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a b s t r a c t

Gallium substituted garnet-type Li7La3Zr2O12 has been synthesized via a sol-gel (SG) and solid-state
reaction (SSR) routes. The results of scanning electron spectroscopy measurements showed that the
SG process produced statistically smaller powder particles than the SSR route. A structural trans-
formation from tetragonal to cubic phase occurs at an elevated level of Gallium doping, resulting in a
cubic structure for Li5.5La3Zr2Ga0.5O12 (0.5Ga-LLZO). To facilitate the comparison of sintering procedures,
powders of Ga-doped LLZO were sintered by both a conventional sintering process and a spark plasma
sintering (SPS) process. For pellets sintered by SPS at 950 !C for 5 min, grain coarsening was limited due
to the short sintering duration. However, grain coarsening was observed in the SPS pellets sintered at
950 !C, 1000 !C, and 1100 !C for 5 h in air. The ionic conductivity was determined by electrochemical
impedance spectroscopy (EIS) at temperatures in the range of 20 !Ce100 !C. The total ionic conductivity
was found to increase with increased relative density and larger grain size. The highest total ionic
conductivity at room temperature was found to be in the range of 5.81 " 10#5 S/cm (Ea ¼ 0.41 eV) in this
work.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

There is an increasing demand for high energy density, long
recycling life and safer batteries for portable electric devices and
electric vehicles, and rechargeable lithium ion batteries have
attracted significant attention. However, the state-of-the-art elec-
trolytes used in lithium ion batteries still employ an organic Li-ion
salt electrolyte that has posed safety concerns arising from dendrite
formation and flammability [1]. In addition, the stability problem of
the aqueous electrolytes with lithium metal has seriously limited
the voltage range [2,3]. To address these concerns, solid-state
electrolytes with enhanced safety and room temperature conduc-
tivities in excess of 10#4 S/cm are being considered as a substitute
for current liquid electrolytes and polymer-based separators. The
employment of anode materials like LiC6, lithium metals, and
Nickel-, Cobalt-, Iron- or Manganese-containing oxides like LiNi1/

3Mn1/3Co1/3O4 as cathode materials results in much higher energy
and powder densities as well as higher long-term stability [3].

A group of garnet-type fast lithium ionic conductors with the
chemical formula of Li5La3M2O12 (M ¼ Nb, Ta) was reported by
Weppener et al. in 2003. Li5La3Nb2O12 and Li5La3Ta2O12 exhibited
the same magnitude of bulk ionic conductivity ~10#6 S/cm at 25 !C
[4]. Li6BaLa2Ta2O12 possessed a higher conductivity of 4" 10#5 S/cm
at 22 !C with an activation energy of 0.40 eV [5]. Zirconium-
containing garnet lithium has been investigated based on the
good thermal and chemical stability againstmetallic lithium, aswell
the low cost and ease of preparation. In terms of structure, a higher
packing density is essential to provide enough pathways for lithium
ions transport between adjacent lattice sites. Therefore, a high
sintering temperature and longer sintering duration are essential to
obtain dense electrolytes. Murugan et al. have firstly reported
Li7La3Zr2O12 (LLZO) with high bulk lithium ionic conductivity of
approximately 10#4 S/cm at 25 !C via SSR procedure at 1230 !C for
36 h [6]. However, lithium loss leading to the formation of a pyro-
chlore phase La2Zr2O7 typically appears at 1250 !C [7,8].

Two distinct crystalline phases (cubic and tetragonal) of LLZO in
different temperature range were identified by Awaka et al. [2,9]
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with only cubic structured LLZO exhibiting high lithium ion con-
ductivity [9]. In general, lithium ion conductivity of the cubic phase
LLZO is higher than that of tetragonal LLZO by two orders of
magnitude. However, the mechanism of the phase transformation
between these two phases is not completely understood. Multiple
doping strategies have been tried by previous researchers to sta-
bilize the cubic structure of LLZO at room temperature such as
Aluminum(Al) [10e14], Yttrium(Y) [15], Gallium(Ga) [11,16,17],
Tantalum(Ta) [11,18], Niobium(Nb) [19], Tungsten(W) [20].

