
Heliyon 10 (2024) e36206

Available online 20 August 2024
2405-8440/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC license
(http://creativecommons.org/licenses/by-nc/4.0/).

Research article 

Microwave-assisted solvothermal synthesis of nanostructured 
Ga-Doped Li7La3Zr2O12 solid electrolyte with enhanced 
densification and Li-ion conductivity 

Seong-Jun Jo a,b,1, Young Gyu Jeon a,b,1, Dong-Kyu Kim a,b,1, Sang Yeop Hwang a,b, 
Byeong-Heon Lee a,b, Chea Yun Kang a,b, Seung-Hwan Lee a,b, Sung-Hwan Lim a,b, 
R. Vasant Kumar c, Yu-Jin Han d,**, Kwang-Bum Kim e,***, Hyun-Kyung Kim a,b,* 

a Department of Battery Convergence Engineering, Kangwon National University, 1 Kangwondaehak-gil, Chuncheon, 24341, Republic of Korea 
b Interdisciplinary Program in Advanced Functional Materials and Devices Development, Kangwon National University, Chuncheon, 24341, Republic 
of Korea 
c Department of Materials Science and Metallurgy, University of Cambridge, 27 Charles Babbage Road, Cambridge, CB3 0FS, UK 
d Ulsan Advanced Energy Technology R&D Center, Korea Institute of Energy Research, Ulsan, 44776, Republic of Korea 
e Department of Materials Science and Engineering, Yonsei University, 134 Shinchon-dong, Seodaemoon-gu, Seoul, 120-749, Republic of Korea   

A R T I C L E  I N F O   

Keywords: 
Li-ion solid electrolytes 
Garnet-type Li7La3Zr2O12 

Microwave-assisted solvothermal synthesis 
Solid-state batteries 

A B S T R A C T   

Garnet-type Li7La3Zr2O12 (LLZO) Li-ion solid electrolytes are promising candidates for safe, next- 
generation solid-state batteries. In this study, we synthesize Ga-doped LLZO (Ga–LLZO) electro-
lytes using a microwave-assisted solvothermal method followed by low-temperature heat treat-
ment. The nanostructured precursor (<50 nm) produced by the microwave-assisted solvothermal 
process has a high surface energy, facilitating the reaction for preparing garnet-type Ga–LLZO 
powders (<800 nm) within a short time (<5 h) at a low calcination temperature (<700 ◦C). 
Additionally, the calcined nanostructured Ga–LLZO powder can be sintered to produce a high- 
density pellet with minimized grain boundaries under moderate sintering conditions (tempera-
ture: 1150 ◦C, duration: 10 h). The optimal doping concentration was determined to be 0.4 mol% 
Ga, which resulted significantly increased the ionic conductivity (1.04 × 10− 3 S cm− 1 at 25 ◦C) 
and stabilized the cycling performance over 1700 h at 0.4 mA cm− 2. This approach demonstrates 
the potential to synthesize oxide-type solid electrolyte materials with improved properties for 
solid-state batteries.   

Abbreviations: EV, electric vehicle; LIB, Li-ion battery; XRD, X-ray diffraction; SEM, scanning electron microscopy; EDS, energy-dispersive X-ray 
spectroscopy; EIS, electrochemical impedance spectroscopy; MW, microwave; SG, sol-gel. 
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1. Introduction 

Spurred by the recent global energy crisis and environmental concerns, several countries have started producing electric vehicles 
(EVs). Li-ion batteries (LIBs) have been adopted for EVs owing to their high stability and energy densities [1–3]. However, LIBs with 
flammable organic liquid electrolytes exhibit safety issues such as combustion and explosion [4–6], which can be mitigated by using 
highly stable cathode materials, electrolytes with a wide voltage window, or solid electrolytes [7,8]. Especially, solid electrolytes can 
help address the safety issues of conventional LIBs by eliminating the risks associated with organic liquid electrolytes. Consequently, 
research and application of solid electrolytes in LIBs have rapidly surged in recent years. 

