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LiyLazZr,012 (LLZO) garnets are one of the most promising solid electrolytes for next generation all-solid-state Li
metal batteries due to their high ionic conductivities, chemical stabilities to metallic lithium and wide electro-
chemical window. Single and co-doped LLZO with Ga, Al, Nb were prepared by solid state reaction and sintered
under oxygen atmosphere. Lithium ion conduction properties were investigated through electrochemical
impedance spectroscopy in the temperature range of —25 °C-45 °C. Among the doped compositions, Ga doped
single phase cubic LLZO shows the highest ionic conductivity of 1.49 x 10~ S/cm at room temperature and

activation energy of 0.27eV, which is one of the best results reported in literature so far in terms of doped garnet
structured LLZO. All single or co-doped LLZO samples exhibit low electronic conduction which are 4-5 orders of
magnitude lower than their corresponding ionic conductivities. Ga-doped garnet LLZO of high ionic conductivity
and negligible electronic conduction makes it a superior solid electrolyte for all-solid-state Li metal batteries.

1. Introduction

Benefited from their high energy and power densities, lithium-ion
batteries (LIB) are dominating the battery supply market, especially
for the electric vehicles and portable devices [1-4]. However, the con-
ventional LIB uses flammable organic solvent which poses a risk of ex-
plosion and fire in the case of leakage, penetration, and consequent
overheating [5]. To build a safer LIB, lots of efforts were paid to replace
the liquid electrolyte with the nonflammable solid-state electrolyte
(SSE) over the last decades [5]. Nevertheless, the ionic conductivity of
SSE is still lower than that of common liquid electrolytes, such as LiPF6
in ethylene carbonate (EC)/dimethyl carbonate (DMC) (~1O’2 S/cm)
[6,7]. The researchers have been working on tuning the structures of the
SSE to achieve comparable ionic conductivity to and a better overall
performance than the liquid electrolyte.

Among all the SSEs, garnet type material has received much scien-
tific attention since the discovery of its high ion conductivity at room
temperature [8]. The garnet type SSE also comes with other merits such
as the superior thermal and chemical stability, especially the stability
against the lithium metal and a wide electrochemical window, which
helps realize the direct usage of the lithium metal in the battery to
achieve higher energy density and power density [9-11]. In 2007,
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Murugan et al. first introduced and synthesized cubic lithium stuffed
garnet, LizLazZro012 (LLZO) type SSE showing an ionic conductivity of
10~*S/cm [12]. LLZO adopts two crystal structures, cubic (c-LLZO) and
tetrahedral (t-LLZO), where the latter one was synthesized in 2009 [13]
and found to be the stable structure at room temperature [14,15].
However, the t-LLZO has a significantly lower ionic conductivity than
the distorted c-LLZO [12,13]. Thus, the studies to stabilize c-LLZO have
been promoted, one possible solution of which is through doping
supervalent ions. The AI*" was unintentionally introduced into the
¢-LLZO from the crucible and found to stabilize the cubic phase effi-
ciently [16]. Soon after, each of the elemental components in the LLZO
were substituted by many other elements to engineer this SSE group
with higher ionic conductivity and greater stability, which has been
summarized in quite a few review articles [5,8,16,17]. Ga’* is so far
undoubtedly one of the most successful dopants introduced into the
¢-LLZO with the Li-ion conductivity around 10~ S/cm at room tem-
perature [6]. But, high cost sintering such as spark plasma sintering, hot
pressing etc. are involved in Ga doped LLZO (Ga-LLZO) preparation.
Also to enhance Ga-LLZO solid electrolyte density, expensive Pt crucible
and unconventional processing such as using chemical cyclohexane to
freeze drying Ga-LLZO powder at —20 °C and 60 Pa are employed in
Ga-LLZO synthesis. These high cost equipment and unconventional
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processing hindered Ga-LLZO towards commercialization. Here we used
conventional tube furnace and low cost alumina crucible by flowing
oxygen to prepare high property Ga-LLZO. Another consideration
relating to commercialization of LLZO solid electrolyte is doping ele-
ments. The cost of NbyOs is lower than that of Ga;O3 which would help
limit the cost of the overall LLZO synthesis. NbyOs has also been re-
ported as an outstanding dopant into LLZO which outperforms most
other elements [18]. However, the Nb-doped LLZO (Nb-LLZO) was
found to be unstable against the metallic lithium thus not applicable in
the practical lithium metal batteries [19]. To address the doping element
cost of the Ga-LLZO and the instability of Nb-LLZO, we took a step back
and investigated the AI>* doping again as it is in the same group as Ga>"
and the very first dopant found to stabilize c-LLZO. The direct com-
parison between single doped Al-LLZO and Ga-LLZO showed that with
the same level of doping, Al-LLZO would be expected to exhibit lower
ionic conductivity compared to the Ga-LLZO, which is consistent with
previous reports [20]. Here, we proposed co-doping LLZO (AINb-LLZO)
by doping AI** into A site of LLZO to create cubic phase and doping
Nb°* into B site to help maintain the pathway of the Li* migration,
Al-LLZO underperforms Ga-LLZO as expected, however the AINb-LLZO
exhibited improvement in terms of ionic conductivity compared to
Al-LLZO.

