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A B S T R A C T   

Lithium-stuffed garnets, one of the most promising solid electrolytes for all-solid-state lithium batteries (ASSLBs), 
are typically vulnerable to water or moisture. In this work, Li6.5La3Zr1.5Ta0.5O12 (LLZT) with ionic conductivity 
of 7.36 × 10− 4 S cm− 1 at room temperature and ultrahigh moisture stability is designed and synthesized by a 
solvent-free route with no excess lithium source. After storing in ambient atmosphere for four months, the LLZT 
maintains an ionic conductivity of 6.41 × 10− 4 S cm− 1. With optimized lithium contents, the LLZT is stored in an 
atmosphere rich in H2O and CO2 at 65◦C for 24 hours and the ionic conductivity only decreases by 6.9% to 6.6 ×
10− 4 S cm− 1. Even undergone water-immersion, the LLZT pellet shows good electrochemical stability, which 
allows an interfacial resistance of 14.6 Ω cm2 with Li and stable cycling performance of Li|LLZT|LFP cell, 
exhibiting a high capacity retention of 93% after 100 cycles. Several important features including high relative 
density, few grain boundaries, water-stable secondary phase of La2Zr2O7, and the Li+-deficient garnet lattice are 
combined to contribute to the moisture stability as suggested by morphology and surface chemistry analysis and 
first-principles calculations. This study provides valuable insights into synthesizing fast and moisture-stable 
lithium garnets in a time-efficient way, which is vital for developing garnet-based ASSLBs.   

1. Introduction 

Solid-state electrolytes have aroused more and more research in-
terests over recent years aiming at the development of novel all-solid- 
state lithium batteries (ASSLBs) for portable electronic devices and 
electric vehicles [1–4]. Among various solid-state electrolytes, 
lithium-stuffed garnets such as Li7La3Zr2O12 (LLZO) are considered as 
one of the most promising candidates for their outstanding compatibility 
with lithium anode [5–7]. Significant advances in the LLZO electrolyte 
have been achieved in the promotion of ionic conductivity (greater than 
1 mS cm− 1) and the interface engineering to decrease the interfacial 
resistance between the LLZO and the electrodes [8–12]. Unfortunately, 
the LLZO is mostly found moisture-sensitive and plagued by the for-
mation of insulating surface impurity layers. The moisture-instability 

will not only complicate the materials handling during production, 
storage, and transportation of LLZO, greatly increasing the cost, but also 
affect the electrode/LLZO interfacial properties because the interface 
may actually be the electrode/impurity/LLZO structure unless the sur-
ficial impurity is carefully removed. 

So far, a lot of efforts have been dedicated to understanding the 
chemistry and the formation of the surface impurity layers in the 
moisture atmosphere. It is generally believed that the formation of im-
purities starts with a lithium-proton (Li+/H+) exchange reaction, 
generating lithium hydroxide monohydrate (LiOH⋅H2O) and protonated 
garnet (Li7− xHxLa3Zr2O12) [13,14]. The LiOH⋅H2O will then react with 
CO2 to form Li2CO3 on the surface of the garnet electrolyte. Both 
LiOH⋅H2O and Li2CO3 are poor Li+ conductors, resulting in an insulating 
top surface of LLZO after moisture exposure. To deal with the 
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moisture-instability, various strategies have been developed, which can 
be divided into two categories: 1) to inhibit the reaction with moisture 
by controlling the humidity, optimizing the electrolyte composition by 
adding a secondary phase and microstructure;[9, 13, 15, 16] and 2) to 
remove the impurity layer by physical polishing, chemical etching, and 
heating in controlled atmosphere [17–23]. These strategies either in-
crease the cost and complexity of the synthesis process or are infeasible 
for future micrometer-thick garnet sheets. Thus, it is highly desirable, 
from the perspective of material design, to synthesize the garnet elec-
trolyte with good intrinsic moisture stability. 

To design a moisture-stable garnet, the following pre-requisites need 
to be satisfied based on the previous studies. 1) High relative density and 
small specific surface area. The surface is where the Li+/H+ exchange 
reaction takes place, so the less exposure surface of the pellet the less 
degree of Li+/H+ exchange. The specific surface area is closely related to 
the relative density; high relative density usually means a small specific 
surface area. It is also noted that high relative density is necessary to 
obtain high ionic conductivity and critical current density [24–29]. 2) 
Few grain boundaries and large grain size. Grain boundaries are more 
susceptible to moisture than grains due to their higher interfacial en-
ergy, so a sample with large grain size and few grain boundaries is 
desired, which fortunately typically exhibits high relative density and 
high ionic conductivity [15,26,30]. 3) Controlled secondary phase 
segregated at grain boundaries. As pointed by Cheng et al. the segre-
gated phase at grain boundaries rich in Al and poor in Li results in 
limited Li2CO3 formation upon air exposure. Li et al. [9] introduces LiF 
as the secondary phase to decorate the grain boundary and significantly 
increases the moisture-stability. 4) Moisture-stabile grains. According to 
the first-principles study, the stability against moisture follows the order 
Li7La3Sn2O12> Li7La3Hf2O12> Li7La3Zr2O12 under ambient air [31]. 
Besides, the reaction of Al substituted LLZO with moisture was found not 
energetically favored [16]. 

To materialize such a garnet electrolyte meeting the above- 
mentioned four prerequisites, we need to reconsider and redesign the 
synthesis route. Solid-state reaction (SSR) is the most widely applied 
method for the preparation of LLZO and Table S1 summarizes repre-
sentative SSR conditions. Since its discovery in 2007, LLZO is typically 
synthesized by an SSR route which involves sufficient grinding of solid 
precursors in milling solvents (e.g., isopropanol and alcohol) and then 
annealing or sintering at various temperatures for a long duration with 
the use of sacrificial mother powders. An excess of lithium salts (10-20 
wt.%) is added to compensate for the loss of lithium due to evaporation 
at elevated temperatures. There are several problems in the typical 
route: 1) using the milling solvents may cause side-reactions with the 
starting materials, affect their reactivity during the sintering, and 
require a long time (more than 12 hours) to dry the powders [32]. 2) The 
use of excess lithium salts and sacrificial powders not only causes ma-
terial waste and increases the cost, but also complicates the sintering 
process in terms of microstructure control and sample placement. 3) The 
selection of crucible plays an important role in controlling the micro-
structure of the pellet because the most commonly used Al2O3 crucible is 
reported to react with the garnet pellets at high temperature and the 
products tend to segregate at the grain boundaries and inhibit the grain 
growth [33,34]. It is of high interest to develop a low-cost, efficient SSR 
route to prepare garnet electrolytes with a well-controlled microstruc-
ture that can meet the four prerequisites to achieve good moisture 
stability. 

