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Garnet-type Li;La,Zr,0,, (LLZO) is a promising oxide solid electrolyte with high ionic conductivity and excellent stability toward
Li metal. However, the presence of grain boundaries (GBs) causes a decrease in the ionic conductivity and cycling stability of the
sintered LLZO. Herein, we promote the Ga precipitation at GBs through excessive doping with Ga/Al/Ta, simultaneously
depositing a few nanometers thickness Au layer to form a Ga-Au surface layer. High-temperature sintering of heavily doped
LLZO induces Ga precipitation, effectively filling the GB of the pellet. Consequently, the relative density and ionic conductivity
are increased. Furthermore, nanoscale Au encounters precipitated Ga and forms a new Ga-Au layer, which reduces the contact
resistance. The new layer prevents direct contact between molten Li and Ga-based composites at the GBs, thus enhancing the
cycling stability. Therefore, it demonstrates the synergistic effect that the precipitated Ga improves the compactness of the
LLZO electrolyte, whereas the Ga—Au layer enhances the cycling stability. It provides a straightforward approach to address the
issues originated from GBs and increase the cycling stability of LLZO, thereby contributing to the practical application of all-

solid-state batteries.

1. Introduction

Solid-state electrolytes (SSEs) are regarded as alternatives to
liquid electrolytes because of their high ionic conductivity,
excellent thermal and chemical stability, wide electrochemi-
cal window, and superior mechanical properties [1-4]. Such
favorable characteristics enable all-solid-state batteries to
address the safety and energy density issues of lithium-ion
batteries [5]. In this regard, cubic Li,La,Zr,0,, (LLZO) is
recognized as a promising electrolyte [6-8] because of its
excellent electrochemical stability with Li anode [9]. How-
ever, LLZO, a polycrystalline ceramic, exhibits elevated grain
boundary (GB) resistance, which reduces the ionic conduc-
tivity [10, 11]. Additionally, Li dendrite growth is facilitated
through the GBs [12], resulting in poor cycling performance
[13]. Therefore, reducing the GBs and pores is crucial for the
commercialization of LLZO ceramics [14].

Sintering additives have been incorporated into LLZO to
effectively achieve compactness in garnet-type electrolytes.
Additives such as Li,PO,, Li,GeO,, and BaO-B,0,-SiO,-
CaO-ALO; fill the GB, thereby increasing the density
[15-17], preventing the growth of Li dendrites, and enhanc-
ing the cycling performance [18, 19]. However, the low Li-
ion conductivity of these additives consequently decreases
the ionic conductivity of LLZO electrolytes [20, 21]. Mean-
while, LLZO also suffers from poor adhesion with Li metal
[22]. For example, molten Li exhibits a high contact angle
on the surface of LLZO, and rubbing molten-Li on LLZO
induces a structural change in LLZO as Li penetrates
through the GBs [23]. Thus, interlayers such as H;BO,-HF
and Li-Na have been coated on the surface of LLZO to
improve its wettability with Li metal [24, 25]. These addi-
tives and interlayers complicate the manufacturing process
and increase the cost of LLZO solid electrolytes.
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The use of Ga, Al, and Ta as a dopant has been previ-
ously investigated [26], because Ga and Al can substitute
for Li sites in the LLZO lattice and increase the ionic con-
ductivity [27, 28]. Furthermore, Ta substitutes for the Zr site,
stabilizing the cubic structure and enhancing ion conductiv-
ity at room temperature [29]. Excess Ga is integrated into
the structure of Li-Ga compounds (LiGaO, or Li.-La -
Ga,), positioning itself at the GB, similar to other additives;
consequently, the density is increased [30-32]. LiGaO, cre-
ates a new pathway for Li-ion transport between crystal
grains, and the ionic conductivity is increased [31]. In addi-
tion, the positioning of LiGaO, at a GB prevents Li,COj for-
mation and growth upon exposure to air [33]. However,
LiGaO, at the GB releases considerable stress upon encoun-
tering molten Li, resulting in substantial defects that
adversely affect the cycling performance [34]. Therefore, an
alternative method is required for the utilization of Ga pre-
cipitation to enhance the ionic conductivity and wettability,
while reducing structural deformation and dendrite growth.