2. Experimental
2.1. Synthesis of LLZO

Three LLZO compositions were prepared by conventional solid-state
reaction method. Starting precursors in common among the three
powders are LIOH H,0 (battery grade, Alfa Aesar), LagO3 (99.99%, Alfa
Aesar), ZrO5 (99.7%, Alfa Aesar), and 10 wt% excess of LIOH'H50O for
compensating lithium loss during high temperature processing. Three
doping agents were explored in our study: GasO3 (99.99%, Aldrich) for
Lig.4Gag 2LagZry019, AloO3 (Standard grade, Aldrich) for Lig a5Alg 2s.
LagZry0q2, AlpOs3 (Standard grade, Aldrich) and NbyOs (99.99%,
Aldrich) for Lig 2s5Alg oLasZry gsNbg 15012. Same processing procedure
was applied to all three composition powders. Each powder was mixed
with isopropyl alcohol (IPA) and zirconia milling balls in a nylon jar and
ball milled at 450 rpm for 6 h. The resulting slurry was put under a fume
hood to dry. The air dried powder was fired at 950 °C for 12 h in a
covered alumina crucible in order to achieve cubic LLZO phase. The
calcined powder was ground with mortar and pestle, and ball milled the
second time for 6 h. The resulting mixture was put in a vacuum oven at
80 °C and 76 mmHg for 12 h. The dried powder was sieved using #200
mesh, and 0.7 g of the fine powder was then cold pressed uniaxially into
a pellet with diameter ¢ = 10 mm under 170Mpa pressure. The pellet
with different composition was then covered with its respective mother
powder and sintered at 1200 °C for 10 h in a tube furnace with flowing
oxygen. Each sintered pellet was polished using 400-1500 grit sand-
papers for further characterization.

2.2. Characterization

The relative density of the samples was obtained by measuring the
mass and the dimension of the pellets. Sample crystalline phases were
measured using X-ray diffraction (XRD) with a Rigaku SmartLab XRD.
Colloidal Au paste was applied to both sides of the polished pellets and
annealed at 800 °C for an hour. AC impedance measurement was per-
formed in the temperature range of —25 °C-45 °C using a Bio-Logic
Science Instruments SAS SP240 potentiostat/galvanostat with fre-
quency range of 0.1 Hz to 7 MHz and amplitude of 10 mV. Total con-
ductivity is calculated using the equation ¢ = (1/R)(L/A), where R is the
resistance determined from Nyquist plot, L is the pellet thickness, and A
is the pellet area. The electronic conductivity was measured using
potentiostatic polarization method. Only electronic conduction presents
at steady state because Au blocking electrodes prevent Li-ion from
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Fig. 1. XRD patterns of Al-LLZO, AINb-LLZO and Ga-LLZO after calcination,
LZO: LasZr,0;.

| 1 Ga-LLZO-1220°C

Ga-LLZ0-950°C-12hr

|
U Y Y S v

Ga-LLZO-950°C-6hr

Intensity (a.u.)