In the present study, we design and synthesize highly densified cubic 
garnet ceramics with the ultrahigh moisture stability. By design, the 
garnet-type electrolyte shall possess several important features 
including high relative density, few grain boundaries, water-stable 
secondary phase of La2Zr2O7, and the Li+-deficient garnet lattice, 
which are realized by a solvent-free SSR method. Unlike earlier at-
tempts, the new synthesis route features no use of solvents, no excess 
lithium salt, no sacrificial powder, and a short sintering time of 10 mi-
nutes. The whole period of the synthesis route is reduced to 24 hours 

after simplifying the process and saving the time for mixing, drying, and 
annealing. The as-prepared garnet pellets with the well-controlled 
microstructure exhibit outstanding stability with ambient air, 
moisture-rich environment, even in water. This work demonstrates the 
ability to obtain moisture-stable LLZO by tuning the microstructure and 
provides guidelines for developing low-cost and scalable manufacture 
for developing garnet-based ASSLBs. 

2. Experimental 

2.1. Synthesis of garnet-type electrolyte 

The cubic LLZT with a nominal composition of Li6.5La3Zr1.5Ta0.5O12 
(Ta5Li0) was synthesized via an improved solid-state reaction (SSR) 
method. Polyurethane (PU) milling jars and yttrium stabilized zirco-
nium oxide (YSZ) balls are dried at 65◦C in advance for use. The starting 
materials were LiOH⋅H2O (Yonghua, AR), La2O3 (Sinopharm Chemical 
Reagent, 99.95%), ZrO2 (Sinopharm Chemical Reagent, 99.97%), and 
Ta2O5 (Aladdin, 99.99%). Stoichiometric amounts of these chemicals 
were weighed and transferred into the milling jar for dry-milled at 175 
rpm for 2 hours. The mixed powder and YSZ balls were separated by 
sieving through the 100-mesh screen and transferred to a 250 mL 
alumina crucible for pre-sintering at 950◦C for 6 hours. The as-sintered 
precursor powder was dry-milled at 175 rpm for 2 hours. After being 
sieved through a 200-mesh screen, each 1.0 g powder was uniaxially 
pressed into green pellets by using a stainless-steel die with a diameter of 
12 mm under 500 MPa. The pellets were stacked into the MgO crucible 
with a diameter of 13 mm, covered without any sacrificial powder but 
the MgO cover, and sintered at 1320◦C for 10 min with a heating rate of 
5◦C min− 1. The obtained pellets were polished by 250 #, 500 #, 1000 #, 
and 2500 # grit SiC sandpaper to ensure a clean and credible surface, 
which is critical for moisture-stability and electrochemical tests. Sub-
sequently, the LLZT pellets were transferred into the argon-filled glo-
vebox (H2O and O2< 0.1 ppm) to avoid contamination with the air. For 
comparison, x weight percent of LiOH⋅H2O as the additional lithium 
salts was added to prepare the LLZT electrolyte of Ta5Lix series (x = -4, 
-2, 0, 2, 4, 6, 8) with the same synthesized method. The weights of all the 
starting materials were listed in Table S2. Additionally, the conventional 
wet-milling route was employed to synthesize the Ta5Li0 pellets. The 
synthesis parameters were the same as the solvent-free procedure above 
expect that we used the isopropanol solvent as the milling media. After 
wet milling at 175 rpm for 2 hours in a nylon jar, the mixture was 
transferred to a stainless tray and dried at 65◦C for 12 hours. 

2.2. Materials characterization 

The morphology of the LLZT samples was examined by field emission 
scanning electron microscopy (SEM, RISE-MAGNA, Czech), equipped 
with an energy dispersive X-ray spectrometer (EDS) for elemental 
composition and distribution of the specimen analysis. The phase for-
mation of LLZT samples of Ta5Lix series (x = -4, -2, 0, 2, 4, 6, 8, 20) and 
the contamination layers after exposure to the humid air were obtained 
by X-ray diffractometer (XRD, Rigaku; 40kV) with Cu-Kα radiation as 
the X-ray source in the range of 15~55o and then rechecked at the 
BL02U2 beamline at the Shanghai Synchrotron Radiation Facility. The 
relative density of LLZT was measured based on Archimedes’ principle. 
The mass difference of the LLZT pellet before and after immersion in the 
ethyl alcohol was used to calculate its volume. The relative density 
equals the mass before immersion divided by the volume and by the 
theoretical density (5.394 g cm− 3. See the theoretical density related to 
this work in Table S3). Time-of-flight secondary ion mass spectrometry 
(TOF-SIMS) and TOF-SEM were carried out on a TESCAN Gaia3 FESEM. 
A TOF-SIMS 5-100 instrument (ION TOF) was attached to the TESCAN 
GAIA3 FESEM. The three-dimensional surface morphology of LLZT 
samples was obtained by laser co-focus microscopy (Axio Observer 7, 
LSM 900) with a 405 nm laser. The optical microscopy (BX51M, 
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Olympus) was used for the characterization of the morphology of the 
surface and cross-section for the LLZT pellets. 

2.3. Moisture-stability testing 

To induce and accelerate Li+/H+ exchange of the cubic LLZT in 
humid air, the pellets were placed in the upper layer of a 65◦C steamer 
for 24 hours which was filled with H2O and CO2 vapor (Fig. S7). The 
lower layer of the steamer contains the supersaturated sodium bicar-
bonate aqueous solution, which served as the sustaining source of H2O 
and CO2 vapor for Li+/H+ exchange reaction and the formation of 
lithium carbonate on the pellets’ surface. Moreover, to verify the sta-
bility of Ta5Li0, Ta5Li8, and Ta5Li20 in water, each pellet was 
immersed in 30 mL deionized water with stirring, and the pH change 
was recorded with a pH meter within 3 minutes. The immersion-and-pH- 
recording procedure was repeated several times with fresh deionized 
water to test the long-term stability of different compositions. 

