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1. Introduction

Lithium-ion batteries (LIBs) have been developing rapidly and 
widely applied in portable devices and clean transportation 
(e.g., electric vehicles) over the past decades due to their high 
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Solid-state lithium batteries are considered promising energy storage devices 
due to their superior safety and higher energy density than conventional 
liquid electrolyte-based batteries. Lithium aluminum germanium phosphate 
(LAGP), with excellent stability in air and good ionic conductivity, has gained 
tremendous attention over the past decades. However, the poor interface 
compatibility with Li anode, slow Li-ion conduction in thick pellets, and 
high-temperature sintering procedure limit the further development of LAGP 
solid electrolytes in practical applications. This review comprehensively 
summarizes the crystal structure, Li-ion conducting mechanism, and various 
synthesis methods, especially the latest thin-film preparation approach. The 
underlying reason for Li/LAGP interfacial instability is identified, followed by 
several advanced interface engineering strategies, for example, introducing a 
functional interlayer. The integration design of LAGP-based solid electrolytes 
and cathode is also highlighted to enable high-loading cathodes. Additionally, 
recent progress of lithium-oxygen and lithium-sulfur batteries with LAGP-
based solid electrolytes is discussed. Moreover, the different Li-ion migra-
tion pathways, preparation procedures, and electrochemical performance of 
polymer-LAGP composite solid electrolytes in Li-ion batteries are introduced. 
Lastly, the remaining challenges and opportunities are proposed to encourage 
more efforts in this field. This review aims to provide fundamental insights 
and promising directions toward practical LAGP-based solid-state batteries.
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energy/power density and cycle life.[1] 
Moreover, LIBs are promising devices 
for renewable solar/wind energy storage 
and conversion to achieve stable power 
output.[2] One main challenge for LIBs 
commercialization is the safety concern 
caused by the usage of flammable liquid 
electrolytes that have a risk of leakage or 
explosion during overcharge or abused 
operations.[3] Therefore, it is an urgent 
task to replace liquid electrolytes with 
solid-state electrolytes (SSEs) for the fur-
ther development of LIBs. The use of 
SSEs also allows flexible cell configuration 
and simplifies cell packaging, thus ena-
bling higher energy density.[4]

Ideal SSEs are expected to possess 
low cost, good processibility, high ionic 
conductivity comparable to that of liquid 
electrolytes, wide electrochemical stability 
window to match high-voltage cathodes, 
and excellent mechanical properties to 
resist lithium (Li) dendrites growth.[5] 
Moreover, excellent interfacial compat-
ibility between SSEs and Li or cathode is 
desired to ensure continuous Li-ion con-
duction at the interface.[4b,6] Generally, 
SSEs can be classified into solid polymer 

electrolytes (SPEs), inorganic solid electrolytes (ISEs), and com-
posite solid electrolytes (CSEs). SPEs, composed of polymer 
matrix and Li salts, are found to realize Li-ion transport by local 
relaxation and continuous segmentation rearrangement of the 
polymer chains.[7] SPEs have good flexibility and interfacial 
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contact with Li anode or cathodes but low ionic conductivity 
(<10−4 S cm−1) at room temperature and limited oxidation sta-
bility (≈4 V).[8] In comparison, the fast Li-ion transport of ISEs 
can be achieved by defect sites of glassy or crystalline inor-
ganics, while ISEs suffer from poor interfacial stability against 
Li metal and slow Li-ion conduction at solid–solid interfaces.[9] 
CSEs usually integrate the advantages of SPEs and ISEs and 
have enhanced ionic conductivity, wide electrochemical stability 
window, and interfacial stability against Li anode.[3,10]

