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All-solid-state batteries present promising high-energy-density alternatives to conventional Li-ion
chemistries, and Li-stuffed garnets based on Li;LasZr,Os, (LLZO) remain a forerunner for candidate
solid-electrolytes. One route to access fast-ion conduction in LLZO phases is to stabilize the cubic LLZO
phase by doping on the Li sites with aliovalent ions such as A" or Ga®*. Despite prior attempts, the
stabilization of the cubic phase of isostructural Li;LazSn,O4, (LLSO) by doping on the Li sites has up to
now not been realised. Here, we report a novel cubic fast-ion conducting Li;LazSn,O;,-type phase
stabilized by doping Ga®* in place of Li. 0.3 mole of gallium per formula unit of LLSO were needed to
fully stabilize the cubic garnet, allowing structural and electrochemical characterizations of the new
material. A modified sol—gel synthesis approach is introduced in this study to realise Ga-doping in LLSO,
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Introduction

Garnet-type solid-electrolytes possess some of the highest Li-ion
conductivities among oxides (up to 1 mS at 25 °C (ref. 1-3)), and
the best structural and electrochemical stability among all
solid-electrolytes.** These ceramics are rich in lithium (Li,_,-
LazM,04,), with superior ion-transport properties and electro-
chemical performance linked to compositions based on the
parent Li-stuffed garnet Li;LazZr,O;, (LLZO).*” LLZO trans-
forms from a tetragonal phase with poor ion-conducting prop-
erties to a cubic phase with fast-ion conducting properties by
promoting disorder across the Li sublattice by aliovalent doping
at either the Zr and/or the Li sites.*” The cubic modification
accommodates a three-dimensional network of open channels
for Li" transport, typically composed of Li" partially-occupied
LiO, tetrahedra and distorted LiOs octahedra sharing faces.®”
Doping LLZO at the Zr sites is often associated with a decline in
the sinterability and in the overall ionic conductivity, while
controlled doping at the Li sites (e.g., with Al and/or Ga) results
in phases with improved ionic conductivity and electrochemical
performance.**® Al/Ga-doped LLZO has been the subject of
extensive studies in the literature,*” which revealed that Al/Ga
ions likely occupy the tetrahedral 24d sites in the cubic garnet
lattice.”*** Isostructural Li;LazSn,Oq, (LLSO) exhibits similar
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structural properties to LLZO," including a tetragonal-to-cubic
phase transition upon doping.'*** The material, however, is
more sensitive to moisture, exhibiting substantial Li* exchange
with H' in ambient air.??? Instability of lithium garnets against
humidity is well known and has been widely investigated.*
Upon storage and/or processing in air at ambient conditions,
garnets undergo surface Li'/H" exchange reactions, which result
in the formation of resistive Li,CO; surface layers. These layers
are often detrimental for the electrochemical performance of
lithium garnets in solid-state test cells.?* H'-doping in LLZO is
also believed to be responsible for the stabilization of the “low-
temperature” LLZO phase.® In undoped LLSO, Li" exchange
with H' is more significant and results in a spontaneous
tetragonal-to-cubic phase transition in ambient air.** The cubic
“hydrogenated” LLSO phase is, however, poor ion conductor,
and cannot be obtained in a suitably dense form. Similar to
LLZO, doping at the B-sites (Sn-sites) stabilizes the fast ion-
conducting cubic phase of LLSO. Attempts to dope Sn sites
with Ta, Nb and Bi have proven successful.’*** However, less
success has been achieved in doping LLSO at the Li sites'®™"® and
a single phase of Al/Ga-doped LLSO is yet to be reported. Al is
typically introduced into LLZO at elevated temperatures (>1200
°C).* Our previous work has successfully demonstrated that
dense Al-doped LLZO phases can be achieved at 1100 °C by sol-
gel approaches.’ Ga-doping in LLZO is also typically achieved at
similar temperatures (1100-1200 °C).° Unlike LLZO, LLSO is
synthesized at relatively low sintering temperatures (~900 °C).**
Using elevated temperatures to densify the material results in
phase destruction and separation of secondary phases such
Li,Sn0;.** Hence, the inability to introduce Al’** ions into the
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LLSO lattice may be partly related to the insufficient tempera-
ture used to synthesize/sinter the material. Similarly, stabiliza-
tion of cubic LLSO by incorporating Ga®" ions into the garnet
lattice has also not been reported. Here, we have employed both
solid-state synthesis and a new sol-gel approach to incorporate
Ga into LLSO in an attempt to stabilise fast-ion conducting
garnet phases based solely on Sn. Garnets based on reducible
elements (e.g., Sn, W, Ti, Pr) are currently attracting increasing
attention due to their potential applications as interlayers>>*® or
electrode materials®”*® in all-solid-state batteries. Our results
reveal that up to 0.3 mole Ga per LLSO formula unit is required
to fully stabilize the cubic phase of LLSO. When a traditional
solid-state approach is applied, a Li,SnO; impurity was gener-
ally observed. We demonstrate that a single phase of cubic LLSO
can be achieved through the use of a modified sol-gel synthesis,
enabling structural and electrochemical characterization of this
new material.