2.4. Cell assembly and testing 

The ionic conductivity of the LLZT electrolyte was calculated from 
data collected by an impedance analyzer (Solartron 1260) in the fre-
quency range from 13 MHz to 1 Hz with an amplitude of 10 mV. Ag| 
LLZT|Ag cells were assembled by painting the pellets with the conduc-
tive silver paint and drying at 65◦C for half an hour. For Li|LLZT|Li 
symmetric cells, the Li electrode was added to the LLZT electrolyte by 
rubbing the pellets on the molten Li till the Li wets the garnet surface, as 
reported previously[35]. For full cells, the LLZT pellets were wetted by 
molten Li on one side, while the other side was attached with a LiFePO4 
(LFP) cathode. The preparation of the LFP cathode was as following: the 
LFP powder was mixed with 10 wt.% Super P conductive carbon black 
and 10 wt.% PVDF binder in the NMP. This slurry was uniformly spread 
onto an aluminum foil. The dried LFP cathode was punched into discs 
with a diameter of 8 mm and the active species loading was about 9.0 mg 
cm− 2. A small amount of electrolyte (~15 μL, 1 mol L− 1 LiTFSI in a 
mixture of EC and DMC (volume ratio 1:1)) was added to wet the 
cathodic interface. All the full cells were assembled in CR2032 coin cells. 

2.5. First-principles calculation 

All calculations were carried out by using the projector augmented 
wave (PAW) method in the framework of the density functional theory 
[36], as implemented in the Vienna ab-initio Simulation Package 
(VASP). The generalized gradient approximation (GGA) and Per-
dew–Burke–Ernzerhof (PBE) exchange functional was used. Structural 
relaxation calculations were performed by using the spin-polarized GGA 
method [37]. The plane-wave energy cutoff was set to 520 eV. The 
Monkhorst–Pack method [38] with 2 × 2 × 2, 2 × 2 × 2, 2 × 2 × 2, 2 ×
2 × 2, 8 × 8 × 8, 8 × 8 × 8 k-meshes were employed for the Brillouin 
zone sampling of Li52La24Zr12Ta4O96, H52La24Zr12Ta4O96, Li50La24Zr12-

Ta4O95, H50La24Zr12Ta4O95, Li2O, and LiOH bulks, respectively. The 
convergence criteria of energy and force calculations were set to 10− 4 

eV/atom and 0.05 eV Å− 1, respectively. The models of protonated LLZT 
were performed by substituting hydrogen atoms for selected Li atoms 
with Pymatgen program. 

The Gibbs free energy of H2O molecular was replaced by the energy 
of water vapor under the pressure of saturated vapor and corrected with 
ZPE. using equation (1): 

G(H2O, T) = EDFT
0K + ZPE + ΔH0→T − TS (1) 

EDFT
0K is the calculated energy of an isolated gas-phase molecule using 

DFT at 0 K. ZPE is the zero vibration energy calculated with DFT. ΔH0→T 

is the enthalpy difference for the molecule associated with a tempera-
ture change between 0 K and a given temperature T[39]. S is the entropy 
at temperature T [40]. The Gibbs free energies of solids were 

approximated as the DFT total energy, G≈ EDFT
0K . 

The driving force of Li+/H+ exchange reactions was evaluated by the 
equation (2): 

ΔG =
∑G

( products) −
∑G

( reactants) (2) 
∑G

( products) is the Gibbs free energies of all products, and 
∑G

( reactants) is the Gibbs free energies of all reactants. 

3. Results and discussion 

3.1. Design of garnet pellets with ultrahigh air stability 

A typical solid-state-reaction (SSR) route based on wet milling to 
synthesize garnet-type electrolyte is shown in Fig. 1. The first step is to 
mix the raw materials with 10-20 wt.% of excess lithium salt by wet 
milling. Isopropanol (IPA) is widely chosen as the solvent at this step for 
its relatively low polarity and small solubility to LiOH⋅H2O which pre-
vents the severe Li+/H+ exchange [7,32,41]. The use of the solvent 
generally requires more than 12 hours to thoroughly dry the powders at 
about 70◦C and sieving, which is necessary after each wet milling [24, 
42-44]. Then the powers are pre-sintered at 900◦C or 950◦C for at least 6 
hours to obtain the garnet phase [29,45-47]. A second-time wet milling 
is followed to tailor the particle size and obtain a large specific surface 
area which provides densification driving force in the final sintering step 
[30,44]. During the final sintering step, adequate amounts of sacrificial 
mother or bed powders are adopted to cover or to lay beneath the green 
pellets to supplement the lithium loss during the high-temperature (over 
1100◦C) and long-time (from 6 to 36 hours) sintering as listed in 
Table S1. This route normally takes 3 days to prepare one batch of 
electrolytes. 

To increase the efficiency and scalability of the above route, here we 
design a new synthesis route: use no solvents, no excess lithium salt, or 
no sacrificial powder, and shorten the sintering duration at 1320◦C to 10 
min (Fig. 1b). Since the dry-milled particles tend to stick to the wall of 
the nylon jar, a smooth poly-urethane (PU) jar is used instead, which 
enables effective milling and a high recovery rate of the powder. The 
elimination of the use of solvents dispels the possible concerns about the 
toxicity and recovery of the solvents. Meanwhile, using no solvent saves 
a considerable amount of time spent in drying the powder and cleaning 
the experimental apparatus, which is of significance to the mass 
manufacture of the garnet electrolyte. As a result, the time of the whole 
process is shortened to 24 hours. 

The as-prepared Ta5Li0 samples by both routes have been evaluated 
in terms of phase formation (Fig. 1c), cross-sectional morphology 
(Fig. 1d), and ionic conductivity and relative density (Fig. 1e). For the 
Ta5Li0 pellet synthesized via the conventional route, a detectable 
amount of the impurity phases, Li2ZrO3 and La2Zr2O7, is observed 
(Fig. 1c), which indicates the loss of Li2O during sintering [34,48]. As 
shown in Fig. 1d, the pellet displays pure white and insignificant 
shrinkage after sintering; the morphology shows many pores within the 
pellets, implying that the Li2O loss and impurity formation may inhibit 
the grain growth and the densification process [26]. Fig. 1e indicates 
that the pellet exhibits a low ionic conductivity (0.5±0.08 × 10− 4 S 
cm− 1) and low relative density (81.1%. See the theoretical density in 
Table S3), therefore lacking practical applicability. After storing it in air 
environment with an average relative humidity of 45-65% for four 
months, the ionic conductivity decreased to 0.1±0.05 × 10− 4 S cm− 1. 