In this study, we utilized the heavily doped LLZO with
Al, Ga, and Ta to promote the precipitation of Ga from
the LLZO lattice. A Ga precipitation mechanism is proposed
based on a comprehensive investigation of the electrochem-
ical performance and microstructural changes of the heavily
doped LLZO pellets under varying excess Li and Ga con-
tents. The heavily doped Ga in the lattice is replaced with
Li atoms at high sintering temperatures, resulting in Ga pre-
cipitation between the LLZO particles. The physical and
electrical connections of the LLZO particles are improved
owing to Ga precipitation, which substantially reduces the
GB resistance and enhances Li wettability. To mitigate
short-circuit pathway formation within Ga-based com-
pounds at GBs upon the attachment of molten Li, we intro-
duced a few nanometers of Au as an interlayer. The
precipitated Ga forms an alloy with Au, resulting in a Ga-
Au layer that further reduces the charge transfer resistance
and prevents a decrease in the cycling performance by inhi-
biting direct contact between the molten Li and Ga-based
compounds. The synergy between Au and Ga can provide
a simple and cost-effective approach for obtaining stable
and high-performance LLZO solid electrolytes.

2. Experimental Section

2.1. Preparation of Solid Electrolytes. Solid electrolytes were
fabricated using Li,CO; (99.99%; KOJUNDO), La,O,
(99.9%; KOJUNDO), ZrO, (98%; KOJUNDO), Ga,O,
(99.99%; KOJUNDO), Al,O; nanoparticles (<50 nm particle
size; Sigma-Aldrich), and Ta,O5 (99.9%; KOJUNDO) [35].
The raw material compositions were set at different molar
ratios based on the excess Li and Ga contents (Table S1).
Each raw powder sample was milled with isopropyl alcohol
(IPA; 99.5%; Samchun Pure Chemical Co.) in a planetary
mill (Pulverisette 7, FRITSCH, Germany) at 250rpm for
6h. After drying, the milled powder was calcined in a box
furnace (BF1000-06, MiR, Korea) at 900°C for 6h. The
calcined powder was then pulverized in a planetary mill at
200rpm for 2h that is the optimized densification of our
LLZO pellets (Figure S1). A polyvinyl alcohol (PVA;
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Sigma-Aldrich) binder was prepared by stirring PVA in
deionized (DI) water (weight ratio 10:90) for 24h.
Subsequently, 120 uL of the PVA binder was mixed with
1.8 g of LLZO powder in a mortar in order to increase the
pellet density (Figure S2). The resulting mixture was placed
in a mold with a diameter of 20mm and subjected to a
pressure of 62MPa for 10min to obtain pellets. The
compressed pellets, along with the mother powder, were
sintered in an MgO crucible at 1250°C for 100 min that is
the optimized duration for our LLZO pellets (Figure S3).
Finally, the sintered pellets were polished with SiC paper in
the order of 220, 400, 1000, 2000, and 5000 grits (Figure S4).

2.2. Characterization. All the powder and pellet samples
were subjected to X-ray diffraction (XRD) analysis (D8
ADVANCE, Bruker, Karlsruhe, Germany). The specimens
were analyzed using Cu Kal radiation within the 26 range
of 10°-80°, at a scanning speed of 1°min~'. The DIFFRA-
C.EVA computer program (Bruker, Karlsruhe, Germany)
was used for crystal phase identification and analysis. The
Raman spectroscopy (LabRAM HR-800, Horiba, Kyoto,
Japan) was employed as an additional method for the crystal
phase analysis of the pellet samples. The morphological
characteristics of the samples were analyzed using field emis-
sion scanning electron microscopy (FE-SEM; SU-7000,
Hitachi, Tokyo, Japan). The elemental distribution of the
samples was analyzed using energy dispersive spectroscopy
(EDS; Ultim Max 65, Oxford Instruments, Wellington
Square, UK). To evaluate the ionic conductivity, the pellet
samples were subjected to impedance measurements in the
range of 32 MHz to 1Hz using electrochemical impedance
spectroscopy (EIS; Solartron 1260A, Solartron Analytical,
Kingston upon Thames, UK). The pellet densities were
determined using Archimedes’ method with DI water. The
Au coating was deposited on a clean, flat pellet surface using
an ion sputter coater (SCD 005, Bal-Tec, Milton, NY, USA)
at 20 mA for various deposition durations, where the deposi-
tion rate is around 0.2nm/s. The Au-coated pellet was
placed in an Ar-filled glove box for 1h and subsequently
heated at 300°C for 15min. Molten Li was attached at
300°C to assemble the Li|Au|LLZO|Au|Li symmetric struc-
ture in a CR2032 cell. Symmetric cells were tested conducted
using cyclers (CT-4008T, SinoproMRX, China). X-ray pho-
toelectron spectroscopy (XPS; Nexsa G2, Thermo Fisher Sci-
entific, Massachusetts, USA) was used to analyze the binding
forces between the metal atoms, and the binding energy for
each element was calculated.