ISEs play a critical role in facilitating Li-ion conduction 
and realizing a high energy density of a solid-state battery. 
To date, numerous ISEs have been extensively investigated, 
including garnet type,[11] sodium superionic conductor 
(NACISION) type,[5b,12] perovskite type,[13] anti-perovskite 
type,[14] and sulfide ISEs.[15] Among the various Li-ion conduc-
tors, Li1.5Al0.5Ge1.5(PO4)3 (LAGP), a NASICON-type inorganic 
solid electrolyte, has attracted tremendous research efforts 
as promising ISEs over decades due to the high ionic con-
ductivity and excellent stability against moisture.[16] There are 
three main challenges in LAGP-based solid-state batteries.[17] 
First, the total ionic conductivity of LAGP solid electrolytes 
(SEs) relies on the Li-ion conduction in crystalline grains and 
through grain boundaries.[18] Since the Li+ transfer is much 
slower at the grain boundary than inside the grain, it is essen-
tial to reduce the grain boundary resistance as it determines 
the overall resistance of the solid-state cell.[19] It is found that 
LAGP grain size and the ionic conductivity at grain bounda-
ries can be adjusted by controlling crystalline temperature,[20] 
the content of Al2O3,

[21] the proper addition of LiF[16a] or 
B2O3,[22] etc. Second, a chemically formed interphase with 
mixed ionic and electric conductivity was generated at the 
Li/LAGP interface caused by the Ge reduction reaction.[23] 
This interphase can lead to increased cell resistance, the 
fracture of LAGP, and ultimate failure, especially with an 
applied current.[24] Third, the large thickness of LAGP pellets 
(>200 µm) offsets the advantages of high-energy-density bat-
teries. The thinner SEs can accomplish higher gravimetric/
volumetric energy density but are prone to internal short 
circuits resulting from Li dendrite penetration.[4a] It is vital 
to have a thin LAGP that enables both high energy density 
and mechanical properties. To date, there are few articles that 
summarize the progress and prospects of LAGP-based all-
solid-state lithium batteries.

From the above perspectives, this paper aims to provide a 
systematic review of progress, advances, and inspirations for 
the preparation and application of LAGP in solid-state batteries. 
The first section summarizes the crystal structure and Li-ion 
conducting mechanism, and various fabrication methods. In 
particular, the effect of the thickness of solid electrolytes on cell 
energy density is introduced, followed by the latest methodology 
of thin-film solid electrolytes (<50 µm). In the next section, the 
challenging Li/LAGP failure mechanism and LAGP/electrode 
(LAGP/Li or LAGP/cathode) interface interfacial engineering 
design are presented. The structure design of semi-solid-state 
LAGP-based batteries is also discussed. Then, the promising 
LAGP/polymer composite solid electrolytes are summarized. 
Lastly, we provide a summary of current challenges and prom-
ising structure design strategies for a better understanding and 
further development of LAGP-based solid-state batteries.

2. LAGP Structure, Li-Ion Conducting Mechanism, 
and Synthesis

2.1. LAGP Structure and Li-Ion Conducting Mechanism

NASICON-type LAGP (Li1+xAlxGe2-x(PO4)3) has the main phase 
of LiGe2(PO4)3 and partial replacement of Ge4+ by Al3+ ions, 
as shown in Figure 1a. In the crystal structure of LiGe2(PO4)3, 
Li-ions are stable at the interstitial sites between GeO6 octahe-
drons, and GeO6 and PO4 are linked by corner-sharing to build 
a 3D skeleton for Li-ions diffusion. After the partial substitu-
tion of Ge4+ by Al3+ ions, additional Li-ions are introduced to 
charge-balance the substitution defect and increase Li+ charge 
carrier concentration.[25] Heat treatment temperature is critical 
in determining the internal structure of LAGP in solid-state 
synthesis[18a] or sol–gel approach.[26] Pershina et al.[27] studied 
the effect of crystallization temperature on phase composition 
and ionic conductivity of LAGP SEs. Impurity phase GeO2 
was also observed at the crystalline temperature above 750 °C. 
To understand the Li-ion conductivity of LAGP-type SSEs, 
researchers studied the Li-ion diffusion mechanism inside 
LAGP. Previous studies reported that Li-ions were mainly allo-
cated at the 6b site, and excess Li caused by aliovalent substi-
tution resided at 18e sites.[28] The energy potential of Li+ was 
smoothened by increasing interstitial Li+ and enhancing the 
connection between available sites and mobile ions (Figure 1b). 
Hayamizu et al.[29] studied the long-range Li-ion diffusion in 
LAGP by 7Li pulsed-gradient spin-echo NMR. Han et al.[30] used 
integrated first-principle density functional theory (DFT) to cal-
culate energies for different configurations of four pairs of Li 
in LAGP at the sites of (6b, 18e), (6b, 36f), (18e, 36f), and (36f, 
36f). As presented in Figure 1c, two 36f sites with a mutual dis-
tance of 3.29 Å in LAGP were more thermodynamically stable 
instead of one 6b and one 18e site. Figure 1d shows the Li+ dif-
fusion mechanism in Li1.5Al0.5Ge1.5(PO4)3 at 800 K by molecular 
dynamics (MD) simulations. Li+ oscillation at M1 or M2 offered 
Li+ hopping energy to the next 36f site, and fast Li+ exchange 
was achieved by the back-and-forth oscillation.[25]