Mo

Ga-LLZO-900°C-%hr

AR 0 bl
tetra

10 20 30 40 50 60 70
20(%)

Fig. 2. XRD patterns of Ga-LLZO phase evolution after annealed under
different conditions.

passing. Activation energies for all three composition pellets were
calculated using Arrhenius equation based on measured conductivity vs.
temperature data.

3. Results and discussion
3.1. Structural analysis and phase evolution

Fig. 1 shows the XRD diffraction patterns of Ga, Al and Nb in single or
co-doped LLZO garnet samples after calcination at 950 °C in air. All
diffraction patterns of the samples with nominal compositions
Li6_4Ga0_20La3Zr2012 (Ga-LLZO), Li6_25A10,25La3Zr2012 (Al-LLZO) and
Lig.25Alg 20LasgZry gsNbg 15012 (AINb-LLZO) were indexed to cubic sym-
metry with the space group Ia-3d. However, we observed a trace amount
of pyrochlore phase LayZroO; (LZO) impurity in Al-LLZO and AINb-
LLZO compositions. The LZO phase was initially formed from pre-
cursors of LagO3 and ZrO, at the temperature around 790 °C by solid
state reactions. With the temperature increasing above 900 °C, melted
LiOH and doping compounds were incorporated into LZO and formed
garnet structured LLZO in the mixture of tetragonal and cubic phases.
The tetragonal phase forms preferentially over the cubic phase due to its
thermodynamic stability at this temperature. Further calcination at
higher temperature, the garnet LLZO converts from tetragonal to cubic
phase. It has been reported that lithium in cubic LLZO is significantly
less than in tetragonal phase [21,22]. Shimonishi et al. reported
tetragonal LLZO having 7 and 7.5 lithium ions per formula unit but only
6.0 lithium ions in cubic phase indicating Li concentration and its high
temperature evaporation is critical to LLZO cubic phase formation [23].
LZO impurity phase was also formed when lithium in cubic phase LLZO
was over evaporated during high temperature calcination or sintering.
Fig. 2 shows the phase evolution of LLZO powders calcined in air.
Shoulder peaks observed in Fig. 2 (a, b) confirms cubic and tetragonal
phases coexistence in LLZO after calcination at 900 °C for 9 h and 950 °C
for 6 h respectively. Further calcination at 950 °C for an extra 6 h
resulted in a phase transformation from tetragonal to pure cubic LLZO as
shown in Fig. 2c. When high temperature processing was performed
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Table 1
Literature result of Ga doped LLZO ionic conductivity at 25 °C.

Composition Relative ototal Ea celectronic Ref.
density S/cm Ev S/cm
%

Lag 4Gag oLasZry0qo 93 1.49 x 0.27 This
103 work

Lag 55Gag 15LaszZry0q2 - 1.0 x - -
1073

Lag 4Gag 2LasZro012 97 9.4 x 033 43x10% 37
10*

Lag 4Gag sLagZry0qo - 1.0 x 0.30 5.0 x 38
1073 10710

Lag 4Gag oLasZr0qo - 1.32 x 0.26 - 39
1073

Lag 4Gag oLagZry0qo 97 1.24 x 0.31 5.04 x 37
1072 108

Lag 25Gag 2sLasZry012 91 3.5 x - 7.1 x 1078 40
1074

Lag 25Gag asLagZra012 - 94 1.46 x 0.25 5.4x10°8 34
1073

Lag 25Gag a5LazZra0q2 98 1.48 x 0.27 - 41
103

Lag 25Gag 2sLlazZry0q o 93 6.5 x 0.27 - 41
1074

over a long period, the cubic phase started to decompose as a result of
lithium loss and the LZO phase was formed again (as seen in Fig. 2d),
which is consistent with literature reports [21,24]. Based on the above
phase evolution, we fixed the calcination condition as 950 °C for 12 h.