Experimental section
Synthesis

Solid-state reactions. Lithium carbonate, lanthanum(m)
oxide, tin(iv) oxide and gallium(m) oxide were used as the
starting materials. Lanthanum oxide was dried at 900 °C for
12 h prior to use. Li;_3,Ga,LazSn,0,, samples were prepared by
mixing stoichiometric amounts of the starting materials (Li:
Ga:La:Sn molar ratios of 7 — 3x:x:3:2), where x = 0.1, 0.2,
0.3, 0.4, 0.5 and 0.6, and using 10 mol% excess of Li in each
case. The materials were intimately ground for 30 min using
a pestle and mortar, followed by pre-calcination at 700 °C for
12 h. The produced powders were pressed into pellets (at ~250
MPa), and finally calcined at 900 °C for 12 h.

Modified sol-gel synthesis. Lithium acetate, lanthanum(im)
oxide, tin(wv) tert-butoxide and gallium(ui) acetylacetonate were
used as the starting materials (Li: Ga : La : Sn molar ratios of 7 —
3x:x:3:2, where x = 0.2 and 0.3). Lithium, lanthanum and
gallium compounds were dissolved in dilute nitric acid (2 wt%)
at ~80 °C. An equivalent amount of citric acid (total metal ions
to citric acid molar ratio of 1:2) was added to the metal ion
solution (solution A). A stoichiometric amount of tin(w) tert-
butoxide was weighed out in a beaker in an argon-filled glove-
box, then transferred to a fumehood, where it was dissolved in
an NH3/H,0, (1:1, vol/vol) solution at ~80 °C (solution B).
Solutions A and B were carefully mixed resulting in a clear
solution of pH ~7. This solution was then slowly evaporated at
80 °C. The produced gel was auto-combusted when the
temperature was increased to 200 °C. The obtained ash was
heated at 550 °C overnight to remove organics, then the
produced white powder was finally calcined at 900 °C for 6 h. To
prepare pellets for the impedance measurements, the powder
calcined at 550 °C was uniaxially pressed into pellets before
calcination at 900 °C for 6 h. To prepare more dense pellets, the
powders calcined at 900 °C were hot-pressed into 13 mm
diameter cylindrical ingots for 10 min at 950 °C and ~50 MPa.
The density of the sintered pellets was calculated using the
mass and the geometry of the bulk material, and compared to

7558 | RSC Adv, 2024, 14, 7557-7563

View Article Online

Paper

the theoretical density deduced from Rietveld refinement of the
diffraction data.