In this work, the grain size of Li5.5Ga0.5La3Zr2O12 (0.5Ga-LLZO)
has been controlled by a spark plasma sintering (SPS) method.
Grain coarsening was achieved when the SPS pellets were subse-
quently sintered in a conventional box furnace with increased
temperature and time. Similar treatment have been done in our
previous work on proton conducting ceramics to gain insight into
the role of grain boundaries on ionic conductivity [21]. Compared
with conventional sintering techniques such as hot press, spark
plasma sintering (SPS) facilitates a pulse current driven through the
sample as well as the surrounded graphite die. SPS has been found
to be a quick and effective method for densification. Unlike hot
press where the sample is heated by the heating element, in the SPS
process, the pulse current enhances the interaction between adja-
cent grains, which facilitates densification.

2. Experimental

2.1. Synthesis of LLZO and Ga-doped LLZO via a solid-state route

Raw powders of Li2CO3 (99.9%, Macron Fine Chemicals®),
La2O3(99.99%, Alfa Aesar®) and ZrO2(99.7%, Alfa Aesar®) were
mixed with the corresponding molar ratio, as well as Ga2O3(99%,
Alfa Aesar®) to form the targeted composition (Li7-3xGaxLa3Zr2O12,
x ¼ 0, 0.1,0.5,1.0). The mixture was then ball-milled with zirconia
balls for 48 h with ethanol as the dispersing reagent. 10% excess of
lithium carbonate was added in order to compensate for the loss of
lithium at later high heating stage. The mixture was moved into a
baker with a mesh filter and then dried in the oven at 100 !C for
12 h. The dried powders were then pressed into pellets under
isostatic pressure and heated at 950 !C for 5 h in air. The annealed
pellets were ground again and re-compressed into pellets. Calci-
nation was repeated at 950 !C two times to ensure the complete
reaction of starting materials.

2.2. Synthesis of LLZO and 0.5Ga-LLZO raw powder via a SG route

The precursor of LLZO via the SG route was made from the
starting materials Li2CO3 (99%, Alfa Aesar®), La(NO3)3$6H2O (99%,
Alfa Aesar®) and ZrO(NO3)2$xH2O (99%, Sigma-Aldrich®) in the
stoichiometric proportions. First, citric acid was dissolved in water
as the complexing reagent. ZrO(NO3)2$xH2O was then dissolved in
the distilled water and nitric acid, in which nitric acid dissolved
ZrO(NO3)2$xH2O, and GaCl3(99.99%, Sigma Aldrich®). LiNO3 and
La(NO3)3$6H2O powders were dissolved in the mixture of Zr4þ and
citric acid solution, pre-treated GaCl3 solution were then added to
form the targeted composition 0.5Ga-LLZO (Li5.5Ga0.5La3Zr2O12).
The transparent solutionwas stirred at room temperature overnight
and then heated to a gel at 100 !C for several days with multiple
grinding steps until all the gel became powder (dried precursor).
The dried precursor of LLZOwas heated in the box furnace at 950 !C
for 5 h. This calcination step was repeated two times, similar to the
heat treatment used in the solid-state synthesis process. Following
calcination, the powders were ground into very fine powder par-
ticles and combinedwith 5wt% polyvinyl alcohol (PVA) as a ceramic
binder. The powders were fabricated into pressed pellets with an
isostatic press operating at 1400 psi for 1 min.

2.3. Conventional sintering vs. spark plasma sintering

Sinteringwas performed in air in a box furnacewith the samples
resting on an alumina plate with a covered alumina crucible. The
crucible and plate were sealed using a ceramic paste in order to
avoid excessive lithium loss during the sintering process. In addi-
tion, experiments were conducted with platinum foil between the
pellets and the alumina crucible to limit incorporation of Al into the
samples. Pellets were sintered at various temperatures from 950 !C
to 1200 !C with a heating/cooling rate of 5 !C/min. A small boat of
Li2CO3 was put next to the pellets producing a lithium rich vapor
phase intended to further reduce lithium loss from the pellets
during the sintering process, similar work has been done in the
previous work [22].