3. Result and Discussion

3.1. Effect of Excess Li. The effect of excess Li stoichiometry
was investigated in heavily doped LLZO pellets containing
Al, Ga, and Ta dopants by varying the excess Li content with
ratios of 1.0, 1.03, 1.1, 1.13, 1.16, and 1.2 (Li;_ 966Aly 172G 144
La,Zr, g5, Ta; 0,501, x = 1.0-1.2). After sintering, all pellets
exhibited a diameter shrinkage of <85% (Figure S5).
Figure 1(a) presents the XRD patterns of the sintered
LLZO pellets with excess Li in the range of 1.0-1.2.
Secondary peaks are detected in the LLZO pellets with an
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FiGure 1: Comparison of crystal structure, morphology, and electrochemical properties of Li,La,Zr,0,, pellets with excess Li contents of
1.0, 1.03, 1.1, 1.13, 1.16, and 1.2: (a) XRD patterns for sintered Li,La;Zr,0,, pellets with varying excess Li contents ranging from 1.0 to
1.2; (b) EDS mapping of Ga based on the top view of the pellet. Scale bar indicates 25um; (c) the Nyquist plots and (d) the
corresponding ionic conductivities of Li,La;Zr,0,, pellets with different excess Li contents.

excess Li of 1.03, as well as in those without excess Li (1.0).
As the Li content is increased to 1.1 or 1.13, the secondary
peaks diminish, while the tetragonal phase remains, as
evidenced by the asymmetric XRD peaks. Samples with an
excess Li content of 1.16 exhibit a more pronounced cubic
phase than the other samples. The Raman analysis also
confirms the successful formation of the cubic phase, with
no observable tetragonal phase or Li,CO, (Figure S6) [36,
37]. Above an excess Li content of 1.2, the tetragonal
phase reappears. Therefore, the optimal content of excess
Li is 1.16 in heavily doped LLZO pellets; this value
surpasses 10 wt% excess Li that was used to compensate Li
loss in previous multidoped LLZO samples during high-
temperature sintering, where the contents of Li vacancy
are smaller (e.g., Lig,5Al;,sLa3Zr,0,,) than heavily doped
LLZO [38-40]. The utilization of excess Li promotes the
precipitation of Ga dopants, which occupy Li sites within
the LLZO crystal structure during sintering. Figure 1(b)
and Figure S7 show the EDS mapping of LLZO pellets
with different excess Li. Ga atoms are uniformly
distributed on the surface of LLZO pellets at an excess Li
content of 1.0 to 1.1. When the Li content is increased to
1.13, Ga is more intensively detected at the GBs of the
LLZO pellets, indicating that the Ga dopant is precipitated
from LLZO during sintering. Moreover, as the content of
excess Li further increases (1.16 and 1.2), additional Ga
atoms are observed at the GBs, revealing an increase in the
Ga precipitation ratio. Thus, Ga precipitation is attributed
to the presence of excess Li, which competes with the
dopants for the same atomic positions in the LLZO lattice.
This suggests that Ga precipitation at the GBs can be
controlled by tuning the Li stoichiometry in heavily doped

LLZO. The Nyquist plots and corresponding ionic
conductivities of the LLZO pellets with different excess Li
contents are shown in Figures 1(c) and 1(d), respectively.
In the Nyquist plots, the intersections with the x-axis and
semicircle represent the bulk and GB resistances of the
LLZO pellet, respectively [41, 42]. The ionic conductivities
calculated from the bulk and GB resistances obtained from
Figure 1(c) are presented in Table S2. Evidently, LLZO
pellets with low (1.0 and 1.03) or high (1.2) levels of excess
Li present elevated bulk and GB resistances, ascribed to
the presence of secondary phases or the tetragonal phase
(Figure 1(a)). In contrast, LLZO pellets with a moderate
level of excess Li content (1.1, 1.13, and 1.16) demonstrate
enhanced ionic conductivities, attributed to the presence of
a high ionic-conducting cubic phase. The LLZO pellet with
an excess Li content of 1.16 displays a considerably
improved ionic conductivity of 0.604 mScm™", indicating a
remarkable increase of approximately 150% in ionic
conductivity compared with that of LLZO pellets featuring
a cubic phase. This is because the GB resistance decreases
dramatically as the excess Li content increases from 1.1 to
1.16. The bulk and GB resistances and ionic conductivities
for different excess Li contents are summarized in
Table S2. These observations imply that Ga precipitation
resulting from excess Li reduces the GB resistance by
filling the pores and GBs between the LLZO grains.