In comparison, the Ta5Li0 pellet possesses a cubic phase (Fig. 1c) 
with much less La2Zr2O7 secondary phase even though no excess lithium 
salt is used. This, to our best knowledge, is the first work demonstrating 
such high-quality garnet pellets by an SSR route without excess lithium 
salt or sacrificial powder. Fig. 1d shows that Ta5Li0 pellet represents 
ceramic lustre and high shrinkage; from the cross-sectional SEM image, 
only a small quantity of grain boundaries and negligible pores can be 
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observed, and the grains in the view tend to grow into one whole grain 
(Fig. S3). The Ta5Li0 pellet achieves the high ionic conductivity (7.36 
±0.15 × 10− 4 S cm− 1) and relative density (97.4%) (Fig. 1c). The ionic 
conductivity decreases to 6.41±0.17 × 10− 4 S cm− 1 after four-month 
storage in ambient environment. 

There are several important differences between the wet and dry 
methods. The first one is no use of solvent. Protic solvents including 
isopropanol with readily available − OH functional groups may induce 
lithium/proton exchange, thus causing the irreversible lithium loss of 
the pristine materials [32]. Moreover, the high surface tension of the 
solvent may cause the powder agglomeration and affect the reactivity of 
the particles, subsequently impacting the microstructure of LLZT elec-
trolyte [24,49-51]. Second, no excess lithium salt or sacrificial powder is 
used. Because the dry milling produces highly reactive dry powders with 
no lithium loss, sintering duration at a high temperature can be short-
ened to 10 min and Ta5Li0 with high ionic conductivity and cubic garnet 
phase is still obtained. This simplifies the processes and cuts the material 
cost. Third, the MgO crucible plays a critical role in manipulating the 
lithium concentration during 1320◦C sintering. Using MgO crucible 

prevents possible side reactions between the sample and the widely-used 
alumina one, whose products segregate at the grain boundaries [16,33, 
44]. Moreover, the shape of the crucibles (Fig. S2) perfectly fits the stack 
of green pellets, which further suppresses Li2O evaporated in a limited 
space. Taking the whole preparation process into consideration, 
including mixing, calcination, formation, and sintering, the period of the 
solvent-free route could be shortened within 24 hours (see details in 
Experimental section), compared with three days in a typical 
wet-milling route. The stoichiometric LLZT electrolyte synthesized via 
this newly designed approach is of quality comparable to those prepared 
by other costly techniques such as spark plasma sintering (SPS) and hot 
pressing [52–54]. 

3.2. Enhanced moisture stability by tuning lithium contents 

To study the effect of Li2O content in the LLZT electrolyte on the 
moisture stability, a series of LLZT pellets with different lithium contents 
in the raw materials, named after Ta5Li− 4, − 2, 0, 2, 4, 6, 8, have been 
prepared via the solvent-free method (see details in Fig. S4). Powder X- 

Fig. 1. Comparison of Li6.5La3Zr1.5Ta0.5O12 electrolyte (Ta5Li0) synthesized by conventional wet-milling and solvent-free routes. a) Schematic diagram of the 
conventional wet-milling route. b) Schematic diagram of the modified solvent-free route. c) Powder XRD pattern of the Ta5Li0 electrolyte and the standard PDFs of 
the possible phases. d) Cross-sectional SEM images of the Ta5Li0 pellets. e) Ionic conductivity (see the EIS spectra in Fig. S1) and relative density of the as-sintered 
Ta5Li0 pellets prepared by these two routes. 
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ray Diffraction (Fig. 2a) is carried out to verify the phase formation of 
the LLZT electrolyte. It is found that pure cubic phase could be achieved 
only when the Li2O content is more than the stoichiometric composition 
of Li6.5La3Zr1.5Ta0.5O12 in the raw materials, including Ta5Li2 to 
Ta5Li8. Once the lithium source is insufficient at the initial stage, the 
secondary phase La2Zr2O7 will appear in Ta5Li− 2 and Ta5Li− 4 [48,55, 
56]. Besides, the characteristic diffraction peaks of La2O3 are also 

detected from Ta5Li− 4, indicating that further decreasing lithium con-
tent resulted in the residual of impurity phases such as La2O3, which is 
similar to the low-temperature solid-state route [57–60]. 

Ionic conductivity and relative density of the LLZT pellets with 
different lithium contents are determined and summarized in Fig. 2b and 
c. Fig. 2b shows the Nyquist plots of the LLZT samples normalized by the 
geometry of the pellet from Ta5Li− 4 to Ta5Li8. The impedance plots 

Fig. 2. Characterization and Measurement of LLZT with different lithium contents (ranging from − 4% to 8%). a) Powder XRD pattern of the LLZT electrolyte and the 
standard PDFs of the possible phases. b) EIS spectra of the as-sintered LLZT pellets at room temperature in dry air, with silver as blocking electrode. The inset presents 
the equivalent circuit. c) Conductivity and relative density of the LLZT pellets. The inset displays images of the as-synthesized LLZT pellets. d) Cross-sectional SEM 
images of the LLZT pellets. 
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consist of one suppressed semicircle and an inclined tail, which can be 
attributed to the total (bulk and grain boundary) contribution and the 
blocking effect of the Ag electrode. The solid line represents the fit to the 
experimental data based on the equivalent circuit consisting of Rb(Rgb// 
CPEgb)(Rel//CPEel) elements using the ZSimpWin program, where R is 
the resistance, CPE is the constant phase element and the subscript b and 
gb refers to the bulk and grain-boundary contribution, respectively. The 
room-temperature ionic conductivity of the LLZT is determined to be 
7.253 × 10− 4 S cm− 1, 7.148 × 10− 4 S cm− 1, 7.357 × 10− 4 S cm− 1, 6.126 
× 10− 4 S cm− 1, 5.3 × 10− 4 S cm− 1, 5.06 × 10− 4 S cm− 1, and 4.9 × 10− 4 S 
cm− 1 from Ta5Li− 4 to Ta5Li8, respectively. The ionic conductivity 
maintains constant for Ta5Li− 4, − 2, and 0, meaning that a small 
amount of secondary phase (i.e., La2Zr2O7 or La2O3 in Fig. 2a) has little 
effect on the lithium-ion transport. As shown in Fig. 2c, the relative 
density follows a similar trend as the ionic conductivity, decreasing from 
close to 100% for Ta5Li− 2 to 92.5% for Ta5Li8. The heavy secondary 
phases like La2Zr2O7 (6.12 g cm− 3) and La2O3 (6.52 g cm− 3) enable the 
relative density of the pellet to even excess 100% of the LLZT theoretical 
density (5.394 g cm− 3) for Ta5Li− 4. 