Inorganic solid-state electrolytes, such as sulfides and oxides, offer wide electrochemical potential windows and high mechanical 
strengths compared with organic liquid electrolytes. Owing to these features, metallic Li (3860 mAh g− 1) can be used as an anode and 
high-voltage cathode (~5 V), resulting in a high energy density and long cycle life [5,9]. Sulfide electrolytes provide high Li-ion 
conductivity due to their mechanical flexibility; however, they exhibit poor chemical stability and are sensitivity to moisture, 
which can lead to H2S gas generation [9,10]. In contrast, oxide electrolytes exhibit good chemical stability, high crystallinity, and 
excellent mechanical properties, effectively suppressing Li dendrite formation [11,12]. Oxide electrolytes, such as perovskites (Li3x-

La2/3xTiO3, LLTO), NASICON (Li1+xAlxTi2− x(PO4)3, LATP), and garnet (Li7La3Zr2O12, LLZO) are widely studied owing to their superior 
properties [13–16]. However, Ti-containing oxides like LLTO or LATP are prone to reduction and can easily undergo mechanical and 
thermal damage [17–20]. 

LLZO exhibits stability against oxygen in air, high chemical stability when in contact with both a Li-metal anode and high-voltage 
cathode material, a high Li-ion conductivity (>10− 4 S cm− 1 at room temperature, 25 ◦C), and a wide electrochemical window (>5 V vs. 
Li/Li+) [2,15,16]. LLZO crystallizes in either tetragonal or cubic symmetry, with the cubic phase exhibiting a higher Li-ion conduc-
tivity owing to its disordered Li-ion distribution [21]. Thus, cubic-phase LLZO is more suitable than its tetragonal counterpart for use as 
a solid electrolyte. Aliovalent doping with elements such as Al, Ga, Ca, Sr, Ta, Nb, and F stabilizes the cubic phase and enhances the 
Li-ion conductivity of LLZO [22–32]. Studies have shown that Ga3+ doping creates Li+ vacancies that enhance Li+ migration, whereas 
Al3+ can hinder this process by occupying Li + sites [22,23]. Ga3+, which is larger than Al3+, causes lattice distortion, thereby opening 
multiple Li+ migration routes and improving the Li-ion conductivity of Ga-doped LLZO (Ga–LLZO) [23]. 

Ga–LLZO with a complex garnet structure is typically synthesized using conventional sol–gel (SG) or solid-state methods, wherein 
the powders are usually calcined and sintered at temperatures over 800 and 1200 ◦C, respectively [33–35]. These conventional ap-
proaches generally require high calcination/sintered temperatures and long heating durations. Under such conditions, the highly 
reactive Li species can become volatile and lead to the formation of pyrochlore phases, which can reduce the Li-ion conductivity. One 
potential solution to address these issues is the use of nanostructured powders [36,37], which provide large interfacial and surface 
areas, thus enabling densification and maximizing grain coarsening during sintering. However, traditional synthesis methods such as 
the SG process experience considerable heat transfer owing to external heating, leading to significant temperature gradients within the 
reaction vessel. This can lead to heterogeneous particle size and extend the synthesis time, ultimately resulting in larger particles 
because of continuous nucleation. Therefore, new approaches for synthesizing nanostructured LLZO are required to balance the 
sintering conditions, pellet density, and Li loss. 

Microwave (MW)-assisted solvothermal methods have been widely employed to fabricate nanoparticles owing to their unique 
ability to rapidly and homogeneously heat precursor materials [38]. MWs, which have frequencies between 300 and 300,000 MHz, 
penetrate the solution, allowing for uniform heating. Consequently, they minimize the temperature gradients within the vessel, 
promoting consistent and rapid nucleation [39]. These features enable the formation of nanoparticles with narrow size distributions, 
making MW-assisted solvothermal synthesis a promising approach for producing nanoparticles with the desired properties [40]. 