3.2. Effect of Ga Dopant Concentration. To clarify the influ-
ence of precipitated Ga on LLZO electrolytes, we evaluated
LLZO pellets with a constant Li excess while varying the
Ga dopant content: 0, 0.070, 0.107, 0.142, and 0.178. All pel-
lets were successfully sintered, with a diameter shrinkage of
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FiGure 2: Comparison of crystal structure, morphology, and electrochemical properties of Li,La;Zr,O,, pellets with Ga dopant
concentrations of 0, 0.070, 0.107, 0.142, and 0.178: (a) XRD patterns of Li,La;Zr,0,, electrolytes with the Ga dopant content ranging
from 0 to 0.178; (b) top-view SEM images of Li,La;Zr,0,, electrolytes with different Ga dopant contents; the Li,La;Zr,0,, pellets were
polished to achieve a smooth surface; (c) schematic of precipitated Ga in LLZO, facilitating liquid-phase sintering, which accelerates the
interparticle bonding in LLZO; (d) relative density of the Li,La;Zr,0,, pellets (estimated using Archimedes’ method) as a function of Ga
dopant content; (e) the Nyquist plots and (f) the corresponding ionic conductivities of Li,La,Zr,0,, pellets with increasing Ga content.

approximately 85% (Figure S8). Figure 2(a) shows the XRD
patterns of the LLZO electrolytes with the Ga content
ranging from 0 to 0.178. The XRD patterns consistently
reveal a cubic phase in all LLZO electrolytes because the
excess Li content was optimized. Figure 2(b) presents top-
view SEM images of the LLZO electrolytes with different
Ga dopant contents; the LLZO pellets were polished to
achieve a smooth surface. As the Ga content increases
from 0 to 0.178, an irregularly shaped liquid-like material
gradually fills the GBs and pores between the LLZO
particles. This confirms the presence of amorphous
compounds, including Ga. Thus, increasing the Ga dopant

concentration induces the precipitation of Ga-containing
compounds, which are in liquid form at the sintering
temperature. As illustrated in Figure 2(c), this implies that
the presence of precipitated Ga facilitates liquid-phase
sintering, which accelerates interparticle bonding in LLZO
[43, 44]. Figure 2(d) presents the relative density of the
LLZO pellet, which was estimated using Archimedes’
method (Table S3), as a function of the Ga dopant content.
The relative density was calculated using Archimedes’
formula; the corresponding details are presented in
Table S3. Considering LLZO doped solely with Al and Ta,
without Ga doping, the relative density is below 90%.



International Journal of Energy Research

However, the addition of Ga increases the relative density,
which reaches 96.6% in the LLZO pellet with a Ga
concentration of 0.070. This reveals the role of Ga
precipitation in increasing the relative density by filling the
GBs and pores. Further increasing the Ga content from
0.107 to 0.178 marginally decreases the relative density of
the LLZO pellets. These results indicate maximum
localization of the precipitated Ga within the GBs and
pores. The Nyquist plots and corresponding ionic
conductivities of the LLZO electrolytes with gradually
increasing Ga content are presented in Figures 2(e) and
2(f), respectively. The ionic conductivities calculated from
the bulk and GB resistances determined from Figure 2(e)
are presented in Table S4. The Al- and Ta-doped LLZO
sample, without Ga doping, exhibits considerable GB
resistance owing to its relatively low density, which results
in low ionic conductivity. As the Ga dopant concentration is
increased to 0.144, the GB resistance substantially decreases,
and the ionic conductivity of LLZO gradually increases.
This implies that the amorphous compounds between the
LLZO particles improve Li-ion transfer in the GBs. As the
Ga content is increased from 0.070 to 0.142, the ionic
conductivity increases continuously, even after the relative
density of the LLZO pellet reaches a saturated level. This
suggests that increasing the Ga ratio within the amorphous
compounds may further enhance the Li-ion transport
between the LLZO domains, as Ga readily forms alloys with
Li. The LLZO pellet with a Ga content of 0.142 exhibits an
ionic conductivity of 0.789mScm™', which is 36 times
higher than that of Al- and Ta-doped LLZO without Ga
doping. This is one of the highest values for conventionally
sintered LLZO pellets with Ga doping [45]. However, a
considerably higher Ga content (0.178) decreases the ionic
conductivity of the LLZO pellets. This is attributed to the
reduced contact between the LLZO grains, as observed
from the decrease in relative density owing to the excessive
precipitation of Ga (Figure 2(d)). The bulk and GB
resistances and ionic conductivities at different Ga dopant
concentrations are summarized in Table S4. Therefore,
Ga precipitation enhances the connection between LLZO
particles, improving Li-ion migration and enhancing the
ionic conductivity of LLZO electrolytes.