The mixed powder synthesized via SG process was loaded in a
graphite die/punches set with an inner diameter of 12.7 mm. Two
pieces of graphite foils were used as spacers to separate the powder
and graphite punches. The sample was then placed in the SPS
chamber and heated up to the target temperature. Several different
SPS conditions were tried and tested: samples were applied with a
pressure of 3kN/6kN, sintering temperature of 800 !C, 900 !C, and
950 !C, and sintering duration of 5 min and 10 min. It was found
that the pellet sintered at 950 !C for 5 min and with 6kN pressure is
the most solid, with a density of 4.18 g/cm3. On the other hand, all
the pellets sintered with the sintering duration of 10 min cracked.

3. Results and discussion

3.1. Phase analysis and morphology

The synthesized powders and sintered pellets were analyzed by
X-ray diffraction (XRD) using CuKa radiation at room temperature
in the 2q ranges from 10! to 70! with 1!/min scanning rate. For un-
doped LLZO powders, the XRD patterns exhibited peaks matching
the tetragonal structure, which was consistent with the literature
[23,24]. The main impurity typically observed in LLZO is the pyro-
chlore phase La2Zr2O7 [6,23e36]. Pyrochlore is also the dominant
impurity phase in similar compositions such as perovskite type
La0.5Li0.5TiO3 [37]. This secondary phase is commonly observed
after pellets are sintered due to the loss of lithium at high tem-
peratures. Other impurities such as Li2ZrO3 have also been
observed and reported in the recent literature [38e40]. In Fig. 1, a
structural transformation from tetragonal symmetry to cubic
symmetry was observed in the present work with increasing

Fig. 1. X-ray diffraction patterns for LLZO, 0.1Ga-LLZO, 0.5Ga-LLZO, 1.0Ga-LLZO
powders synthesized via SSR process, and the standard patterns for tetragonal-
LLZO(ICSD_183684) [41], standard cubic-LLZO(ICSD_261302) [42]. Secondary phase
La2Zr2O7(PDF 71-2363); Li2ZrO3(PDF 75-2157); LiGaO2(PDF 72-1640).
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amount of gallium substitution. XRD investigations indicate that
0.1Ga-LLZO is a mixture of tetragonal phase and cubic phases,
however the composition 0.5Ga-LLZO is primarily a cubic phases
with small amounts of impurities such as LiZrO3, which are
commonly observed in literature. The structure type and lattice
parameters are summarized in Table 1. The composition 1.0Ga-
LLZO revealed excess Ga in the form of LiGaO2 according to XRD
measurements and SEM-EDS elemental mapping. Therefore the
focus of this work was on the comparison of un-doped LLZO and
0.5Ga-LLZO via SG route as displayed in Fig. 2 with the lattice pa-
rameters summarized in Table 2.

3.2. Powder particle size analysis: SG versus SSR route

LLZO powders synthesized via a SG and a SSR process were
dispersed in ethanol after ultrasonic treatment. The powders were
deposited on a silicon plate and dried in the oven at 80 !C for 24 h.
Powders derived from a SG (Fig. 3a) and SSR (Fig. 3c) were detected
by scanning electron micro-spectroscopy (SEM) after coating with
platinum. Distribution of powder particle sizes have been statisti-
cally analyzed by the ImageJ® software [43]. The mean size of
powder particles synthesized by the SG method 0.73 mm with a
standard deviation ~0.22 mmas indicated in Fig. 3b. The SSR process
produced particles in the mean size range of 2.47 mm with a stan-
dard deviation ~0.70 mm as shown in Fig. 3d. The results indicate
that particles synthesized via the SG are much smaller than those
obtained from SSR route. This smaller size would affect the sinter-
ing process regarding elemental distribution and grain coarsening.