Characterization

X-ray diffraction (XRD) studies were performed using a Rigaku
Miniflex diffractometer with a Cu Ko X-ray source. Rietveld fits
to XRD data were done using the GSAS and EXPGUI suite of
programmes. ICP-MS analysis was performed using a Thermo
Scientific iCAP RQplus ICP-MS instrument. SEM/EDX studies
were conducted using an FEI Inspect F50 high resolution elec-
tron microscope. AC impedance and DC polarization
measurements were conducted in Swagelok cells assembled
under argon atmosphere, and the data were recorded using
Biologic VMP-300 potentiostat. AC impedance data were recor-
ded in the frequency range of 1 MHz to 1 Hz (an electrical
perturbation of 50 mV) using gold or lithium electrodes. Prior to
each impedance measurement, the samples were equilibrated
for 1 h at constant temperature. DC polarization measurements
were performed on samples with gold electrodes by applying
voltages in the range of 0.7-1.9 V (8 hours each) and recording
the corresponding DC current. Gold electrodes were gas-phase
deposited on the circular sides of the pellets by thermal evap-
oration. To prepare lithium symmetric cells, pellets were
sandwiched between two Li foils, pressed at ~12.5 MPa, and
assembled within a Swagelok cell in an argon-filled glovebox.
Lithium foil was scraped using a stainless-steel blade before use
to ensure a clean surface.

Results and discussion

Conventional solid-state reactions were first employed to
synthesize Ga-doped LLSO materials with Ga/LLSO molar ratios
0f 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6. The XRD patterns collected from
these materials are represented in Fig. 1a. A smooth trans-
formation from tetragonal to cubic symmetry was initially
observed upon increasing the ratio of the Ga dopant. 0.3 mole of
Ga per formula unit of LLSO is found to be sufficient to fully
stabilize the cubic garnet phase, as indicated from the absence
of peak broadening/splitting. A further increase of the molar
ratio of the Ga dopant (>0.4) resulted in a destruction of the
cubic phase and the appearance of a LiGaO, impurity, indi-
cating an excess of Ga. For all samples prepared via the tradi-
tional solid-state route, traces of a second phase of Li,SnO; were
apparent regardless of the molar ratio employed. Attempts to
reduce or remove this phase by applying different sintering
temperatures (950-1050 °C), sintering times, and/or quenching
procedures, were unsuccessful. Nevertheless, the results
suggest that the minimum amount of Ga dopant required to
stabilize the cubic modification of the LLSO garnet, and is
therefore likely introduced into the garnet lattice, is ~0.3 mole.
This is in a good agreement with our studies on the iso-
structural LLZO phase, which showed a very similar tetragonal-
to-cubic transition upon increasing the amount of the Ga
dopant.® However, it is worth noting that in the case of LLZO,
the excess gallium (>0.4 mole per formula unit of LLZO)
appeared as a LiGaO, impurity and no phase destruction was

© 2024 The Author(s). Published by the Royal Society of Chemistry
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observed.’ The LiGaO, acted as a sintering aid and helped to
stabilize cubic LLZO, which is not observed here for LLSO.
Rietveld refinement of powder XRD data of 0.3Ga-doped
LLSO, employing a standard cubic garnet structure model
with Ga®" occupying the tetrahedral 24d crystal sites,>** indi-
cates the presence of 3.0(1) wt% of Li,SnO; impurity. Fig. 1b
shows the fitted XRD pattern of the 0.3Ga-doped LLSO sample
synthesized via the solid-state route. The structural parameters
used in the refinement are summarized in Table S1.} To
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Fig. 1 XRD data of Ga-doped LLSO synthesized by solid-state reac-
tions. (@) XRD patterns of samples with Ga/LLSO molar ratios of 0.1, 0.2,
0.3, 0.4, 0.5 and 0.6. * and ° denote traces of Li,SnO3z and LiGaO,
impurities, respectively. (b) Rietveld refinement of the XRD data of
0.3Ga-doped LLSO, indicating the main garnet phase and traces of
Li,SnO3 as a secondary phase.
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Fig.2 XRD data of Ga-doped LLSO synthesized by sol—gel technique.
(a) XRD patterns of samples with Ga/LLSO molar ratios of 0.2 and 0.3.
(b) Rietveld refinement of the XRD data of 0.3Ga-doped LLSO.

improve the purity of this phase, a new sol-gel synthetic
procedure was introduced. In sol-gel synthesis, the reacting
species are mixed on the atomic scale which helps to achieve
complete solid-state reactions at lower sintering temperatures.
This is favoured for LLSO, as a sintering temperature as low as

Fig. 3 SEM image (a) and EDX elemental maps collected from the
surface of a pellet of 0.3Ga-doped LLSO, showing the distribution of
gallium (b), tin (c) and lanthanum (d).