3.3. Ga Precipitation Mechanism. To elucidate the Ga pre-
cipitation mechanism in the LLZO electrolyte, heavily doped
LLZO powder was analyzed after heat treatment at temper-
atures of 900, 1000, 1100, and 1250°C. In Figure 3(a), EDS
mapping images are presented for the LLZO powder with
0.142 Ga doping. At 900°C, all elements, including Ga, are
distributed uniformly within the powder. Ga precipitation
is not observed, indicating that the dopants are uniformly
incorporated into the LLZO lattice. At higher temperatures
(1000 to 1250°C), Ga and Al are observed at the interfaces
between powders, whereas Ta and La are still uniformly dis-
tributed. This indicates the migration of Ga and Al dopants
from Li sites within the LLZO lattice to the exterior of the
LLZO particles, particularly at temperatures exceeding
1000°C. This phenomenon is related to the formation of
a cubic phase with increasing sintering temperature.

Figure 3(b) presents the cross-sectional SEM and EDS map-
ping images for the entire LLZO pellets with Ga concentra-
tions of 0 and 0.142 after sintering at 1250°C. LLZO without
Ga doping reveals abundant and wide GB and pores
throughout the pellet. In contrast, LLZO with a Ga concen-
tration of 0.142 exhibits Ga precipitation, which fills the GB
and pores. The irregular distribution of precipitated Ga in
the pellet, compared to the powder, is attributed to the
increase in size of LLZO particles during pellet sintering
[46]. This indicates that Ga precipitation occurs throughout
the pellet and not in localized regions. A schematic of the Ga
precipitation mechanism is depicted in Figure 3(c). During
the initial stage of sintering, heavily doped Ga occupies the
Li sites in the LLZO lattice. Subsequent sintering at temper-
atures exceeding 1000°C enables Ga to be displaced from the
Li sites, resulting in Ga precipitation outside LLZO. Further-
more, the precipitated Ga fills the GBs in the same manner
of sintering aids, initiating liquid-phase sintering.

3.4. Effect of Ga Precipitation on the Electrochemical
Performance of LLZO Solid Electrolytes. To investigate the
impact of Ga precipitation on the electrochemical perfor-
mance of the LLZO solid electrolytes, symmetric cells were
fabricated using LLZO pellets with Ga concentrations of 0
and 0.142 (denoted as Ga-0-LLZO and Ga-0.142-LLZO,
respectively). Figure 4(a) shows photographs of an LLZO
pellet after the application of molten Li at 300°C. For the
LLZO pellet without Ga doping, nonadherence of molten
Li is observed, confirming the inadequate Li wettability. In
contrast, Ga-0.142-LLZO exhibits improved Li wettability,
suggesting that Ga precipitation is beneficial for Li wettabil-
ity. The following reactions may occur at the interface
between the molten Li and the LLZO pellet surface [47]:

(1) Ga,05 +6Li — 2Ga + 3Li,O
(2) Ga+xLi— Li,Ga

Following this reaction, the precipitated Ga on the GB
reacts with Li to form a Ga-Li alloy, promoting the effective
adhesion of molten Li to the LLZO pellet. Figure 4(b) shows
the Nyquist plots of the symmetric cells in the presence or
absence of Ga precipitation. Both EIS results exhibit two
semicircles corresponding to GB resistance and charge
transfer resistance [48, 49]. Particularly, Ga precipitation
markedly decreases the GB resistance from 3591 to 195.4 Q2
and the charge transfer resistance from 1227 to 68.01 Q. This
reveals the contribution of Ga precipitation to the interfacial
compatibility with Li in addition to the interconnection
between the LLZO particles. Figure S9 displays the
galvanostatic cycling performance of LLZO symmetric cells
without and with Ga doping at a current density of
0.lmAcm™ at room temperature. The Li/Ga-0-LLZO/Li
cell presented a high voltage (3.2V) within the first few
minutes of applying the current. Subsequently, the voltage
dropped to 0.04V, indicating a short circuit. This was
attributed to the formation of Li dendrites through the GBs
of the solid electrolyte pellet [50]. In contrast, the Li|Ga-
0.142-LLZOILi cell was stably operated for 7h, but the
subsequent voltage declined because of a short circuit.
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FIGURE 3: Mechanism of precipitation in Ga/Al/Ta-doped Li,La;Zr,0,, electrolyte: (a) EDS mapping images for the Li,La;Zr,0,, powder
with 0.142 Ga doping, annealed at temperatures of 900, 1000, 1100, and 1250°C; (b) cross-sectional SEM and EDS mapping images for the
entire Li,La;Zr,0,, pellets with Ga concentrations of 0 and 0.142 after sintering at 1250°C; (c) schematic of the Ga precipitation mechanism.

Therefore, the Li dendrites still grow into GBs filled with Ga-
containing compounds. This is ascribed to the reactions of
Ga-containing compounds with Li, resulting in crack
propagation in the LLZO solid electrolyte during cycling
[31]. To mitigate this phenomenon, we deposited an
extremely thin Au layer on the LLZO surface before
attaching the Li foil. Despite the Au coating, the Ga-0-
LLZO symmetric cell exhibited an elevated interface
resistance, recorded a high voltage (0.7 V), and experienced
a short circuit before completing one cycle (inset of
Figure 4(c)). In contrast, the Ga-0.142-LLZO cell exhibited
a low interfacial resistance owing to Ga precipitation, with a
voltage of 0.087 V. This value is slightly higher than that of
Ga-0.142-LLZO without the Au coating, implying that Au
acts as a blocking layer [51]. Stable charging and
discharging were observed over 200 cycles for 200h at
room temperature in the Li|Au|Ga-0.142-LLZO|Au|Li cell.
Therefore, the Au interlayer prevents the decline in cycling
stability caused by the precipitated Ga. This demonstrates
the synergistic effect of Au and Ga in LLZO, owing to their
compatibility.

3.5. Synergistic Effect of Ga-Au Layer. To reveal the synergis-
tic effect of Ga and Au on the Li-LLZO electrolyte interface,
surface analysis was conducted by coating Au on the
Ga-0.142-LLZO pellet. As shown in Figure 5(a) and
Figure S10, the surface color changes from light yellow to
dark gray after 1h of Au coating. This phenomenon
occurs as the coated Au encounters Ga, slowly forming an
alloy at room temperature [52], as shown in Figure 5(b).
Figure 5(c) shows the XRD patterns of the Au-coated
LLZO pellets with Ga concentrations of 0 and 0.142. The
AuGa, XRD peak is observed for the Au-coated Ga-0.142-
LLZO sample. The Al ¢;Au peak is observed in Au-coated
Ga-0-LLZO, but not in Au-coated Ga-0.142-LLZO. This
implies that Li-Ga-O, with a relatively lower eutectic point
than Li-Al-O, exhibits a dominant effect on conductivity
enhancement of LLZO doped with both Ga and Al
Figure 5(d) shows the XPS spectrum of Au 4f in Ga-0.142-
LLZO. The spectrum of Au 4f”* and Au 4f” is
deconvoluted into two peaks. The first peak has binding
energies of 83.4 and 87.1eV, attributed to metallic gold
[53-55]. The second peak is ascribed to the Au-Ga alloy,
with binding energies of 84.8 and 89.8eV [56]. Thus,