3.3. A smaller powder particle size is beneficial to grain coursing
during sintering stage

0.5Ga-LLZO was chosen as the targeted composition to be
compared between the SG process and the SSR process due to the
single cubic phase observed in the calcined powders. The sample

nomenclature and fabrication processes for these experiments are
summarized in Table 3. 0.5Ga-LLZO synthesized by SSR and sin-
tered by conventional sintering at 1000 !C for 5 h is displayed in
Fig. 4(a) and 1100 !C is displayed in Fig. 4b. Spherical grains were
observed in the range of ~5 mm, with peripheral connections
forming fringes. Compared with the pellets sintered at 1000 !C by
conventional sintering, pellets sintered at the same temperature
exhibited larger grains with obvious grain boundaries. Fig. 4c and
(d) show the pellets synthesized by the SG process have higher
sinterability than those synthesized by SSR. The grains size is in the
ranges of ~100 mm, which is about 20 times larger than those
synthesized by SSRs. Densification of the pellets and good inter-
grain connectivity are clearly visible in the SEM images, further
indicating that finer powder particles in the SG synthesis process
are more favorable for sintering. A uniform distribution of elements
in the bulk of the material is exhibited for the 0.5Ga-LLZO sample
according to SEM-EDS analysis in Fig. 5. An increased concentration
of Ga was observed at the grain boundaries.

3.4. Grain coarsening in 0.5Ga-LLZO SPS pellets

Pellets of 0.5Ga-LLZO fabricated from the SG powders have been
sintered by spark plasma sintering method at 950 !C for 5 min. The
grain size was controlled and limited with reduced sintering
duration. Previous studies on the powders synthesized via both SG
route and by SSR method showed the SG powders resulted in finer
particle size, compared with SSR powders. In general, finer powder
particles are more beneficial for sintering resulting in lower sin-
tering temperature and enhanced grain growth. The sintering
temperature for the powders synthesized via SG process is much
lower than those synthesized via SSR process due to the higher
energy activity of the smaller powder particles. Meantime, these
finer powder particles also promote grain coarsening with pro-
longed sintering duration. The sample nomenclature and fabrica-
tion process for this series of samples is summarized in Table 4.

Obviously, a large ratio of grain/grain-boundaries can be realized
by increasing the grain size. Compared with pellets fabricated from
the SSR powders, the pellets fabricated by SG powders possessed
larger grains. Investigations on the impact of grain coarsening on
conductivity initiated with the pellets fabricated with SG powders
and sintered by the spark plasma sintering (SPS) method for 5 min.
After the initial SPS treatment, the pellets were subjected to con-
ventional sintering at 950 !C, 1000 !C, 1100 !C for 5 h consequently.
SEM images of the surface of these pellets are shown in Fig. 6. The
powder particles size distributions were analyzed by ImageJ®

software [43] and the plots of particle size distribution are pre-
sented in Fig. 7, particle size did exhibit significant change due to the
elevated sintering temperatures were employed. The average grain
size changed from 1.34 mm to 3.51 mm, and then from 7.03 mm after
the heat-treatment at 950 !C, 1000 !C and 1100 !C respectively.
Grain and grain size distribution analysis of 0.5Ga-LLZO_CS1100_5 h
shows the mean grain size in the pellets is 102.40 mm in Section 3.3.

3.5. Lithium ionic conductivity (0.5Ga-LLZO)

Lithium ionic conductivities of 0.5Ga-LLZO pellets were deter-
mined by Electrochemical Impedance Spectroscopy (Solartron®, SI

Table 1
SSR powders phase structure types and lattice parameters.

Nomination Composition Structure type Lattice parameters

LLZO Li7La3Zr2O12 Tetragonal a ¼ b ¼ 13.114(0)
c ¼ 12.690(7)

0.1Ga-LLZO Li6.7Ga0.1La3Zr2O12 Tetragonal and cubic
0.5Ga-LLZO Li5.5Ga0.5La3Zr2O12 Cubic c ¼ 12.980(4)
1.0Ga-LLZO Li4GaLa3Zr2O12 Cubic c ¼ 13.015(7)

Fig. 2. X-ray diffraction patterns for LLZO and 0.5Ga-LLZO powders synthesized via SG
process, and the standard patterns for tetragonal-LLZO(ICSD_183684) [41], standard
cubic-LLZO(ICSD_261302) [42]. Secondary phase La2Zr2O7(PDF 71-2363); Li2ZrO3(PDF
75-2157); LiGaO2(PDF 72-1640).