Herein, we introduce a facile approach to synthesize high-ionic-conductivity Ga–LLZO using a MW-assisted solvothermal process 
and subsequent low-temperature heat treatments. In this study, we determined the optimal Ga doping amount to maximize the Li-ion 
conductivity. The MW method efficiently produced nanostructured 0.4 Ga–LLZO precursors (<50 nm) and powders (<800 nm) 
withing a short reaction time. The nanostructured 0.4 Ga–LLZO powder, whose surface area increased under low-temperature and 
short-time calcination conditions (700 ◦C, 5 h), was sintered to produce high-density pellets with minimized grain boundaries, which 
resulted in improved Li-ion conductivity (1.04 × 10− 3 S cm− 1 at 25 ◦C). Stability testing showed over 1700 h of stable cycling at 0.4 
mA cm− 2, suggesting potential application of the synthesized Ga–LLZO in stable, efficient solid-state batteries. 

2. Materials and methods 

2.1. MW-assisted solvothermal synthesis of xGa–LLZO (MW xGa–LLZO) 

The MW xGa–LLZO (x: 0–0.45 mol%) ceramic samples were fabricated using the MW-assisted solvothermal method. Stoichiometric 
amounts of Ga(NO3)3 (Thermo Scientific, 99.9998 % trace metal basis), La(NO3)3 (Aldrich, 99.9 % trace metal basis), and ZrO(NO3)2 
(Aldrich, 99 %) combined with excessive LiOH (20 %) were dissolved in diethylene glycol (Sigma-Aldrich, ReagentPlus®, 99 %) to 
provide metal ions, and citric acid (Alfa-Aesar, anhydrous, 99.5+%) was introduced as a chelating agent. Excessive LiOH (20 %) was 
added to compensate for Li loss during sintering. The mixture was stirred at room temperature (25 ◦C) for 5 h to obtain a homogeneous 
solution. The obtained solution was loaded into a sealed Teflon vessel and placed in an MW system (MARS-5, CEM Corporation), where 
it was heated to 250 ◦C and maintained at that temperature for 10 min. The solution was then allowed to cool naturally to room 
temperature. The precipitates were centrifuged (1580R, LABOGENE) at 10,000 rpm for 1 h using a laboratory centrifuge and then 
dried at 250 ◦C for 2 h to remove the residual solvent. The precursor was calcined at 700 ◦C in air for 5 h to crystallize the MW 
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xGa–LLZO structure. Finally, the powders were pressed into 12-mm-diameter pellets in a hydraulic press under a pressure of 3000 psi. 
The resulting pellets were sintered at 1150 ◦C for 10 h. To avoid Li volatilization and Al3+ contamination, the MW xGa–LLZO pellets 
were covered with their respective mother powders in an alumina crucible, which were the same as those used to prepare the MW 
xGa–LLZO powders. 

2.2. SG synthesis of 0.4 Ga–LLZO (SG 0.4 Ga–LLZO) 

The SG 0.4 Ga–LLZO ceramic samples were fabricated using the SG method. Stoichiometric amounts of Ga(NO3)3 (Thermo Sci-
entific, 99.9998 % trace metal basis), La(NO3)3 (Aldrich, 99.9 % trace metal basis), and ZrO(NO3)2 (Aldrich, 99 %), with an excess of 
LiNO3 (20 %), were dissolved in deionized water to provide metal ions, and citric acid (Alfa-Aesar, anhydrous, 99.5+%) was intro-
duced as a chelating agent. An excessive amount of LiNO3 (20 %) was added to compensate for Li loss during sintering. To adjust the pH 
of the prepared solution to 7, NH3⋅H2O (ACROS ORGANICS, 28–30 % solution in water) was added. The mixture was then stirred for 
12 h at room temperature to obtain a homogeneous solution, which was then gelled by drying at 100 ◦C for 12 h, followed by drying at 
250 ◦C for 2 h to obtain a precursor. The precursor was calcined at 700 ◦C in air for 5 h to crystallize the structure. Finally, the SG 0.4 
Ga–LLZO powder was pressed into 12-mm-diameter pellets in a hydraulic press under a pressure of 3000 psi. The resulting pellets were 
sintered at 1150 ◦C for 10 h. To avoid Li volatilization and Al3+ contamination, the SG 0.4 Ga–LLZO pellets were covered with their 
respective mother powders in an alumina crucible. The mother powders used were the same as those used to prepare the SG 0.4 
Ga–LLZO powders. 