Fig. 2d displays the effect of Li2O content on the morphology of the 
LLZT electrolyte. The number of the grain boundaries is distinctly 
increasing, some of the grain surfaces even become rough, and more 
inter-grain matter forms with the increasing lithium content. To char-
acterize the inter-grain matter, the Ta5Li20 pellet was synthesized and 
subject to EDS. As shown in Fig. S5, EDS line scanning starts from a large 
grain, via the rough substance to be determined, a small grain, and ends 
at another inter-grain matter. Clearly, the element signals of the grain 
are mainly contributed by La and Zr, while that of the inter-grain matter 
is basically from O, indicating their completely different composition. 
To determine the lithium distribution within the sample, the cross- 
section of the Ta5Li20 pellet was examined by TOF-SIMS. As shown in 
Fig. S6, the lithium element is visually concentrated at the grain 
boundaries. Together with the EDS data, we can conclude that the excess 
lithium salt will remain in the form of lithium oxide at the grain 
boundaries. 

Fig. 2 as a whole suggests that the decrease in conductivity with 
increasing lithium contents can be attributed to the following reasons: 
(1) phase formation, (2) porosity, and (3) grain boundary chemistry [52, 
61,62]. The more the excess lithium contents, the more the pores and 
lithium-ion-insulating secondary phases like lithium oxide existing in 
the pellet. Considering the phase formation, the ionic conductivity, and 
the morphology, the stoichiometric LLZT (Ta5Li0) synthesized via the 
solvent-free route is determined to have the best performance. Owing to 
its dense microstructure, high purity, and chemical stoichiometry, 
Ta5Li0 is expected to possess good moisture-stability in ambient air. 

High moisture-stability is crucial for the solid-state electrolyte 
because it determines whether electrolyte is possible to be produced and 
stored in ambient air. Previous research suggested that the garnet-type 
electrolyte is sensitive to moisture because a Li+/H+ exchange reac-
tion will take place and form a Li2CO3 surficial impurity layer, severely 
impacting the electrochemical performance of the electrolyte [13, 
63-65]. In this work, we designed a particular steamer (see details in 
Fig. S7) that provides an atmosphere rich in H2O and CO2 for the Li+/H+

exchange reaction to occur. Compared with the pre-existing studies on 
moisture-stability (summarized in Table S5), this atmosphere in the 
steamer is much more severe for the LLZT electrolyte in terms of the 
vapor pressure of water and testing temperature (25.3 kPa at 65◦C vs 
3.12 kPa at 25◦C). Here, LLZT pellets of three compositions, Ta5Li0, 
Ta5Li8, and Ta5Li20 prepared via the solvent-free method, were chosen 
to be tested in such an environment to investigate the effect of the excess 
lithium salt on the moisture-stability. 

To eliminate the influence of the surface roughness, all the pristine 
pellets underwent the same polishing process, and the roughness was 
characterized using the laser co-focus microscopy. As shown in Table S4, 
the root-mean-square roughness of the pristine LLZT pellets is in the 
range of 3.014-5.147 μm after polishing with the #2500 grit SiC 

sandpaper. After storing in the steamer at 65◦C for 24 hours, the 
roughness increases to 3.671, 9.192, and 23.33 μm for Ta5Li0, Ta5Li8, 
and Ta5Li20, respectively. The optical microscopy (OM) images 
(Fig. 3a) and the reconstructed laser co-focus microscopy image (Fig. 3b) 
show that the pellets of different excess lithium exhibit various degrees 
of morphology change. For the Ta5Li0 pellet, the as-polished surface is 
rather smooth. After 24-hour exposure, there appear few visible humps 
in the optical photo, and the scratches of the polishing can be dimly 
seen. Very limited impurities are scattered on the surface from the cross- 
sectional OM images. In contrast, for Ta5Li8, and Ta5Li20, more and 
larger impurity particles (Fig. 3a) grow on the pellet surface after the 
steaming test, leading to a rougher surface than Ta5Li0 (Fig. 3b). The 
polishing scratches are indistinct for both compositions since the pellet 
surfaces seem fully covered by an impurity layer, which can be distin-
guished from the LLZT bulk according to their refraction of light indi-
cated by the dotted line in the cross-sectional view (Fig. 3a). 

The conductivities of the pellets before and after the steaming test 
are determined by the impedance measurements and the results are 
shown in Fig. 3c and Fig. S9. After the moisture-tolerance test, the ionic 
conductivity of the Ta5Li0 pellet decreases from 7.1 × 10− 4 S cm− 1 to 
6.6 × 10− 4 S cm− 1, decreasing by 6.9%. Whereas for Ta5Li8 and 
Ta5Li20, the ionic conductivities of the pristine samples are 6.8 × 10− 4 

and 6.6 × 10− 4 S cm− 1, respectively. After the steaming test, the EIS 
spectra of Ta5Li8 and Ta5Li20 pellets lose the characteristic semicircle, 
suggesting that the impurity formation severely impeded the lithium-ion 
transport for Ta5Li8 and Ta5Li20 pellets. 