Table 2
SG powders phase structure types and lattice parameters comparison.

Nomination Composition Structure type Lattice parameters

LLZO Li7La3Zr2O12 Tetragonal a ¼ b ¼ 13.132(1)
c ¼ 12.679(4)

0.5Ga-LLZO Li5.5Ga0.5La3Zr2O12 Cubic a ¼ b ¼ c ¼ 12.980(6)
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Fig. 3. (a) Scanning electron microscopy (SEM) images of LLZO powders synthesized via SG process; (b) Powder particle size distribution of powders synthesized via SG process;
(c) Scanning electron microscopy (SEM) images of LLZO powders synthesized via SSR process; (d) Power particle size distribution of powders synthesized via SSR process.

Table 3
0.5Ga-LLZO Sample nomenclature and fabrication process. Nomination Fabrication process.

Pellets Name Fabrication process

SPS950_5 min Pellets sintered by SPS at 950 !C for 5 min
SPS þ CS950_5 h The SPS950_5 min pellets continually sintered by conventional sintering method in box furnace at 950 !C for 5 h
SPS þ CS1000_5 h The SPS þ CS950_5 h pellets continually sintered by conventional sintering method in box furnace at 1000 !C for 5 h
SPS þ CS1100_5 h The SPS þ CS1100_5 h pellets continually sintered by conventional sintering method in box furnace at 1100 !C for 5 h

Fig. 4. Scanning electron microscopy (SEM) images of (a) 0.5Ga-LLZO_SSR_CS1000, magnitude 5 K (b) 0.5Ga-LLZO_SSR_CS1100, magnitude 5 K (c) 0.5Ga-LLZO_SG_CS1000,
magnitude 5 K (d) 0.5Ga-LLZO_SG_CS1100, magnitude 5 K.
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1287 þ SI 1260) with pasted Ag on both sides of the pellets as the
electrodes. EIS was tested in air in a tube furnace in the temperature
range from room temperature (RT) to 100 !C. According to relations
between conductivity and impedance, R¼ 1/s" L/A, conductivities
can be obtained by the calculation of impedance and the dimension
of the pellets. In the equation, R is the impedance obtained in EIS

measurement; l is the thickness of the pellets; A is the surface area
of the pellets; and s is the conductivity.

The Nyquist plots of the 0.5Ga-LLZO pellets measured at room
temperature are shown in Fig. 8. The equivalent circuits of
Rb(RgbQgb) have been employed here to fit the experimental data. In
which, Rb donates the bulk resistance, Rgb donates the grain-grain

Fig. 5. SEM-EDS image of pellet 0.5Ga-LLZO_SG_CS1100 indicates O, La, Zr, Ga distribute homogenously and Ga rich phases concentrate on the grain boundaries.

Table 4
0.5Ga-LLZO Sample nomenclature and fabrication process.

Nomination Fabrication process

0.5Ga-LLZO_SSR_CS1000 Li5.5Ga0.5La3Zr2O12 pellets fabricated from SSR route and sintered by conventional sintering process at 1000 !C for 5 h in air
0.5Ga-LLZO_SSR_CS1100 Li5.5Ga0.5La3Zr2O12 pellets fabricated from SSR route and sintered by conventional sintering process at 1100 !C for 5 h in air
0.5Ga-LLZO_SG_CS1000 Li5.5Ga0.5La3Zr2O12 pellets fabricated from SG route and sintered by conventional sintering process at 1000 !C for 5 h in air
0.5Ga-LLZO_SG_CS1100 Li5.5Ga0.5La3Zr2O12 pellets fabricated from SG route and sintered by conventional sintering process at 1000 !C for 5 h in air
Nomination Fabrication process