3.2. Doping strategy and garnet framework

The cubic phase LLZO shows a Li-ion conductivity of 1073-107* S/
cm at room temperature, which is two orders of magnitudes higher than
that of the tetragonal phase. However, the cubic phase is not stable at
room temperature [25]. Therefore, supervalent cations are introduced
to stabilize high conductivity cubic LLZO garnet structure. Supervalent
doping also functions to create the Li-ion vacancies through charge
compensation and reduce the degree of Li-ion local ordering. We chose
AP as LLZO dopant mainly because its raw material cost is low. Al%* is
believed to create Li-ion vacancies and stabilize cubic LLZO phase, but
doped AI** occupies on Li-ion sites and thus blocks Li-ions transport
channels and affects Li-ion conductivity. Therefore, conductivities of
Al®** doped LLZO are relatively low. As mentioned above, the XRD
diffraction pattern for the nominal composition of Lig 25Alg 25LasZra012
(Al-LLZO) shows a cubic phase with a small amount of LZO impurity
(Fig. 1), which may be another factor of lower conductivity of the
Al-LLZO. Our AC impedance measurement shows Al-LLZO solid elec-
trolyte conductivity of 2.7 x 10~ S/cm at room temperature, which is
consistent with the literature reports of 1.4-2.5 x 10~% S/cm [23,
26-29].

In co-doping of AINb-LLZO, a first dopant cation Al>* is introduced

2500
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into the LLZO garnet framework and occupies Li-ion 24d sites to stabi-
lize the LLZO cubic phase, in the meantime, a second cation Nb** pro-
vides partially substitution of the Zr at 16a sites to reduce Li-ion content
and increase the concentration of Li-ions vacancies by charge compen-
sation [30-32]. Similar ionic radii for Nb>* of 64 p.m. and Zr** of 72 p.
m. make this partial substitution feasible. Shingo Ohta et al. reported
Nb>* doped LLZO has the total conductivity of 8 x 10~ S/cm for
Lig.7sLasZr; 75Nbg 25012 garnet [29]. Although different doping levels of
Nb>* were introduced into LLZO garnet and some of them involved the
adventitious AI>* from alumina crucible via chemical diffusion during
high temperature processing [22,23], we have not seen a literature
report about co-doping of LLZO with Nb>" and AI*" cations by con-
ventional solid state reaction. Here we report a co-doped garnet elec-
trolyte with nominal composition of Lig25Alp20LasZr; gsNbg 15012
prepared via solid state route and measured conductivity of 3.9 x 10™*
S/cm at room temperature.

LLZO garnet stabilized with Ga>* shows obviously superior proper-
ties compared to LLZO stabilized with similar cations. Ga>* doped LLZO
confirms over two times higher lithium conductivity over the AI®*
doped LLZO. The supervalents Ga>* and Al>* have site preference in
LLZO lithium substitution. The larger cation Ga3+(62pm) prefers the 96
h site, which is less hindering for long-range Li-ion transport compared
to AI**(53pm) occupying at the 24d site, a junction for Li-ion diffusion
[33]. It is generally agreed that in the cubic LLZO garnet framework, the
Li-ions occupy the three different positions: tetrahedral 24d site, octa-
hedral 48 g, and distorted octahedral 96 h with 96 h site Li-ions
exhibiting the highest mobility. The 3 sites Li-ions combine forming a
continuous 3D network of moving Li" ions in the interstitial space of the
3D garnet framework. According to literature, there are two transport
pathways: 96 h-96 h and 24d-96 h-24d, but the 96 h-96 h pathway
determines the overall conductivity [34]. Goodenough et al. [35] re-
ported that the best Li © concentration in Liy_,LasZr,4Ta,O15 garnet for
Li * transport is in the range 6.4 < x < 6.6, which is consistent with the
Li * concentration of X;; = 6.4 for the nominal composition of
Lig.4Gag 20LasZry012 in our Ga-LLZO. By optimizing the unique prop-
erties of Ga> doped LLZO framework, high Li-ion conductivity of 1.49
x 1073 S/cm Ga-LLZO garnet electrolyte was successfully prepared by
solid state reaction, which shows one of the best ionic conductivity re-
ported by literature (see Table 1). This superior Ga-LLZO garnet elec-
trolyte allows high capacity Li metal as anode and is one step further
toward next generation all-solid-state Li metal batteries
commercialization.