To further explore the conductivity degradation of the LLZT pellets, 
the distribution of relaxation times (DRT) analysis is employed, where 
the impedance data are transformed from the frequency to time domain 
such that peaks associated with characteristic time-constants can be 
identified [66–68]. The DRT analysis results are shown in Fig. 3d. The 
time constants and peak intensity of the characteristic peaks given out 
by DRT are listed in Table S6. Based on the literature, the peaks (peak 1) 
with small time-constants (i.e. smaller than 10− 7 s) are associated with 
the ionic conduction of the lattices inside grains; those (peak 2) with 
medium time-constants (i.e. in the range of 10− 7~10− 4 s) are associated 
with the ionic conductivity of the grain boundaries; and those (peak 3) 
with large time-constants (i.e. slower than 10− 4 s) can be attributed to 
the non-ideal capacitive behavior of the Ag-LLZT interfaces and the 
blocking electrodes [69,70]. Stronger peaks usually shift to larger 
characteristic time constants and mean smaller conductivity. As shown 
in Fig. 3d, before the steaming test, Ta5Li0, Ta5Li8, and Ta5Li20 exhibit 
small peak 1 with the time-constant of 7-8 × 10− 8 s, corresponding to 
the fast Li+ migration in the Wyckoff 96h ↔ 24d ↔ 96h route [70]. While 
Ta5Li0 possesses a single peak 2 with the time constants in the range of 
10− 7~10− 4 s, Ta5Li8 and Ta5Li20 have multiple peaks in this region. 
The appearance of the side peaks (i.e., 2a, 2b, 2c) may arise from the 
abnormal morphology (i.e., many grain boundaries in Ta5Li8) as shown 
in Fig. 2d and the existence of undesirable impurities like Li2O at the 
grain boundaries [70]. After the steaming test, there is little change for 
the peak 1 of Ta5Li0 and Ta5Li8, while the intensity of the peak 1 of 
Ta5Li20 increases from 466 Ω to 5163 Ω. More interestingly, the in-
tensity of the peak 2 of Ta5Li0 increases from 990 Ω to 3445 Ω. For 
Ta5Li8 and Ta5Li20, the side peaks, 2a, 2b, and 2c, become much 
stronger with higher time constants, suggesting the significant increase 
of the grain boundary resistance of the solid electrolyte after the 
steaming tests [69]. The increasing grain boundary resistance is related 
to the formation of the surficial impurities (e.g. Li2CO3 and LiOH⋅H2O), 
as indicated by the XRD in Fig. S10 [13,63]. It has been proposed that 
the impurity formation starts with the Li+/H+ exchange reaction and the 
Li+/H+ exchange reaction preferentially tends to occur at the grain 
boundaries. [26] 

As discussed above, the excess lithium contents in Ta5Li8 and 
Ta5Li20 will lead to more grain boundaries and more lithium oxide at 
the grain boundaries in the pellets than in Ta5Li0. Both factors facilitate 
the Li+/H+ exchange reaction and the accumulation of impurities, 
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Fig. 3. Moisture-tolerance test of LLZT pellets (Ta5Li0, 8 and 20) in an atmosphere rich in H2O and CO2 at 65◦C for 24 hours. a) Optical microscopy images of the 
samples before (front surface, the first row) and after (front surface, the second row; cross-section, the third row) the test. The inset displays images of the exposed 
pellets. b) Laser co-focus microscopy images (3D reconstructed, 2.5 mm × 2.5 mm) of the front surface after the test. c) EIS spectra of the LLZT pellets before (the top) 
and after (the bottom) the test, measured at room temperature in dry air, with silver as blocking electrode. d) Distribution functions γ(τ) of the EIS spectra in figure c. 
The superscript * refers to the moisture-treated LLZT pellets. 
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resulting in low moisture stability and the conductivity degradation in 
Ta5Li8 and Ta5Li20. Besides, the impediment to Li+ migration in the 
grains observed in Ta5Li20’s peak 1 also caught our attention and the 
water-immersion test was thus designed as followed to explore the in-
fluence of the grain boundary chemistry but also the grain. 

3.3. Water immersion tests of the ultrahigh stable pellets 

To evaluate the effect of the excess lithium salt on the water stability, 
Ta5Li0, Ta5Li8, and Ta5Li20 were subject to an immersion test in the 
deionized water. When the LLZT pellet is immersed into the deionized 
water with a starting pH value of 6.0, the grain boundary impurities such 
as Li2O can dissolve instantly and change the morphology of the pellets 
and the pH value of the solution. Fig. 4a and Fig. S11 show the surface 
morphology after the immersion test. Obviously, from Ta5Li0 to 
Ta5Li20 with increasing lithium content, severe erosion and numerous 

pits occur on the pellet surfaces, which are consistent with the results of 
the steaming test. Fig. 4 brecords the dynamic change of the pH value of 
the deionized water. As shown in Fig. 4b and Video S1-3, once the pellets 
are put into the water, the pH value sharply increases at first, then 
gradually reaches a plateau within ~30 s. The stabilized pH values of the 
Ta5Li0, Ta5Li8, and Ta5Li20 are 7.7, 9.2, and 10.5, respectively, cor-
responding to the dissolved lithium concentrations of 4.0 × 10− 7, 1.58 
× 10− 5, and 3.2 × 10− 4 mol L− 1, suggesting that the Ta5Li0 has the least 
degree of lithium salt dissolution and best water stability. Besides, the 
immersion tests are repeated multiple times, and the stabilized pH 
values are displayed in Fig. 4c. As shown in Fig. 4c, the pH values for 
Ta5Li0 and Ta5Li8 remain close to 7 in the subsequent immersion, 
suggesting that the surficial Li2O in Ta5Li8 has completely dissolved in 
the first immersion test. Whereas for Ta5Li20, the pH value is still over 9 
after 5-time immersion, indicating that the dissolution is far from 
completion. It should be noted that the immersion of Ta5Li0 only 

Fig. 4. Water-immersion test of LLZT pellets (Ta5Li0, 8 and 20) in the deionized water (30 mL, initial pH 6.0) at room temperature for 3 minutes. a) SEM images of 
the LLZT pellets after the immersion. b) Change in pH versus time in the first immersion. (See details in Video S1-3). c) Change in pH versus the number of im-
mersions. The deionized water was replaced with fresh one for each 3-minute immersion. d) FIB-SIMS depth profiles using a 7 nA primary ion beam current on the 
LLZT pellets after the immersion. All the intensity was given as a ratio to the 69Ga+ intensity. 
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increases the pH value of the DI water from 6.0 to 7.7 during the first 
immersion and barely changes the pH value in the subsequent immer-
sion tests, highlighting the great water-stability of the Ta5Li0 synthe-
sized by the present solvent-free method. 