Fig. 6. Scanning electron microscopy (SEM) images of 0.5Ga-LLZO_SG sintered by (a) SPS950_5 min, 2 K, (b) SPS þ CS950_5 h, 2 K, (c) SPS þ CS1000_5 h, 2 K (d) SPS þ CS1100_, 2 K.
SG means the powders synthesized via sol-gel route, CS950_5 h, CS1000_5 h, and CS1100_5 h represents the SPS950 with reheating treatment at 950 !C, 1000 !C and 1000 !C
for 5 h.
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boundary resistance, and Qgb the constant phase element contri-
butions of the grain-grain boundary.

In the pellets, both bulk and grain-boundary regions have con-
tributions to the total conductivity. In the view of impedance, R
t ¼ R b þ R gb. Rb and Rgb can be obtained via the equivalent circuit
and Z-view software®. Thereby, sb, sgb, and st was finally obtained
via Rb Rgb Rt, correspondingly.

From the microstructural perspective, there was no obvious
change from SPS950_5min to SPSþ CS950_5 h. However, electrical
measurements indicate that the bulk conductivity (sb) became
larger and grain boundaries conductivity (sgb) became smaller after
prolonged annealing at 950 !C. For 1000 !C, 1100 !C, both the bulk
(sb) and grain-boundary (sgb) ionic conductivity have been
improved as a result of the enhanced grain growth. The larger grain
sizes lead to an enhancement in the ratio of grain/grain boundaries,
resulting the improvement in the total ionic conductivities.

The sample SPS þ CS1100_5 h, which was made from SG pow-
ders and sintered by the conventional sintering process resulted in
the highest ionic conductivity bulk and grain-boundary conduc-
tivity measured in this study. That is perhaps due to the different
level of grain coarsening from the initial state. Compared with the
SPSþ CS1100_5 h pellet (mean grain size~7.03 mm), the CS1100_5 h
exhibited much larger grains (mean grain size~104.20 mm),
resulting in enhanced conductivity.

The temperature dependent total ionic conductivities for 0.5Ga-
LLZO sintered by SPS and continually sintered by conventional
sintering was plotted according to the Arrhenius equation

sT ¼ s0 expð # Ea=kTÞ

where s0 is a pre-exponential factor proportional to the number of
carrier ions; Ea is the activation energy in eV, k is the Boltzmann

Fig. 7. Grain size distribution plots of 0.5Ga-LLZO pellets sintered by (a) SPS950_5 min (b)SPS þ CS950_5 h (c) SPS þ CS1000_5 h (d) SPS þ CS1000_5 h.

Fig. 8. Nyquist plots of 0.5Ga-LLZO_SPS950 pellets prepared by spark plasma sintering (SPS) for 5 min, SPS þ CS950_5 h (Conventional sintering at 950 !C for 5 h), SPS þ CS1000_5 h
(Conventional sintering at 1000 !C for 5 h), SPS þ CS1100_5 h (Conventional sintering at 1100 !C for 5 h) and 0.5Ga-LLZO_CS1100 (Conventional sintering at 1100 !C for 5 h directly
from calcined powders) measured at room temperature (RT). All the powders were synthesized via SG process.
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constant of 8.62 " 10#5 eV/K; and T is the absolute temperature in
K. The activation energy was obtained by fitting the Arrhenius plot
and calculated by the slope of the fitted line are displayed in Fig. 9
for (a) total ionic conductivities, (b) grain-boundary ionic conduc-
tivity and (c) bulk ionic conductivity. Values of activation energy for
bulk region are very closed to each other, which indicate the
mechanism of ion transport in the material are similar. The differ-
ence in activation energy at the grain-boundary and total ionic
conductivity indicate the mechanisms of transport at the interface
could be different. It is known that grain boundary structure is
disordered and the crossover from periodic bulk structure to
disordered interface could disrupt ion motion ([44]). Possible im-
pacts such as grain size and density should be taken into consid-
eration for these varieties in activation energy.