2.3. Material characterization 

X-ray diffraction (XRD; PANalytical, X’Pert PRO MPD) was used to examine the crystalline structures of the calcined Ga–LLZO 
powders with Cu-Kα radiation (λ = 1.5406 Å) from 2θ values of 10◦–60◦ with a step width of 0.013◦. Scanning electron microscopy 
(SEM; JEOL, JSM-7900F) was used to observe the grain size, morphology, and elemental distribution of the powder samples. Particle 
size analysis (Anton Paar, PSA 1090 L) was performed to compare the particle size and distribution of the powders synthesized using 
the MW and SG methods. The surface area was estimated by obtaining N2 adsorption–desorption isotherms and applying the Bru-
nauer–Emmett–Teller method (Microtrac MRB, Belsorp Max G). The powder samples were then pressed into pellets. SEM coupled with 
energy-dispersive X-ray spectroscopy (SEM–EDS) analyses were to evaluate the cross-sectional morphology of these pellet samples. 
The SEM–EDS samples were prepared using the ion-milling method to compare the grain-boundary distribution of the pellets prepared 
using the MW and SG methods. The pellets were mounted in a brass tube using G1 epoxy and a hardener to prepare the ion-milled 
samples. The density of the ceramic pellets was measured using the Archimedes method with anhydrous ethanol as the immersion 
medium, as LLZO can absorb water, making it an unsuitable medium. The density of Ga–LLZO was determined from its mass and 
volume, and its relative density values were calculated by dividing the measured density by the theoretical density of LLZO (~5.1 g 
cm− 3) [41]. Next, samples with a thickness of 75 μm were fabricated by grinding the pellet using sandpapers with progressively finer 
grits (400, 600, 800, and 1200 grit). The ground samples were polished using a polishing cloth and diamond suspension. The final 
polishing step was performed using a 2 keV beam, with dual beam conditions of 3◦ upward for the left and right guns, for 15 min; this 
final polishing step was performed using a precision ion polishing system (Gatan, Model 691). 

2.4. Electrochemical measurements 

An alternating-current impedance tester (Biologic, SP-200) was used to measure the Li-ion conductivity indirectly at frequencies 

Fig. 1. (a) XRD patterns of MW 0.2–0.4 Ga–LLZO; (b) Rietveld refinement of the XRD data for MW 0.4 Ga–LLZO.  
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ranging from 7 MHz to 1 Hz, an amplitude of 7 mV, and temperatures ranging from 25 to 80 ◦C in the temperature chamber. The 
diameter and thickness of the samples were ~10 and ~1 mm, respectively. Prior to the Li-ion conductivity measurements, an Au/ 
prepared Ga–LLZO/Au cell was prepared by sputtering a layer of Au onto both sides of the pellet samples, which were polished with 
sandpaper. The samples were then annealed for 1 h at the required temperature before each measurement. The Li-ion conductivity of 
the Ga–LLZO pellets was obtained from their corresponding Nyquist plots using the Z-Fit analysis tool present in the Biologic BT-lab 
software. The activation energy was calculated using the Arrhenius equation. 

A Li/MW 0.4 Ga–LLZO/Li cell was also prepared; two pieces of metallic Li were attached to both sides of the pellet samples, which 
were then converted into a CR2032 coin cell configuration inside a glovebox filled with Ar. The cycling performance of the Li sym-
metric cell was measured using a battery tester (Neware, BTS-4008-5V50mA). The Li symmetric cell was subjected to a galvanostatic 
cycling test at 0.4 mA cm− 2 for 1 h per cycle at 25 ◦C. 

