
and a spike due to lithium ion blocking electrodes are seen for
2.5 wt.% excess sample, and two sets of parallel resistor-capacitor
and a series capacitor was used for the fitting (Figure 7a). Only one
semicircle and a spike is seen in case of Figures 7b and 7c. The fitting
results are provided in Table II and the capacitance values show that
the conductivity contributions are from the bulk and grain-boundaries.
The shape of impedance spectra shows the typical behavior of garnet-
type oxides.18,19

Figure 8 shows the Arrhenius plots for bulk Li ion conductivity of
the Li6La3Ta1.5Y0.5O12 prepared with varying excess of LiNO3. The
maximum conductivity obtained is for the 10 and 15 wt. % LiNO3

excess samples and a drop in conductivity of couple of orders of
magnitude was observed for all other cases (2.5 to 7 wt. %). The
conductivity obtained for 10 wt. % Li sample is 1.62 × 10−4 Scm−1

at 24◦C, while a lower conductivity of 3.78 × 10−6 Scm−1 was found
for the least conductive sample, with 2.5 wt.% LiNO3 excess. The
activation energy was obtained by employing the Arrhenius equation
(Equation 6),

σT = A exp
(
− Ea

kT

)
[6]
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Figure 7. Typical AC impedance spectra of Li6La3Ta1.5Y0.5O12 with varying amounts of excess (a) 2.5, (b) 5, (c) 7, (d) 10, and (e) 15 wt. % LiNO3 measured in
air at 50◦C. The open symbols and solid lines represent the measured and fitted data, respectively. The equivalent circuit used to fit the impedance data of 2.5 and
5 and 7 wt. % LiNO3 members is shown in the inset figure.

Table II. The AC impedance fitting results measured at 50◦C of Li6La3Ta1.5Y0.5O12 with excess amount of lithium (2.5, 5 and 7 wt. % LiNO3)
added during solid-state synthesis.

Excess Li-salt (wt. %) Rb (�) CPEb (F) n Cb (F) n CPEgb (F) Cgb (F) CPEel (F) χ2

2.5 4.93 × 104 1.98 × 10−10 0.81 1.24 × 10−11 0.81 1.35 × 10−8 2.02 × 10−9 6.75 × 10−7 3 × 10−4

5 2.97 × 103 1.34 × 10−8 0.57 6.79 × 10−12 - - - 6.63 × 10−7 2 × 10−4

7 8.18 × 103 5.30 × 10−10 0.74 6.32 × 10−12 - - - 2.05 × 10−6 4 × 10−4
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closed and open symbols represent the heating and cooling cycles, respectively.

where A is the pre-exponential factor, Ea is the activation energy, T
is the temperature, and k is the Boltzmann constant (1.38 × 10−23

JK−1). The higher conductivity samples show a decrease in activation
energy over the temperature range of 24–325◦C, as shown in Figure 8.
This can be attributed due to the fact that the excess LiNO3 added
during synthesis acts as a sintering aid, which increases the grain-
to-grain contact and also decreases the grain-boundary resistance. A
comparison graph of calculated and measured densities from PXRD
data using the PROSZKI program and He Pycnometry respectively,
along with activation energy as a function of different excess Li con-
tent of Li6La3Ta1.5Y0.5O12 (2.5–15 wt. % excess LiNO3) is shown in
Figure 9. It is noticeable that with the increase in measured density, ac-
tivation energy tends to decrease, indicating that the excess Li salt has
a positive role in increasing the density of the investigated Li-stuffed
Li6La3Ta1.5Y0.5O12.
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Figure 9. Correlation of density and activation energy (calculated at 24–
325◦C) with the excess LiNO3 wt. % (2.5 – 15 wt.%) used for the synthe-
sis of Li6La3Ta1.5Y0.5O12. It shows that the activation energy decreases with
increase in density of the ceramics.

Conclusions

This study sheds some light on the role of excess lithium in the
synthesis of lithium garnets. Li6La3Ta1.5Y0.5O12 was produced with
varying excess amounts of LiNO3 and characterized by powder X-ray
diffraction, scanning electron microscopy, AC impedance and Ra-
man spectroscopy. The desired cubic phase was obtained for all the
compositions and the lattice parameter was essentially constant ir-
respective of the amount of excess lithium in the composition. The
amount of excess lithium had an insignificant effect on the lattice
structure or propensity to develop lithium carbonates in air, but sin-
terability and conductivity showed clear maxima in the range tested.
Li6La3Ta1.5Y0.5O12 with 10 and 2.5 wt. % excess Li showed the high-
est and lowest conductivity of 1.62 × 10−4 Scm−1 and 3.77 × 10−6

respectively, at 24◦C among all other members. This study shows that
the optimization of excess LiNO3 addition can dramatically improve
the properties of final sintered Li-stuffed garnets.
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