After the 3-minute immersion test, the pellets were dried in a vacuum 
oven and characterized by TOF-SIMS depth-profiling to perform an in- 
depth chemical analysis. A small analysis crater size (5 μm × 5 μm) is 
used so that all analyses were performed within the grains with no 
contributions from the grain boundaries, verified by the morphology 
inspection in Fig. S12. To correct the effects of the surface roughness and 
morphology change during sputtering on the secondary ion signals, the 
secondary ion intensities are normalized to the 69Ga+ secondary ion 
intensity, so the relative intensities are given. As the sputtering region 
and the current of 69Ga+ ion source are kept the same in all the tests, the 
intensity versus time can be transformed into versus the relative depth. 
As shown in Fig. 4d, the 7Li+/69Ga+ ratio of the Ta5Li0 drops dramati-
cally with a slight increase of the 155LaO+/69Ga+ ratio within a relative 
depth of 1 indicated as the dotted box #1. The Ta5Li8 exhibits a similar 
trend except that the relative depth increases to 5. In contrast, Ta5Li20 
shows a very different profile: the 7Li+/69Ga+ ratio decreases dramati-
cally in the first box (a relative depth of 17) and increases gradually in 
the second box (a relative depth from 17 to 35) before reaching a plateau 
region that is the pristine bulk LLZT. As suggested by Brugge et al. the 
sharp decrease of the 7Li+/69Ga+ ratio (box #1) can be attributed to the 
Li+/H+ exchange at the surface, producing LiOH rich in Li+; box #2 is 
associated with the formation of an H-LLZT region, where the diffusion 
of H+ and Li+ occurs [14]. After the water treatment, there are two 
possible origins of the Li+-rich LLZO surface: the continuous H+/Li+

exchange during drying and during sample transfer in the air to the 
TOF-SIMS instrument [14]. Interestingly, for Ta5Li0 and Ta5Li8, box #2 
is almost absent, implying no sign of the formation of the H+/Li+

diffusion layer by reducing the excess lithium salt. The grain of Ta5Li0, 
in particular, shows the best water-stability with the least relative depth 
of 1 among these three compositions. 

To further investigate the application of the water-immersed pellets, 
Li|LLZT|Li symmetric cell and Li|LLZT|LFP batteries were assembled 
and tested. Ta5Li0, Ta5Li8, and Ta5Li20 pellets were immersed in 
deionized water for 3 minutes, dried in a vacuum oven, and wetted by 
molten lithium metal by the same means used before. [35] Fig. 5a shows 
the impedance plots of the Li symmetrical cells and the interfacial 
resistance can be obtained by fitting the equivalent circuits. Ta5Li0 and 
Ta5Li8 have a smaller interfacial resistance of 14.6 and 43 Ω cm2, 
respectively. Whereas the interfacial resistance for Ta5Li20 is much 
larger (2580 Ω cm2), indicating that the Li+/H+ exchange and moisture 
erosion have caused the invalid contact with lithium and hindered the 
lithium-ion transfer at the interface as shown in Fig. S14. 

The Li|LLZT|LFP batteries were cycled with the cut-off voltage in the 
range of 2.5 V-3.8 V at 0.5 C (0.765 mA cm− 2) at 60◦C. The LFP cathode 
has an active species loading of 9.0 mg cm− 2, which is higher than that 
reported to be assembled with the lithium garnet electrolyte. [71–75] 
Fig. 5c compares the charge/discharge voltage profiles of the Li-LFP 
batteries at the 1st, 33rd, 50th and 100th cycles. LFP|Ta5Li0|LFP shows 
excellent cyclic behavior with typical charge/discharge curves with a 
flat plateau at ≈3.5 V. At 0.5C rate, the discharge capacity retention for 
the 1st, 33rd, 50th, and 100th cycles were 168.7 mAh g− 1, 158.5 mAh g− 1, 
157.7 mAh g− 1, and 158.1 mAh g− 1, respectively as shown in Fig. 5b. 

Fig. 5. Electrochemical performance of the cell assembled with the LLZT pellets (Ta5Li0, 8 and 20) after 3-minute deionized-water treatment. a) Nyquist plots for EIS 
spectra of Li|LLZT|Li symmetric cells at room temperature. b) Voltage profiles of Li|LLZT|LFP batteries at different cycles of the 1st, 33rd, 50th, and 100th at 60◦C. c) 
Cycling performance of Li|LLZT|LFP batteries for 100 cycles at 0.5 C at 60◦C. 
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Even after 100 cycles, the capacity retention rate was more than 93% of 
the initial capacity. The Li|Ta5Li0|LFP clearly shows the greater initial 
capacity and initial coulombic efficiency (168.7 mAh g− 1 and 99.91%) 
than those of Ta5Li8 (161.4 mAh g− 1 and 98.52%) and Ta5Li20 (163.7 
mAh g− 1 and 98.68%), kept well in the subsequent cycles with a small 
polarization voltage. Whereas for Ta5Li8 and Ta5Li20, the polarization 
voltage was raised in the subsequent cycles, accompanied by the rapid 
degradation of the discharge capacity. Fig. 5e shows the columbic effi-
ciency and discharge capacity for each cycle. The Li|Ta5Li0|LFP battery 
maintains 158.1 mAh g− 1 discharge capacity and close to 100% 
columbic efficiency even at the 100th cycle. In contrast, the discharge 
capacity of the battery assembled with water-immersed Ta5Li8 and 
Ta5Li20 falls below 100 mAh g− 1 after the 40th and 25th cycle, respec-
tively. It follows then that the LLZT pellet with the high moisture 
tolerance is crucial for good interfacial contact and excellent electro-
chemical cycling. 

3.4. Mechanism investigation and outlook 

Among the various compositions of the LLZT electrolyte, Ta5Li0 
exhibits remarkable moisture-resistance, in both steaming tests and 
water-immersion tests. The powder XRD was used to characterize the 

crystal structure of the LLZT electrolyte with different lithium contents. 
As shown in Fig. 6a, the characteristic peak around 16.8◦ of cubic garnet 
moves to a low diffraction angle with an increasing amount of Li con-
tents, suggesting the expansion of the lattice parameters according to the 
Braggs’ rule. This trend is rechecked by the synchrotron-based XRD 
measured with BL02U2 beamline at SSRF (Fig. S13). When the lattice 
contains more lithium atom in garnet-type electrolyte, the lattice pa-
rameters are also reported to be larger [76,77]. 