3. Results and discussion 

3.1. Powder and sintered pellet morphology 

Ga–LLZO powders were prepared with various Ga contents using an MW-assisted solvothermal method and via calcination 
(<700 ◦C in 5 h); these samples are hereafter labeled as “MW xGa–LLZO,” where x = 0.2–0.45. The XRD patterns of the calcined MW 
0.2–0.4 Ga–LLZO powders are presented in Fig. 1a [42–45], confirming that a cubic phase is formed when the Ga content in LLZO is >
0.2 mol% [46,47]. As shown in Fig. S1, the XRD pattern of MW 0 Ga–LLZO exhibits the characteristic peaks of the tetragonal phase, and 
below a Ga content of 0.2 mol%, the characteristic peaks of the impurity phase La2Zr2O7 (LZO) appear [48,49]. When the Ga content is 
low, the cubic phase of LLZO may be relatively unstable, which can lead to the formation of the tetragonal phase. Moreover, it is 
important to consider that the Li source and LZO may not fully react at the synthesis temperature of 700 ◦C. Both of these factors can 
significantly impact the overall stability and performance of the synthesized materials. Additionally, when the Ga content in LLZO 
exceeds 0.4 mol% (MW 0.45 Ga–LLZO), the LZO impurity phase reappears. Ga has limited solubility in LLZO; therefore, at higher Ga 
concentrations, an excess of Ga may increase the loss of Li, also resulting in the formation of the LZO impurity phase [50]. The Rietveld 
refinement of the XRD data (Fig. 1b) suggests that MW 0.4 Ga–LLZO can be well indexed to the cubic garnet phase, indicating that 
Ga-ion substitution can stabilize this phase. The refinement yielded a weighted profile residual (Rwp) of 10.2 %, an expected profile 
residual (Rexp) of 3.13 %, and a chi-squared (χ2) value of 3.26. These values indicate a satisfactory fit between the observed and 
calculated XRD patterns, suggesting that this phase structure appropriately describes the material. 

The SEM images presented in Fig. 2 reveal the morphologies of the MW 0.2–0.4 Ga–LLZO precursors, calcined powders, and 

Fig. 2. SEM images of MW xGa–LLZO. Top row, precursor; middle row, powder; bottom row, fracture surface of the corresponding pellet. (a), (d), 
and (g) MW 0.2 Ga–LLZO; (b), (e), and (h) MW 0.3 Ga–LLZO; and (c), (f), and (i) MW 0.4 Ga–LLZO. 
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sintered pellets. Fig. 2a–c demonstrates the uniform morphology of the as-synthesized MW 0.2–0.4 Ga–LLZO precursors, which are 
approximately 50 nm in size. This nanostructure can be attributed to the advantages of the MW-assisted solvothermal method. The 
SEM images presented in Fig. 2d–f reveal that the post-calcination powder particle size decreases from >1 μm to <800 nm with the 
increasing Ga content. This decrease is attributed to the reduction in surface energy caused by Ga doping [51]. As shown in Fig. 2g–i, 
the subsequent sintering process caused grain coarsening in the nanostructured LLZO precursor, which reduced the number of grain 
boundaries within the resulting pellet. SEM images of the powders with different Ga contents (MW 0–0.45 Ga–LLZO) after calcination 
are shown in Fig. S2, and the corresponding pellets with grain coarsening after sintering are shown in Fig. S3. 

3.2. Electrochemical properties 

Electrochemical impedance spectroscopy (EIS) was performed to investigate the effect of minimized grain boundaries on the 
electrical resistance and Li-ion conductivity of the pellet at 25 ◦C. An Au/MW 0.2–0.4 Ga–LLZO/Au symmetrical cell was fabricated to 
measure the pellet resistance; the corresponding results are shown in Fig. 3a. 

The obtained EIS data were fitted using an equivalent circuit model (Fig. 3b). Fig. 3c presents the Nyquist plots derived from the EIS 
analysis, revealing the resistance and Li-ion conductivity of the pellets as a function of the Ga content. The Nyquist plot exhibits a 
semicircle at high frequencies, a semicircle at mid-frequencies, and a tail at low frequencies. The semicircle at high frequencies in-
dicates bulk resistance (Rb), whereas that at mid-frequencies indicates intergranular resistance (Rgb) [52–54]. These results confirm 
that both the bulk and grain-boundary resistances gradually decrease with an increase in the Ga content, and this result is attributed to 
the reduction in the number of grain boundaries and densification of the pellets due to grain coarsening. The value of the x-intercept of 
the semicircle at the mid-frequency corresponds to the total resistance. The determined total resistance values of MW 0.2 Ga–LLZO, 
MW 0.3 Ga–LLZO, and MW 0.4 Ga–LLZO are 1114.5, 679.2, and 265 Ω, respectively. The Li-ion conductivity (σ) of the pellets is 
calculated using Equation (1) [55]: 

σ =
L

R× S
, (1)  

where R, L, and A represent the resistance, thickness of the pellet, and electrode area, respectively. The calculated Li-ion conductivities 

Fig. 3. (a) Schematic of the Au/LLZO/Au cell fabricated for EIS measurements; (b) equivalent circuit for fitting the EIS data of the Au/MW 0.2–0.4 
Ga–LLZO/Au cell; (c) Nyquist plots of the MW 0.2–0.4 Ga–LLZO pellets; (d) Arrhenius plots of the MW 0.2–0.4 Ga–LLZO pellets. 