RSC Adv., 2024, 14, 7557-7563 | 7559
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Fig. 4

(@) The impedance plot of 0.3Ga-doped LLSO at 40 °C, fitted using the [R1Q1][R2Q2][Q3] equivalent circuit (the inset). (b) Typical

impedance plots of 0.3Ga-doped LLSO at different temperatures. (c) The Arrhenius plot for the bulk conductivity of 0.3Ga-doped LLSO in the
temperature range 20-100 °C. (d) DC polarization curves (at 40 °C) of 0.3Ga-doped LLSO at different voltages (0.7-1.9 V) and the corresponding

I/V plot (the inset).

900 °C is crucial. Fig. 2a shows the XRD patterns of sol-gel-
synthesized 0.2Ga-doped and 0.3Ga-doped LLSO, indicating
the disappearance of the Li,SnO; impurity and the formation of
a single phase of the cubic garnet in the case of 0.3Ga-doped
LLSO. ICP-MS analysis of 0.3Ga-doped LLSO indicated that
the La:Ga molar ratio is 3:0.286(6), which is in good agree-
ment with the reaction stoichiometry (3:0.3). SEM images
showed smaller particle sizes than those observed in the sample
synthesized by solid-state reactions (Fig. S1t). EDX elemental
maps revealed a homogeneous distribution of Ga across the
material (Fig. 3), which suggests that Ga is incorporated in the
garnet lattice with no significant secondary-phase formation.
Rietveld refinement of the XRD data of 0.3Ga-doped LLSO was
employed using a standard cubic garnet structure with Li"
distributed between tetrahedral 24d and distorted octahedral
96 h sites, and Ga*" partially occupying the 24d sites.''* The Ga-
content was fixed at 0.285 mole per unit formula of LLSO, as
determined from ICP-MS. The refinement (Fig. 2b) revealed
a unit cell parameter a of 12.9522(4) A. The structural parame-
ters used in the refinement are summarized in Table S2.1 The
material showed no evidence of significant phase modifications
after storage in air (Fig. S27).

Ga-doping has therefore been achieved in LLSO yielding
a cubic garnet-type phase. It is worth mentioning that stabilis-
ing the cubic LLSO phase without doping on the B-sites (Sn site)
has not previously been reported. The electrochemical proper-
ties of this new material were studied by impedance spectros-
copy and DC polarization tests. Pellets obtained directly from
the synthesis step (ie., sintered at 900 °C) and employing
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sputter-coated gold electrodes, were used in these studies. The
impedance plot collected from 0.3Ga-doped LLSO at 40 °C is
presented in Fig. 4a. The impedance consisted of two semi-
circles at high and intermediate frequencies followed by an
incomplete spike at low frequencies. The appearance of a low-
frequency spike, which appears more pronounced at higher
temperatures, on using blocking gold electrodes suggests that
the charge transfer in the material is mainly ionic. The
impedance data were well described by an equivalent circuit
that employs a constant phase element (Q) in parallel to
a resistance element (R) to represent a semicircle ([RQ]), and
a constant phase element to represent the low frequency spike
([Q])- The capacitances (C) calculated from the fit parameter Q of
the high-frequency and intermediate-frequency semicircles are
7.5 x 107" and 6.7 x 10~ ° F, respectively. These values are in
excellent agreement with the capacitances expected from bulk
and grain-boundary effects, respectively.>** The high frequency
semicircle was therefore associated to the bulk resistance of the
material and the intermediate-frequency semicircle was asso-
ciated to the grain boundary resistance of the material. The
fitted data suggest that the bulk and total conductivities of the
material are 1.4 x 107> and 2.0 x 10°° S em ™!, respectively.
Hence, the total conductivity is almost one order of magnitude
lower than the bulk conductivity, indicating a significant
contribution from the grain-boundary resistance to the total
resistance of the material. This is consistent with insufficient
sintering of the material achieved at sintering temperatures as
low as 900 °C. Interestingly, the bulk conductivity of the mate-
rial is increased to ~1 x 107* S em ™' (i.e., fast-ion conducting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 (a) The impedance plot of hot-pressed 0.3Ga-doped LLSO collected at 40 °C using gold electrodes, and fitted using the [R1Q1][R2Q2][Q3]