To further understand the moisture-stability of the LLZT lattice, we 
conducted the first-principles calculation to compare the Gibbs free 
energy of the chemical reaction between H2O and possible chemical 
compositions in LLZT. Specifically, we select the secondary phases 
including Li2O and La2Zr2O7, the stoichiometric LLZT as well as LLZT 
(-Li2O) whose crystal cell lacks one formula of Li2O and compare the 
Gibbs free energy change of the reactions: 

Li2O(s) + H2O(g)→2LiOH (3)  

1
52

Li52La24Zr12Ta4O96(s) + H2O(g)→
1

52
H52La24Zr12Ta4O96(s) + LiOH(s)

(4)  

Fig. 6. Mechanism analysis of the moisture stability of LLZT pellets. a) Powder XRD pattern of the pristine LLZT electrolyte with 2θ in the range of 16.5~17.1◦. b) 
Atomic structure of the computational cells for Li52La24Zr12Ta4O96 and Li-deficient Li50La24Zr12Ta4O95. c) Schematic illustration of the microstructure of the con-
ventional moisture-sensitive garnet pellets and the moisture-stable pellets in this work. 
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1
50

Li50La24Zr12Ta4O95(s) + H2O(g)→
1
52

H52La24Zr12Ta4O95(s) + LiOH(s)

(5) 

The calculated models are shown in Fig. 6b and the calculation re-
sults are compiled in Table S7. Obviously, the Gibbs free energy of re-
action (3) is − 1.3173 eV per Li, close to the experimental value reported 
by Chase et al. [78] This implies that Li2O can spontaneously react with 
H2O while La2Zr2O7 is nonreactive as there are no reasonable products. 
Moreover, the Gibbs free energy increases from − 0.6200 eV to − 0.5769 
eV when the stoichiometric Li52La24Zr12Ta4O96 (Li6.5La3Zr1.5Ta0.5O12) 
goes to Li-deficient Li50La24Zr12Ta4O95, indicating that the Li-deficient 
lattice has a lower possibility of being protonated and thus is more 
moisture-stable than the Li-rich LLZT. Since excess Li usually results in 
Li2O at the grain boundary and Li-rich lattice, the calculation results 
well explain, from the perspective of the secondary phase at the grain 
boundary and the lattice itself, the outstanding moisture-stability of the 
Ta5Li0. 

The schematic diagram (Fig. 6c) summarizes the microstructure of 
the conventional moisture-sensitive garnet pellets and the moisture- 
stable Ta5Li0 pellets in this work. Microstructure is one of the major 
factors affecting the moisture-stability as discussed below. The Ta5Li0 
possesses large and subtle crystalline grains with few grain boundaries 
and some close pores within the sample; whereas the conventional LLZT 
with excess Li shows obvious grains with plenty of grain boundaries, and 
the excess lithium salts may aggregate in the form of lithium oxide at the 
grain boundaries. Such residual lithium oxide tends to induce the hy-
dration process and becomes the weak point facing the attack of mois-
ture. After air exposure, impurity phases including Li2CO3 and 
LiOH⋅H2O tend to form at these weak points, as shown in Fig. 3c. Be-
sides, as the lithium occupation sites in the LLZT crystal cell are frac-
tional, the excess lithium salt is presumed to embed into the lattice and 
change the lattice parameter, which affects the lattice reactivity with 
water molecules. [76,79] In the form of pellets with thickness in the 
range of hundreds of micrometers, the superficial impurity layer on the 
expoused samples seems conveniently removed by physical polishing, 
chemical etching, and heating in controlled atmosphere. [17–23] 
However, the energy-density requirment for ASSLBs calls for thin solid 
electrolyte layers and thick electrodes. In fact, free-standing garnet 
sheets with thickness below 30 μm have been successfully prepared by 
suspension-based technologies such as tape casting. [80] For this type of 
thin sheets, post treatments such as physical polishing or chemical 
polishing will be either costly or too delicate to operate, which, on the 
other hand, stresses the necessity to fabricate moisture-stable garnet 
sheets from the perspective of rationale material design. In addition, this 
will expand the applications of this material from a solid electrolyte in 
garnet-based lithium batteries to other fields such as a Li+-selective 
membrane for lithium extraction or Li+-related sensors. 

4. Conclusion 

Lithium-stuffed garnet, a promising electrolyte material for the all- 
solid-state lithium batteries, is usually found vulnerable to moisture. 
Base on the understanding of the reactions between garnets and the 
moisture, a moisture-stable garnet should possess features including 
high density, few grain boundaries, controlled secondary phase, and 
stable grains. This study develops a low-cost, efficient, and solvent-free 
route based on solid-state reaction to synthesize such garnets. By care-
fully controlling the stoichiometry of the starting materials and the 
synthesis route, and subsequently, the morphology, phase formation and 
relative density of the garnet pellets, a moisture-stable garnet LLZT 
(Ta5Li0) with no excess Li2O content is prepared. The as-synthesized 
Ta5Li0 sample exhibits a morphology of well-connected particles with 
few grain boundaries, a high room-temperature ionic conductivity of 
7.36 × 10− 4 S cm− 1, and a relative density of 97.5%. The Ta5Li0 also 
shows outstanding moisture-stability: after the steaming test in an 

atmosphere rich in H2O and CO2 for 24 hours, the ionic conductivity of 
Ta5Li0 slightly decreases to 6.6 × 10− 4 S cm− 1; in the water-immersion 
test, the Ta5Li0 only increases the pH value of the deionized water from 
6.0 to 7.7 during the first immersion and barely changes the pH value in 
the subsequent immersion tests. This moisture-stability of Ta5Li0 can be 
attributed to, on one hand, the greatly reduced grain boundaries and the 
substances (e.g., Li2O) residing at the grain boundaries, and on the other 
hand, the property of the grains. The absence of the H+/Li+ diffusion 
layer on the Ta5Li0 grains by TOF-SIMS depth-profiling and the reduced 
reactivity of the Li-deficient garnet lattice with H2O by DFT calculations 
suggest the importance of grain property. To further test the lithium 
compatibility with the garnets, we use the water-immersed Ta5Li0 pellet 
to assemble symmetric lithium cells and Li|LLZT|LFP cells. The Ta5Li0 
pellet exhibits an interfacial resistance of 14.6 Ω cm2 with Li and enables 
the Li|LLZT|LFP cell to stably cycle for 100 cycles at 0.5 C and 60◦C, 
which a coulombic efficiency of close to 100% and a discharge capacity 
of 158.1 mAh g− 1 at the 100th cycle. 
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