Table 1 
Lattice parameters, total conductivity, and activation energy of MW 0.2–0.4 Ga–LLZO.  

Li:La:Zr:Ga Lattice parameter (Å) Li-ion conductivity (S cm− 1) Activation energy (eV) 

6.4:3:2:0.2 12.9934 1.91 × 10− 4 0.38 
6.1:3:2:0.3 12.9915 3.84 × 10− 4 0.38 
5.8:3:2:0.4 12.9902 1.04 × 10− 3 0.32  
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of MW 0.2 Ga–LLZO, MW 0.3 Ga–LLZO, and MW 0.4 Ga–LLZO are 1.91 × 10− 4, 3.84 × 10− 4, and 1.04 × 10− 3 S cm− 1, respectively 
(Table 1). Conversely, small grains may produce the lowest Li-ion conductivity. Combined with the morphology analysis findings, 
these results suggest that the observed decrease in the number of grain boundaries in MW 0.4 Ga–LLZO corresponds to a decrease in the 
pellet resistance, which enhances the potential for producing pellets with a high Li-ion conductivity. 

However, MW 0.45 Ga–LLZO exhibits abnormal grain coarsening, which increases its resistance while decreasing its Li-ion con-
ductivity, as shown by the Nyquist plots in Fig. S4. These results suggest that tiny grains can result in abnormal grain coarsening, a high 
resistance, and the lowest Li-ion conductivity after sintering. These findings confirm that MW 0.4 Ga–LLZO with the smallest grains can 
achieve the highest Li-ion conductivity. EIS analysis was also conducted at various temperatures (from 25 to 80 ◦C) to investigate the 
effect of temperature on the Li-ion conductivity of Ga–LLZO. The Li-ion conductivities of the LLZO pellets, with different Ga contents, 
measured at various temperatures are plotted on an Arrhenius plot in Fig. 3d. The activation energy (Ea) of the pellet is calculated using 
Equation (2) [55]. 

Fig. 4. SEM images of the MW 0.4 Ga–LLZO (a) precursor, (b) powder, (c) pellet fracture surface, and SG 0.4 Ga–LLZO (d) precursor, (e) powder, 
and (f) pellet fracture surface. 

Fig. 5. SEM images of the ion-milled pellet surfaces: (a, b) MW 0.4 Ga–LLZO and (d, e) SG 0.4 Ga–LLZO. EDS mapping data of (c) MW 0.4 Ga–LLZO 
and (f) SG 0.4 Ga–LLZO. 
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σtotal=A exp
[
− Ea
KBT

]

, (2)  

where A, kB, and T represent the pre-exponential factor, Boltzmann’s constant, and absolute temperature, respectively. The analysis 
reveals that the activation energy of the MW 0.2 Ga–LLZO, MW 0.3 Ga–LLZO, and MW 0.4 Ga–LLZO solid electrolytes are 0.38, 0.38, 
and 0.32 eV, respectively. Overall, Fig. 3d demonstrates a distinct relationship between Ga content and activation energy, indicating 
that a high Ga content results in low activation energies. However, as shown in Fig. S5, the activation energy increases when the Ga 
content exceeds 0.4 mol%. Small grains with high Ga contents exhibit over-coarsening during the subsequent sintering process and 
thus increase the activation energy. This abnormal grain growth reduces the driving force for sintering and increases the diffusion 
distance for mass transport, thereby slowing down sintering and limiting densification [49,56]. Furthermore, the pores trapped within 
the abnormal grains can induce a stress concentration, thereby decreasing the mechanical strength and ultimately causing the ceramic 
to fracture. These factors contribute to the lower ionic conductivity observed. Figs. S6 and S7 show the resistance, Li-ion conductivity, 
and activation energy as functions of the Ga content. 