the surface of the LLZO pellet features the AuGa, alloy
that is formed by the combination of sputtered Au and
precipitated Ga. The depth profile analysis results for
the Au-coated Ga-0.142-LLZO pellet are depicted in
Figures 5(e) and 5(f) and Figure S11. The layer is classified
into three parts along the depth: the Au layer, the AuGa,
layer, and the LLZO surface. The Au atomic percentage of
the Au layer with etching times ranging from 0 to 40s
exceeds 60%, as observed in the 4f"> and 4f* peaks. For
the AuGa, layer with an etching time ranging from 40 to
80s, both Au and Ga exhibit similar atomic percentages,
and the Au-Ga peak is observed. Furthermore, beyond an
etching time of 80s, the area corresponding to the LLZO
pellet surface is analyzed. This reveals that the Au-Ga
layer between Au and LLZO enhances the adhesion
strength. Coating Au on garnet-type LLZO is known to
facilitate a uniform current distribution on the surface,
preventing the formation of Li dendrites [13, 57]. This can
also be observed in the Nyquist plot, depending on the
presence or absence of the Au coating on the Ga-0-LLZO
pellet (Figure S12 and Table S5). The interface resistance is
markedly decreased from 12,530 to 1,227 Q2 when the pellet
is coated with Au. The Ga-precipitated LLZO symmetric
cell exhibits an extremely low interface resistance of 68 Q.
This signifies an improvement through both the Li-Au and
Au-Ga layers owing to the presence of the Au-Ga alloy.
Particularly, a trade-off exists for the Au layer thickness: a
thick Au layer blocks Li transport, whereas a thin Au layer
is unable to prevent Li dendrite growth. Increasing the Au-
coating time from 0 to 20s does not considerably alter the
interface resistance; however, the resistance is doubled at
120s (Figure S13 and Table S6). Stable galvanostatic
cycling is observed with the 120s Au coating, but the
measured voltage is high (0.62V), indicating a decrease in
the electrochemical performance (Figure S14). Additionally,
the surface of the LLZO pellet needs to be polished to
adjust the surface roughness. A rough surface results in an
elevated operating voltage exceeding 1V for both 20 and
120s of Au coating at an initial cycle (Figure S15).
Polishing to achieve a smooth surface with a roughness of
57.8nm stabilizes the initial operating voltage (Figure S16
and Figure 4(c)). This implies that a dense and thin Au
layer on the smooth pellet surface is necessary to improve
both the surface compatibility and stability, which can be
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FIGURE 4: Performance of symmetric cells with Ga precipitation in Li,La;Zr,0,, electrolyte: (a) photographs of a Li,La,Zr,0,, pellet after
the application of molten Li at 300°C; (b) the Nyquist plots of the symmetric cells according to the presence or absence of Ga precipitation;
(c) galvanostatic cycling performance of Li/Au/LLZO/Au/Li symmetric cells without and with Ga doping at a current density of
0.1 mA cm ™ at room temperature.
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FIGURE 5: Mechanism of Ga-Au interlayer formation on the Li,La;Zr,0,, pellet surface: (a) photographs of the change in the surface color
from light yellow to dark gray after 1 h of Au coating; (b) process of coated Au encountering Ga to slowly form an alloy at room temperature;
(c) XRD patterns of Au-coated Li,La,Zr,0,, pellets with a Ga concentration of 0 and 0.142; (d) XPS spectrum of Au 4f for Ga-0.142-LLZO;
(e) depth profile analysis and (f) XPS spectrum of etching time results of the Au-coated Ga-0.142-LLZO pellet.

achieved by the Au-Ga alloy on Ga-precipitated LLZO.
Therefore, utilizing Ga precipitation for the Ga-Au alloy
reduces the contact resistance at the existing Li-Au interface
and improves the cycle performance by preventing Li
dendrite formation at the Au-LLZO interface.

4. Conclusion

In this study, Ga precipitation in LLZO electrolytes was used
to replace conventional additives. In contrast to using addi-
tives, precipitation simplified the process through a one-step
method. Ga was precipitated through heavy Ga doping,
requiring at least 1.1 excess Li. At sintering temperatures
exceeding 1000°C, the Ga precipitation mechanism involved
Li displacing Ga from the occupied sites. Consequently, the
precipitated Ga positioned at the GB successfully achieved
a relative density of 96.6% for the LLZO pellet. Furthermore,
Ga precipitation improved the connectivity between the
LLZO particles, facilitating Li-ion movement and increasing
the ionic conductivity of the LLZO electrolyte to
0.789 mScm™". Additionally, an Au coating was introduced
on the Ga-precipitated LLZO pellet by depositing a thin
Au film layer. The deposited Au reacted with the Ga-
precipitated layer and formed a Ga-Au alloy layer, which
served as a protective buffer, preventing direct contact
between the molten Li and precipitated Ga. Thus, Li den-
drite growth was inhibited. Finally, the cell exhibited stable
cycling for 200h at room temperature and 0.1 mAcm™>,
Furthermore, the introduction of the Ga-Au layer in addi-
tion to the conventional Li-Au layer resulted in a remark-
ably low charge transfer resistance. Therefore, this study
introduces a novel strategy for significantly enhancing the

microstructure, cycle stability, and interfacial resistance of
garnet-type LLZO electrolytes.
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Supplementary Materials