2.2. Synthesis Methods and Modification

Generally, LAGP can be synthesized by either solid-based 
approaches, such as solid-state synthesis, melt-quenching, fast 
sintering, hot-pressing, or liquid-based methods, including sol–
gel and co-precipitation. Additionally, there is a growing interest 
and effort in developing thin-film LAGP. Table  1 summarizes 
the ionic conductivity, activation energy, relative density, and 
grain size of LAGP prepared from solid or liquid-based methods.

2.2.1. Solid-State Synthesis

Solid-state synthesis is a traditional method for the prepa-
ration of LAGP pellets. Precursors (Al2O3, GeO2, Li2CO3, 
and (NH4)2HPO4) are fully mixed and ground by ball-
milling and then calcined at high temperature for a solid-
state reaction (0.75Li2CO3  + 1.5GeO2  + 3NH4H2PO4  + 
0.25Al2O3→Li1.5Al0.5Ge1.5PO4  + 3NH3↑+ 0.75CO2↑+ 4.5H2O↑). 

Adv. Funct. Mater. 2023, 33, 2300973
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After being cooled down to room temperature, the as-obtained 
pellet usually possesses a crystalline structure, compact sur-
face, high ionic conductivity, and density. However, high sin-
tering temperatures might cause lithium loss and induce the 
formation of a secondary phase,[31] thus increasing the grain 
boundary barrier for Li-ion transport.

In the melt-quenching method, precursors are first melted 
at a higher temperature (>1000  °C) and quenched to room 
temperature. The as-obtained amorphous glass is subse-
quently sintered as LAGP glass ceramics. Kun et al.[21] studied 
the crystal identification and microstructure of Li1+xAlxGe2-

x(PO4)3 glass-ceramics with various Al2O3 addition, and the 
highest ionic conductivity of 5.8 × 10−4 S cm−1 was reached in 
Li1.5Al0.5Ge1.5(PO4)3 with LiGe2(PO4)3 main phase and AlPO4 
impurity phase. Excess Al2O3 addition caused the formation of 
larger crystallites and impurities (Li4P2O7, AlPO4, GeO2) and 
decreased Li-ion transference number.[32] Glass crystallization 
temperature is a critical parameter in controlling grain growth 
and Li-ion transportation at grain boundary.[18b] Pershina 
et al.[27] determined the optimal crystallization temperature 
820  °C and found that a higher crystallization temperature 
(850 °C) led to the formation of microcracks and voids, which 
increased the barrier for grain-grain contact, decreased elec-
trolyte density, and eventually reduced Li-ion grain-boundary 
ionic conductivity.

Spark plasma sintering (SPS) and microwave sintering are 
fast sintering processes to ensure intimate solid-solid LAGP 
particle interfaces.[33] LAGP powder is loaded in an electrically 
conductive die under pressure. A pulsed current is applied to 
pass through the powder and generate localized high tempera-
tures at particle interfaces due to Joule heating.[34] High pres-
sure and localized temperature melt grain boundary, increase 
particle densification, and facilitate Li-ion diffusion at the inter-
face.[35] More importantly, SPS can be completed in a short 
period (10 min) at a lower temperature (600 °C) than traditional 
solid-state synthesis or melt-quenching method. High SPS tem-
perature accelerated the growth of crystallite size and reduced 
inter-/intraparticle grain boundary.[36]