To determine the effect of the particle size of Ga–LLZO on grain formation and on its Li-ion conductivity during pellet sintering, MW 
0.4 Ga–LLZO, i.e., the sample with the optimized Ga content (0.4 mol%) prepared using the MW-assisted method, was compared with 
0.4 Ga–LLZO, which was synthesized by the conventional SG method (hereafter denoted by SG 0.4 Ga–LLZO). Fig. 4 shows the SEM 
images of the precursors, powders, and pellets (fracture surface) of MW 0.4 Ga–LLZO and SG 0.4 Ga–LLZO. The particle size of the SG 
0.4 Ga–LLZO precursor powder (Fig. 4d, e and S8b) are larger than those of the MW 0.4 Ga–LLZO precursors (Fig. 4a and b, and S8a), 
whereas the morphology of the former is less uniform than that of the latter. The particle size distributions and surface area of MW 0.4 
Ga–LLZO and SG 0.4 Ga–LLZO after calcination are presented in Figs. S9 and S10 and Table S1. The average particle sizes (d50) of MW 
0.4 Ga–LLZO and SG 0.4 Ga–LLZO are 0.80 and 14.28 μm, respectively, and their specific surface areas are 0.81 and 0.67 m2/g, 
indicating that MW 0.4 Ga–LLZO has both smaller particles and a larger specific surface area. These characteristics can facilitate 
advantageous grain coarsening during sintering, which may increase the density and enhance Li-ion conductivity. In contrast, the SG 
0.4 Ga–LLZO pellet does not undergo grain coarsening because of its microscale precursor powder particles, and it exhibits numerous 
grain boundaries, as shown in Fig. 4f. 

To measure the grain boundaries inside each pellet with a high accuracy, samples were prepared by ion milling. Fig. 5 shows the 
SEM image and EDS data of the ion-milled pellet surface. The EDS analysis results indicate that SG 0.4 Ga–LLZO contains numerous 
grain boundaries and holes. In addition, the concentration of Ga in the form of LiGaO2 was analyzed at the grain boundaries in SG 0.4 
Ga–LLZO. LiGaO2 forms at the grain boundaries because of the decreasing stability of Li metal [50,57]. The XRD pattern of SG 0.4 
Ga–LLZO in Fig. S11 confirms the presence of LiGaO2, which most likely formed at the grain boundaries as a consequence of the 
decreased stability of Li. Notably, as Li dendrites preferentially propagate along the grain boundaries and through interconnected 
holes, poorly sintered LLZO tends to form Li dendrites during the charge–discharge process. 

Owing to the large amount of grain boundaries and holes, SG 0.4 Ga–LLZO can affect the Li-ion conductivity and performance of the 

Fig. 6. (a) Schematic of the Au/Ga–LLZO/Au cell fabricated for EIS measurements; (b) equivalent circuit for fitting the EIS data of the Au/ 
Ga–LLZO/Au cell; (c, d) Nyquist plots of (c) Au/MW 0.4 Ga–LLZO/Au and (d) Au/SG 0.4 Ga–LLZO/Au cells. 
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associated battery. In contrast, MW 0.4 Ga–LLZO, which exhibits negligible grain boundaries and holes, can potentially mitigate such 
negative effects. In addition, a comparison of the EDS analysis results (Fig. 5c and f) reveals that Ga is more uniformly distributed 
throughout MW 0.4 Ga–LLZO than in the corresponding SG sample. The relative densities of the MW 0.4 Ga–LLZO and SG 0.4 Ga–LLZO 
pellets were 96 % and 91 %, respectively, as determined by the Archimedes method. The high relative density of the MW 0.4 Ga–LLZO 
pellet indicates its successful densification and minimized porosity, which could not be realized in the SG 0.4 Ga–LLZO pellet. 