equivalent circuit (the inset). (b) The impedance plot of hot-pressed 0.3Ga-doped LLSO collected at 40 °C using lithium electrodes, and fitted
using the [R1Q1][R2Q2] equivalent circuit (the inset). (c) XRD pattern and SEM image (the inset) of hot-pressed 0.3Ga-doped LLSO.

properties) when the impedance measurement temperature is
increased to 80 °C. The bulk conductivity is hence approxi-
mately two orders of magnitude higher than that of undoped
LLSO (~2.8 x 1077 S cm ' at room temperature'®) and
comparable to the bulk conductivities observed for Ta-doped
LLSO (~1-50 x 10° S ecm ™" (ref. 19)). The impedance spectra
of undoped LLSO and 0.3Ga-doped LLSO samples are compared
in Fig. S3.1 Impedance data collected at different temperatures
in the range 20-100 °C (Fig. 4b) are used to estimate the acti-
vation energy (E,) of ion transport in 0.3Ga-doped LLSO using
the Arrhenius plot (Fig. 4c) of 0 = g, exp(—E./kT), where g, is the
pre-exponential factor, k is the Boltzmann constant, T is the
absolute temperature. An activation energy for the bulk ion
conductivity of 0.45(1) eV was obtained. This value is consistent
with the values reported for cubic LLSO-type phases stabilized
by doping with Ta at Sn-sites (~0.4-0.5 eV (ref. 17-19)). DC
polarization tests were employed to evaluate any significant
contribution of the electronic conductivity to the measured
conductivity, by applying voltages in the range of 0.7-1.9 V for
up to 32 h (Fig. 4d). These tests revealed an electronic conduc-
tivity of 4.6 x 107° S cm™ " at 40 °C, which clearly suggests that
the observed conductivity of the new material (2.0 x
107°S cm ™! at the same temperature) is mainly ionic.
Attempts to densify Ga-doped LLSO samples through sin-
tering at temperatures greater than 1000 °C resulted in

© 2024 The Author(s). Published by the Royal Society of Chemistry

significant phase decomposition (Fig. S4t). To prepare more
dense material, a sample of phase-pure 0.3Ga-doped LLSO was
hot-pressed at 950 °C. Higher densification temperatures were
avoided to alleviate any significant phase decompositions. The
hot-pressed sample revealed a relative density of 88% compared
with 69% for the cold-pressed sample, indicating a significant
improvement of the sinterability of the material by hot pressing.
Fig. 5¢ shows the XRD pattern and SEM image collected from
the densified material, confirming the material retains the
cubic garnet structure and clearly shows better sinterability
compared with the cold-pressed sample (Fig. 3a). Fig. 5¢ shows
the emergence of small impurities of La,O3; and Li,SnO; as
a result of the heating process. These impurities, however, are
present in negligible amounts that apparently will not affect the
subsequent impedance analyses. Fig. 5a shows the impedance
plot collected from the hot-pressed sample at 40 °C. The plot is
formed of one distorted semicircle and a low frequency spike.
The presence of the low frequency spike again accounts for an
ionic-type conduction. The distorted semicircle clearly accounts
for the total resistance of the material, and the plot could be
fitted using the same equivalent circuit used for the impedance
data of the cold-pressed sample ([R1Q1][R2Q2][Q3]). The ob-
tained refined parameters are R1 = 14.2 kQ (C1 = 5.7 x 10""' F)
and R2 = 8.8 kQ (C2 = 6.3 x 10~° F). The grain-boundary
resistance (R2) is clearly minimized compared to the bulk

RSC Adv, 2024, 14, 7557-7563 | 7561
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resistance (R1) due to improved sinterability of the material.
The total conductivity of 0.3Ga LLSO at 40 °C has therefore
improved to 1.1 x 10> S em ™" upon densifying the material.