LAGP synthesized by the hot-pressing technique also pos-
sessed comparable total ionic conductivity (1.8  ×  10−4 S cm−1), 
and this sintering process requires a lower sintering temperature 
(550  °C) and holding time (30 min) than conventional sintering 
process.[37] A higher hot-pressing temperature of 750 °C resulted 
in the formation of impurity phases (AlPO4, metallic Ge) by the 
partial decomposition of LAGP, and as-sintered LAGP pellets were 
fragile and difficult for cell assembly.[38] Lu et al.[39] prepared amor-
phous LAGP by melt-quenching method and then remodeled it 
into the partially crystallized structure by the hot-press technique. 
Zhu et al.[40] improved the Li-ion diffusion at the grain boundary 
by hot-pressing the LAGP powder obtained by the sol–gel method.

Adv. Funct. Mater. 2023, 33, 2300973

Figure 1.  a) Crystal structure of LAGP. b) Schematic diffusion pathway and variation of Li+ potential with the corresponding position in LAGP crystal 
with an empty M2 site or M2 site sufficiently filled. Reproduced with permission.[25] Copyright 2019, American Chemical Society. c) DFT calculated 
energies for different configurations of four pairs of Li in LAGP. Reproduced with permission.[30] Copyright 2015, Elsevier B. d) Li+ conducting pathways 
in Li1.5Al0.5Ge1.5(PO4)3 at 800 K. Reproduced with permission.[25] Copyright 2019, American Chemical Society.
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2.2.2. Liquid-Based Method

The sol–gel method provides a facile route to prepare pure LAGP 
powder due to lower heat treatment temperature and time.[41] Sol-
vents are required to mix with precursors and form a colloid solu-
tion, which is heated until a gel network occurs. Subsequently, the 
dried gel is reground, die-pressed into pellets, and sintered for 
crystallization. Germanium precursor sources,[42] solvents (citric 
acid and ethylene glycol),[20,40] and crystallization temperature and 
time[26] play an essential role in determining crystallite structure 
and Li-ion conductivity. Liu et al.[42] synthesized LAGP powder 
by a sol–gel method with inorganic GeO2 precursor as a replace-
ment for costly organic germanium compounds (Ge(OCH3)4 or 
Ge(OC2H5)4). The as-prepared LAGP pellets have irregular shapes 
over a range of 0.2–1 µm and high bulk and total ionic conductivi-
ties of 7.76 × 10−4 and 4.18 × 10−4 S cm−1, respectively.

Kotobuki[43] synthesized LAGP powder through a co-
precipitation approach consisting of a ball-milling and sintering 
process at 650–900  °C. The crystallinity of the LAGP pellet 
increased versus the crystallization temperature. However, 
impurities were prominently observed at 850 and 900 °C, and 
pores were also found at the high sintering temperatures. More-
over, Janek et al.[44] reported an aqueous solution-based method 
for the preparation of LAGP and observed the increase of unit 
cell dimensions with lithium content for Li1.5Al0.5Ge1.5(PO4)3 
from neutron and synchrotron diffraction data. Berbano et al.[45] 
prepared LAGP by a cold sintering process (<200  °C), which 
employed a transient solvent (deionized water or ethanol) 
to assist densification. The mixture was then pressed under 
400  MPa with a multistage non-equilibrium heating process 
at 25–160 °C for 20 min, followed by a 5-min crystallization at 
650 °C. More investigations are required to find out the optimal 

Adv. Funct. Mater. 2023, 33, 2300973

Table 1.  Summary of different synthesis methods and properties of LAGP pallets.

Electrolyte Synthesis method Thickness [mm] σ25 °C, total [S cm−1] Activation energy Ea [eV] Relative density [%] Grain size [µm] Ref.