3.3. Electrical analysis

Fig. 3a shows a typical Nyquist plot for a nominal composition of
Lis 55Gag.15LasZro014 solid electrolyte pellet bonded with Au paste as
blocking electrodes (Fig. 3b) for Li-ion conductivity measurements. The
Au paste was applied and sintered at 800 °C to form good bonding with
the pellet. The equivalent circuit can be represented as: R1+R2/

2000 R1

1500
35MHz

(ohm)

Z

1000 .

500 4 o

—LLZ0-15
» LLZO_sim

T T T T
0 1000 2000 3000 4000
Z' (ohm)

T T
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Fig. 3. (a) Typical AC impedance spectra of Lig s5Gag 15LasZr,015 (x = 0.15) at 25 °C, (b) The pellet bonded with Au paste as blocking electrodes.
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Fig. 5. AC impedance spectra of AINb-LLZO pellet at temperatures between
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Q2+R3/Q3+Q4 where Q refers to constant phase element and R1,
ohmic resistance, R2, bulk resistance, Q2, bulk capacitance, R3, grain
boundary resistance, Q3, grain boundary capacitance, Q4, dispersive
line respectively. The two depressed semicircles at high-medium fre-
quencies in the spectrum are associated with the bulk and grain
boundary processes respectively. The about 45° dispersive line at low
frequencies is the result of Li-ion transport being blocked by the Au
electrode. Only part of the high frequency semicircle is presented due to
our AC impedance unit peak frequency limitation. However, a complete
semicircle can be achieved through equivalent circuit modeling when
the fitting frequency is extended up to 35 MHz. The impedance spectra
of single element doped Al-LLZO at different temperatures is shown in
Fig. 4. Different from the typical Nyquist plot in Fig. 3a, the bulk
semicircle and grain boundary semicircle cannot be deconvoluted even
at low temperature of —25 °C as only one semicircle is observed in high
frequencies. With temperature increasing, the semicircle diameter de-
creases. A spike in low frequencies is also observed. The equivalent
circuit of R1+R2/Q2+Q3 is chosen to fit the plot. Considering the pellet
sample geometry, the total conductivity is calculated as 4.0 x 107> S/cm
at —15 °C. Literature reported when grain boundaries are comparable to
or more conductive than the bulk, the impedance spectra cannot be
readily deconvoluted. In this situation the corresponding capacitances of
the semicircles for bulk and grain boundary overlap each other. One
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Fig. 6. AC impedance spectra of Ga-LLZO pellet at temperatures between
—25°C and 45 °C.

possible approach of separating them is to grow a single crystal ac-
cording to the compositions of the grain and grain boundary then
perform corresponding impedance measurements to determine each
conductivity.

Co-doped AINDb-LLZO Nyquist plot is shown in Fig. 5. The two
semicircles are clearly separated at all testing temperatures. The
equivalent circuit can be expressed as R1/Q1+R2/Q2+Q3. The capac-
itance (Q1) associated with the high frequent semicircle is on the levels
of 1071°-107° F indicating a bulk contribution and the low frequency
capacitance (Q2) ranging from 107°-10"* F is ascribed to grain
boundary effect [36]. A total conductivity of 4.9 x 10> S/cm at —15 °C
is obtained in which the bulk conductivity is 4.6 x 10~> S/cm and grain
boundary conductivity is 2.9 x 10~ S/cm.

The Nyquist plot of Ga-LLZO for the nominal composition of
Lig.4Gag 20LasZry01 5 is presented in Fig. 6. Two different types of spectra
are displayed with testing temperatures varying. When the Ga-LLZO
pellet sample is tested at low temperatures from —25 °C to 5 °C, the
high frequency semicircle with dispersive lines in low frequencies are
seen in the spectrum. With the temperature increasing, the semicircle
diameters decrease until they totally vanish at above 5 °C. In the tem-
perature range of 15-45 °C, only dispersive lines are observed. With the
equivalent circuit of R1/Q1+Q2, the total conductivity is calculated at
—15°C of 3.2 x 10~* S/cm. Table 1 lists literature results for Ga doped
LLZO total conductivity at 25 °C. Our optimized Ga doped LLZO garnet
exhibits one of the best results among reported conductivities in recent
years.