The Li-ion conductivities of the MW 0.4 Ga–LLZO and SG 0.4 Ga–LLZO pellets, determined by EIS, are compared in Fig. 6. The total 
resistances of the MW and SG 0.4 Ga–LLZO pellets are 265 and 2216 Ω, respectively. The calculated Li-ion conductivity of the SG 0.4 
Ga–LLZO pellet is extremely low (only 1.13 × 10− 4 S cm− 1), and thus, this solid electrolyte is not suitable for cell application. 

Upon comparing the pellet morphologies in Figs. 4 and 5 and the EIS results in Fig. 6, we can conclude that the MW 0.4 Ga–LLZO 
pellet prepared from nanostructured Ga–LLZO shows low interfacial and grain-boundary resistivities and is thus expected to 
outperform SG 0.4 Ga–LLZO as a high-performance Li-ion solid electrolyte (Fig. S12). 

3.3. Cycling stability 

To examine the stability of the prepared MW 0.4 Ga–LLZO solid electrolyte upon contact with Li metal in LIBs, galvanostatic cycling 
was performed on a Li/MW 0.4 Ga–LLZO/Li symmetric cell at room temperature and a current density of 0.4 mA cm− 2; the corre-
sponding results are shown in Fig. 7. The obtained EIS data were fitted with the equivalent circuit model shown in Fig. 7a to assess the 
resistance before and after the galvanostatic cycling test, and the fitted EIS results are presented in Fig. 7b. The initial cell configuration 
has a nonuniform interface that causes a high resistance. However, we observe that the resistance after 1600 h cycling is significantly 
lower than that before cycling. As shown in Table S2, the impedance values for each component indicate that Rb decreased from 76 to 
46 Ω, and Rgb decreased from 94 to 81 Ω after cycling. Notably, the impedance of the entire Li/MW 0.4 Ga–LLZO/Li cell (RLi–LLZO) 
significantly decreased from 302 to 49 Ω after cycling, indicating a substantial reduction in the Li/LLZO interfacial impedance. This 
suggests that the unstable interface between the Li metal and MW 0.4 Ga–LLZO, which initially exhibited only simple physical 
adhesion, was stabilized by electrodeposition after cycling. 

Fig. 7c shows the time–voltage profile obtained by cycling for over 1700 h at room temperature at a constant current density of 0.4 
mA cm− 2. The Li/MW 0.4 Ga–LLZO/Li cell is repeatedly charged and discharged for 1 h per cycle. In this profile, a positive voltage 
indicates Li stripping, whereas a negative voltage indicates Li electrodeposition. Although the voltage initially fluctuated, the results 
demonstrate the excellent reversibility of the Li redox reactions in the cell and the high stability of the MW 0.4 Ga–LLZO electrolyte 
over prolonged testing for approximately 1700 h. 

Fig. 7. (a) Schematic of the Li/MW 0.4 Ga–LLZO/Li cell and the equivalent circuit used to fit the EIS data. (b) Nyquist plots of the Li/MW 0.4 
Ga–LLZO/Li cell before and after cycling. (c) Galvanostatic cycling of the Li/MW 0.4 Ga–LLZO/Li cell at 0.4 mA cm− 2. 
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4. Conclusions 

In this study, we synthesized a low-resistance solid electrolyte using an MW-assisted solvothermal method. The solid electrolyte 
powders synthesized by this method were composed of nanostructured LLZO after calcination and facilitated high grain coarsening 
during sintering; thus, the number of grain boundaries was considerably reduced. Furthermore, the lowest resistance was observed at a 
Ga content of 0.4 mol%. An electrolyte with the optimized Ga content (0.4 mol%) was prepared by the SG method for comparison, 
which confirmed that the MW-assisted solvothermal method considerably reduced the number of grain boundaries in the final pellets. 
These MW-synthesized pellets exhibited a high Li-ion conductivity (1.04 × 10− 3 S cm− 1) and a low activation energy (0.32 eV) at 
25 ◦C. Furthermore, in the stability test with Li metal, the MW 0.4 Ga–LLZO pellets exhibited a lifespan of >1700 h during galva-
nostatic cycling at a high current density of 0.4 mA cm− 2. This study demonstrates the effectiveness of the MW-assisted solvothermal 
method as a new approach for synthesizing high-performance solid electrolytes. 
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