Li1.5Al0.5Ge1.5(PO4)3 Cold sintering — 5.4 × 10−5 0.40 ± 0.01 75.0 — [45]

Li1.5Al0.5Ge1.5(PO4)3 Hot-pressing — 3 × 10−4 0.41 ≥99.0 — [38]

Li1.5Al0.5Ge1.5(PO4)3 Hot-pressing — 1.8 × 10−4 - — — [37]

Li1.5Al0.5Ge1.5(PO4)3 Sol–gel 1 4.18 × 10−4 0.30 — 0.2–1 [42]

Li1.5Al0.5Ge1.5(PO4)3 Sol–gel — 3.1 × 10−4 (30 °C) 0.37 76 1–2 [41]

Li1.4Al0.4Ge1.6(PO4)3 Sol–gel 2 1.22 × 10−3 31.1 kJ mol−1 88 — [20]

Li1.5Al0.5Ge1.5(PO4)3 Sol–gel and hot-pressing 1 2.7 × 10−4 0.31 — — [40]

Li1.5Al0.5Ge1.5(PO4)3 Sol–gel 1 1.8 × 10−4 — — [26]

Li1.5Al0.5Ge1.5(PO4)3 Melt-quench 0.8 1.64 × 10−4 0.30 99.6 2–4 [39]

Li1.5Al0.4Ga0.1Ge1.

5(PO4)3

Microwave sintering — 1.64 × 10−4 (bulk) 0.66 — — [33b]

Li1.5Al0.5Ge1.5(PO4)3 High-frequency microwave 
processing

— 2.77 × 10−4 0.327 — 0.3–0.9 [33a]

Li1.5Al0.5Ge1.5(PO4)3 Spark plasma sintering — 3.29 × 10−4 0.239 97.6 0.4–0.8 [35]

Li1.5Al0.5Ge1.5(PO4)3 Spark plasma sintering — 1.33 × 10−4 (20 °C) 0.38 97 0.7 [61]

Li1.5Al0.5Ge1.5(PO4)3 Radio frequency sputtering 0.0012 1.29 × 10−6 0.25 — 1 [62]

Li1.5Al0.5Ge1.5(PO4)3 Co-precipitation — 7.8 × 10−5 — 97 1 [43]

Li1.5Al0.5Ge1.5(PO4)3 Melt-spun and annealing — 8.8 × 10−3 — 0.05-0.2, fibers [63]

Li1.5Al0.5Ge1.5(PO4)3 Annealing and 
nano-polishing

1 3.9 × 10−4 — — — [46]

Li1.4Al0.4Ge1.6(PO4)3 Tape casting 0.075 3.38 × 10−4 30.57 kJ mol−1 88 — [55]

Li1.5Al0.5Ge1.5(PO4)3 Aerosol deposition 0.010 5 × 10−6 — 80 0.1 [56]

Li1.5Al0.5Ge1.5(PO4)3 Solution process 0.070 2 × 10−5 — 80 — [64]

LAGP thin film Hot-pressing 0.060 1 × 10−3 (80 °C) 16.62 kJ mol−1 — — [16b]

N-doped LAGP film Magnetron sputtering 0.001 2.3 × 10−4 (20 °C) 0.374 — — [57]

LAGP-Ba0.6Sr0.4TiO3 Sintering — 5.08 × 10−3 (27 °C) 31.8 kJ mol−1 3.26 g cm−3 0.43–3 [51]

LAGP-B2O3 Melt-quenching — 6.9 × 10−4 21.6 kJ mol−1 — 0.8–1.5 [22]

LAGP-B2O3- Bi2O3 Sol–gel 1 3.4 × 10−4 — 93.4 0.056 [47]

LAGP/SBA-15 Balling and sintering — 1 × 10−5 — — <0.6 [48]

Mg-doped LAGP Balling and sintering — 5.16 × 10−4 0.275 95 — [49]

LAGP-LLTO Balling and sintering — 4.04 × 10−4 0.37 — — [50]

LAGP-LiF Melt-quenching — 3.17 × 10−4 0.31 97.7 0.155 [16a]
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solvent and understand the Li-ion transport mechanism details 
during cold sintering process.