Table S1: Stoichiometry of Li,y  o56Aly172Gag 14412321 o5,
Tag 1301, (x=1.0, 1.03, 1.1, 1.13, 1.16) with varying excess
Li concentrations. Figure. S1: top-view SEM images of
Li;La;Zr,0,, solid electrolytes with the powder milling
duration of 2 and 12 hours; the Li,La;Zr,0,, pellets were
polished to achieve a smooth surface. Figure. S2: top-view
SEM images of Li,La;Zr,0,, solid electrolytes with and
without PVA binder; the Li,La,Zr,0,, pellets were polished
to achieve a smooth surface. Figure. S3: top-view SEM
images of Li,La,Zr,0,, electrolytes with different sintering
time 60 and 100 min; the Li,La,Zr,0,, pellets were polished
to achieve a smooth surface. Figure. S4: fabrication of
Li,La;Zr,0,, electrolyte pellets using the top-down
approach. Figure. S5: photographs and diameters of sintered
Li,La;Zr,0,, pellets with excess Li concentrations ranging
from 1.0 to 1.2. Figure. S6: the Raman patterns of
Li,La;Zr,0,, pellet with an excess Li concentration of 1.16
and a dwell time of 2000 ms. Figure. S7: EDS mapping of
Al, Ta, and La based on the top view of Li,La,Zr,0,, pellets
with excess Li contents of 1.0, 1.03, 1.1, 1.13, 1.16, and 1.2.
The scale bar indicates 25 um. Table S2: fitted parameters
corresponding to the Nyquist plots and thickness and area
of sintered Li La,Zr,0,, pellets with excess Li concentra-
tions ranging from 1.0 to 1.2. Figure. S8: photographs and
diameters of sintered Li,La,Zr,0,, pellets with Ga dopant
concentrations ranging from 0 to 0.178. Table S3: relative
density of sintered LLZO pellets with Ga dopant contents
ranging from 0 to 0.178. (using Archimedes’ method). Table
S4: fitted parameters corresponding to the Nyquist plots and
thickness and area of sintered Li,La,Zr,0,, pellets with Ga
dopant concentrations ranging from 0 to 0.178. Figure. S9:
galvanostatic cycling performance of Li|LLZO|Li symmetric
cells without and with Ga doping at a current density of
0.1mA cm ™ at room temperature. Figure. S10: photo of a
smooth surface of Ga-doped (0.142) Li,La;Zr,0,, electro-
lyte with Au coating for 20, taken at 10 min intervals. Fig-
ure. SI11: XPS spectrum of Au-coated Ga-0.142-LLZO for
20 seconds. XPS spectra showing the etching time results
for (a) Ga 2p and (b) La 3d of Au-coated Ga-0.142-LLZO.
Figure. S12: the Nyquist plot of Li|Ga-0-LLZO|Li symmetric
cell without Ga doping Li,La,Zr,0,, pellet. Table S5: fitted
parameters corresponding to the Nyquist plots for different
configurations: Li|Ga-0-LLZO|Li, Li |Au|Ga-0-LLZO|Aul-
LiLi| Au|Ga-0.142-LLZOJ|Au|Li. Figure. S13: the Nyquist
plots of Li|Au|LLZO|Au|Li symmetric cell with Au-coating
times of 0 and 120's on a finely prepared Li,La;Zr,0,, pellet
surface. Table S6: fitted parameters corresponding to the
Nyquist plots of Au-coating times 0, 20, and 120 s on a finely
prepared Li,La;Zr,0O,, pellet surface. Figure. S14: galvano-
static cycling performance of Li|Au|LLZO|Au|Li symmetric
cells with different Au coating 0, 120s on a finely prepared
Li,La,Zr,0,, surface at a current density of 0.1 mA cm ™ at
room temperature. Figure. S15: galvanostatic cycling perfor-
mance of Li|Au|Ga-0.142-LLZO|Au|Li symmetric cells at a
current density of 0.1 mAcm > at room temperature with
different Au coating (20 and 120s) on the surface of LLZO
pellets, which were roughly polished using 220 grit sandpa-
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per. Figure. S16: AFM image of sintered Li,La,Zr,0,, solid
electrolyte with a smooth surface achieved by polishing with
5000 grit sandpaper. (Supplementary Materials)
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