Obtaining a dense material of 0.3Ga-doped LLSO by hot-
pressing allowed for the testing of a symmetric cell of the
material using Li electrodes (Li/0.3Ga-LLSO/Li). Li electrodes
were successfully attached to the garnet pellet surfaces by
applying a small uniaxial pressure (~0.1 ton) at room temper-
ature. The impedance collected from the symmetric cell at 40 °C
is shown in Fig. 5b and consists of two semicircles. The absence
of a low frequency spike is consistent with the use of non-
blocking Li electrodes and with the observation that the trans-
port properties are mainly ionic. The resistance measured from
the first (high-frequency) semicircle agrees well with the total
resistance of the pellet as determined using gold electrodes.
Hence, the second semicircles accounts for the charge transfer
at the Li/garnet interface.”'* The impedance plot is successfully
fitted using the equivalent circuit [R1Q1][R2Q2], with a capaci-
tance of 1.8 x 10~° F associated to the second (low-frequency)
semicircle. The latter value is characteristic of an electrode
effect>** and further confirms that the low frequency semicircle
is associated with the interfacial resistance at the Li/garnet
interface. This interfacial resistance is highly dependent on
how well the Li metal and garnet are in contact, as well as the
stability of the garnet surface against lithium. The large inter-
facial resistance observed in Fig. 5b (~50 kQ cm?) suggests that
the Li/LLSO interface is highly resistive under our experimental
conditions. The interfacial resistance, however, was not
increasing with time, which indicates a stable interface. More-
over, a noticeable reduction of the size of the low frequency
semicircle was observed after 12 hours (Fig. S51), which possibly
indicates the formation of a lithiated LLSO interphase that
allows Li ion transport. Similar effects have been observed in W-
doped LLZO due to reduction of W°" ions.®* A symmetric Li/
0.3Ga-LLSO/Li cell could be cycled at relatively low current
density (200 pA cm™?), showing a stable cycle performance
(Fig. S6T), however, a less stable performance followed by short-
circuiting were observed at higher current densities (e.g., 400 pA
cm?). Further studies are required to characterize the Li/Ga-
LLSO interface.

Conclusions

The cubic, fast-ion conducting modification of Li;La;Sn,0;, is
successfully stabilized by doping the material with gallium.
This is the first cubic Li;Laz;Sn,04,-type phase which could be
stabilized with no doping at the B-sites (Sn sites). 0.3 mole Ga
per formula unit of Li;LazSn,0;, is found to be sufficient to
stabilize the cubic garnet phase. A novel sol-gel synthetic
approach was employed to obtain the material as a single phase.
Based on XRD data analysis, a lattice parameter a of 12.9522(4)
A is observed for the 0.3Ga-doped sample, where Ga was
successfully accommodated at the Li (24d) sites. The charge
transport in the material is mainly ionic with no significant
contribution from electronic conductivity, as indicated from the
DC polarization measurements. The material shows bulk ion
conductivities of 1.4 x 10> Scm ™' and 0.9 x 10™* S cm ™" at 40
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and 80 °C, respectively. An activation energy for the bulk
conductivity of 0.45(1) eV was observed in the temperature
range 20-100 °C. The new material is successfully densified by
hot-pressing, with no significant effect on the phase purity,
showing a total conductivity of 1.1 x 107> S ecm ™" at 40 °C. The
interface between Li and Ga-LLSO is resistive but the resistance
does not grow with time, indicating a stable Li/Ga-LLSO
interface.
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