All solid electrolyte pellet samples for Li-ion conductivity measure-
ments have relative density above 92%. Fig. 7 presents scanning elec-
tron microscope (SEM) images of cross-section of Ga-LLZO sample
sintered in oxygen atmosphere. The average grain size was estimated to
be 5-20 pm according to Fig. 7a. Further observation from higher
magnification SEM indicated the grains were fully sintered together
(Fig. 7b). Flowing oxygen helped to expel the pores out of grains and
grain boundaries leading to density enhancement. High density reduced
intergrain ionic resistance and led to higher ionic conductivity of the
material given higher density provided more pathways for Li-ions
transport across the material. Thus, high density was a key factor for
the Ga-LLZO to achieve superior electrical properties. Fig. 8 shows the
Arrhenius plot of the Li-ion conductivity versus 1000/T for single and
co-doped LLZO samples Ga-LLZO, Al-LLZO and AINb-LLZO in the tem-
perature range from —25 °C to 45 °C. The activation energy (Ea) can be
estimated according to the Arrhenius equation

Eﬂ
oT :Aexp(k—T)
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Table 2
Total conductivity, electronic conductivity, transference number and relative
density of pellet samples.

Samples o_total o_electronic i Relative density
(mS/cm)  (107%S/cm) %
Lig.25Alo 2LasZry gsNbg 15012 0.39 1.80 1 95
Li6.4A10.2La3Zr2012 0.27 0.12 1 92
Lis.4Gao.oLazZr,012 1.49 1.20 1 93

where o is total Li-ion conductivity, A the pre-exponential factor, k the
Boltzmann constant and T the absolute temperature. The Ga-LLZO gives
the lowest activation energy of 0.27eV and the highest Li-ion conduc-
tivity among the three solid state electrolytes, which is possible to be
ascribed to the enhanced mobility of lithium ions arising from the
coulombic repulsion between Ga®* and Li * ions. Both Al-LLZO and
AINDb-LLZO have the same activation energy of 0.38eV but AINb-LLZO
shows slightly higher Li-ion conductivity.

The steady state current plot under applied voltage was recorded
through chronoamperometry measurement, as shown in Fig. 9 for an Al
and Nb co-doped LLZO sample. Table 2 lists the electronic conductivities
of several samples that were calculated taking into account their
thickness and diameter. The typical electronic conductivity values lie in
the order of 108 S/cm, which is several orders of magnitude lower than
the total electrical conductivity measured using electrochemical
impedance spectroscopy. This indicates the transference number of
Lithium ions is very close to unity, as indicated in Table 2.

4. Conclusions

In summary, single doping or co-doping strategies are introduced
into garnet LLZO syntheses to stabilize cubic phase and promote Li-ion
conductivity. High density (>92%) solid electrolytes were prepared by
conventional solid-state reactions under oxygen flowing in the sintering
processing. Electrical properties of Ga-LLZO, Al-LLZO and AINb-LLZO
solid electrolytes investigated using electrochemical impedance spec-
troscopy technique in the temperature range of —25 °C-45 °C show Ga
doped single phase garnet Ga-LLZO has the highest ionic conductivity of
1.49 x 1073 S/cm at room temperature and activation energy of 0.27eV.
Coulombic repulsion between Ga®' and Li T generating more high
mobility 96 h sites Li-ions is considered to be a vital factor for the high
conductivity. Al-LLZO and AINb-LLZO have the same activation energy
of 0.38eV but AINb-LLZO shows slightly higher Li-ion conductivity than
that of Al-LLZO. All single or co-doped LLZO samples exhibit low elec-
tronic conduction which are 4-5 orders of magnitude lower than their
corresponding ionic conductivities.
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