In general, there will be an optimum trade-off between lithium-
loss, sintering temperature, phase composition and the ionic con-
ductivity of the pellets. The highest total ionic conductivity at room
temperature was found to be in the range of 5.81 " 10#5 S/cm
(Ea ¼ 0.41 eV) for the SG synthesized 0.5Ga-LLZO and sintered by
conventional sintering in the air. The total conductivity is
comprised of bulk (grain) and grain boundaries (interface) contri-
butions. Generally speaking, the bulk region displayed one to two
order higher magnitude increase as compared to the grain-
boundary ionic conductivity. This points to a metric of the ratio of
grain/grain-boundaries area, which could be used for optimization

Fig. 9. Arrhenius plots of (a) total ionic conductivities, (b) grain-boundary ionic con-
ductivity and (c) bulk ionic conductivity of 0.5Ga-LLZO_SPS950 pellets: SPS950_5 min
(sintered by SPS for 5 min), SPS þ CS950_5 h (conventional sintering at 950 !C for 5 h),
SPS þ CS1000_5 h (conventional sintering at 1000 !C for 5 h), SPS þ CS1100_5 h
(conventional sintering at 1100 !C for 5 h) and 0.5Ga-LLZO_CS1100 (conventional
sintering at 1100 !C for 5 h directly from calcined powders) measured in the tem-
perature range 20e100 !C. Fig. 10. The relationship between ionic conductivity at room temperature with

(a) mean grain size and (b) density of the 0.5Ga-LLZO SPS and SPS þ CS pellets.
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of the total ionic conductivity. Samples with a large ratio of grain/
grain-boundaries are expected to have high values of total ionic
conductivity.

Meanwhile, SPS þ CS950 pellets displayed an ionic conductivity
sb enhancement from 1.61 " 10#5 S/cm to 2.16 " 10#5 S/cm; sgb
decrease from 3.07 " 10#6 S/cm to 2.21 " 10#6 S/cm which was
potentially due to the enhanced re-distribution of gallium atoms at
the grain boundaries after extended sintering times leading to
higher resistance in the interfacial regions.

An obvious trend of an increase in the ionic conductivity with
increased mean grain size and density are shown in Fig. 10 (a) and
(b), respectively. From the perspective of grain size, a larger mean
grain size indicates there are less interfacial areas in the pellets, and
the contribution from grain boundaries become less than the bulk
material. When density is taken into consideration, higher density
provides more pathways for lithium ions transport across the ma-
terial and the total ionic conductivity increases when more path-
ways are provided.

4. Conclusion

Targeted compositions of LLZO have been synthesized via both a
SG route and a solid state reaction route. The powders of Ga-doped
LLZO are synthesized via the SG process results in smaller mean
particle sizes (0.70 ± 0.22 mm) than those synthesized via SSR
process (2.47 ± 0.70 mm). Smaller powder particle size means more
interfacial surface area in the powders, which results in the larger
grains and a more uniform grains distribution in the sintered pel-
lets. The pellets were then sintered by both a spark plasma sin-
tering process and a conventional sinteringmethod. For SPS pellets,
higher densification with smaller grain size was obtained, when it
is compared with those fabricated by a conventional sintering
process.

Many aspects such as crystalline phase, grain size, grain and
grain boundaries characteristics, and sample density determine
ionic conductivity. Due to the limited grain coarsening introduced
via spark plasma sintering, the ionic conductivity of 0.5Ga-LLZO
pellet fabricated by SPS was lower than those sintered by CS pro-
cess. Controlled annealing studies resulting in grain growth of SPS
samples indicated the total ionic conductivities were still reduced
when multiple effects were taken into consideration. Sample sin-
tered at 1100 !C for 5 h directly from sol-gel powers displayed a
larger grain size due to the higher activation energy of the powers,
as compared with the samples that were initially SPS sintered
before grain coarsening. The present work shows the process of
grain coarsening for LLZO, providing information on the structure/
property relations related to ionic conductivity including phase
composition, grain size, and density.
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