2.2.3. Modification Approach

Zhou et al.[46] reported an ultra-smooth surface of LAGP by a 
simple nano-polishing approach to avoid pores or voids and 
enable intimate contact between LAGP and Li metal anode. The 
surface rough remarkably dropped to 30  nm after being pol-
ished using nanoscale sandpaper (50-30075 Allied USA). The 
grain-boundary ionic conductivity of LAGP can be enhanced 
by adding excess Li, as indicated by lower activation energy.[31] 
Park et al.[22] doped a sintering aid B2O3 into LAGP with a flat 
6-numbered ring structure formed of boron and oxygen. The 
small amount of B2O3 decreased the crystallization tempera-
ture of LAGP pellets and increased the total ionic conductivity 
of LAGP. Structural modifiers such as B2O3 and Bi2O3,[47] 
mesoporous silica scaffolds,[48] or other dopants (Mg,[49] perov-
skite Li0.348La0.55TiO3 particles,[50] Ba0.6Sr0.4TiO3

[51]) have been 
added to improve lithium-ion transport of LAGP. Lv et al.[16a] 
added 0.5 wt% low-volatile LiF in LAGP precursors to syn-
thesize LAGP by a melt-quenching method, which lowered 
the crystallization temperature from 622 to 605  °C, increased 
Li-ion concentration to decrease the activation energy and pro-
mote Li-ion conduction at the grain boundary. Gomez et al.[52] 
developed ceramic-salt LAGP-LiTFSI composite electrolytes by 
cold sintering at 130  °C. The as-obtained LAGP-LiTFSI com-
posites possessed comparable relative density above 90% and 
10–4 S cm−1 to LAGP pellets by sintering above 800 °C.

2.2.4. Thin-Film Preparation

As mentioned above, conventional oxide LAGP SEs have the 
advantages of high ionic conductivity, good mechanical strength, 
oxidation, and moisture stability. However, the thickness of 
LAGP pallets is usually ≈1  mm in early studies, as listed in 
Table 1, which increases the internal resistance of ASSLBs and 
drags down the overall gravimetric/volumetric energy density. 
More importantly, the rising materials and manufacturing costs 
offset the desirable high energy density of ASSLBs. The cost esti-
mation from Rupp et al.[53] suggests that the cost of solid elec-
trolytes has to be controlled under US$4 m−2 in order to meet 
the US Department of Energy cost target (US$10–12 m−2) for the 
cell repeat layers of a solid-state battery, given that the optimistic 
estimating costs of US$7 m−2 and US$1 m−2 for cathode and 
20-µm Li metal sheet, as shown in Figure 2a. However, conven-
tional ceramic processing requires high-temperature sintering 
from 100 to 1000 °C, and the as-processed ceramic pellets have a 
large thickness range from 300 µm to 1 mm, as summarized in 
Figure  2b. The dependence of energy density for all-solid-state 
lithium-ion pouch cells on SE thickness has been revealed by 
Wang et al.[54] and illustrated in Figures  2c and  2d. To achieve 
the high energy densities of 300 and 400  Wh kg−1 for Li/LFP 
and LI/NCM811 cells, the thickness of LAGP film should be less 
than 36  µm and 40  µm, respectively. Therefore, it is essential 
to develop LAGP thin film fabrication techniques to reduce pro-
cessing cost and accomplish high energy density.

Tape casting,[55] aerosol deposition,[56] magnetron sput-
tering,[57] and hot-pressing[16b] have been reported to enable 
ultrathin LAGP films ranging from 10 to 75  µm. The prepa-
ration process for Li0.34La0.56TiO3 (LLTO) film by tape casting 
method[54] is presented in Figure  2e. The LLTO slurry was 
cast on polyethylene terephthalate (PET) release film serving 
as mechanical support. The thickness of the casting film can 
be controlled by a height-adjustable scraper. The 62-µm was 
stripped off from PET film after solvent volatilization. In addi-
tion, polymer-in-ceramic solid electrolytes are another effec-
tive strategy to integrate wide advantages of ionic conductivity, 
flexibility, mechanical properties, electrochemical stability, and 
thermal stability from polymer and ceramic solid electrolytes 
alone.[58] Yao et al.[59] developed a 20-µm 3D polymer-ceramic 
solid electrolyte film consisting of LLZTO, LiTFSI, DETA, 
PEGDE, and PEGDME by grinding, two-step heat curing, and 
pressing procedures, as seen in Figure 2f,g. This film possessed 
90 wt% LLZTO content and a robust Li-ion polymeric network, 
thus leading to an outstanding ionic conductance of 41.21 mS at 
30 °C. The 3D network also contributed to mechanical strength 
and flexibility. Wu et al.[60] prepared a PEGMA-LAGP-Li solid 
electrolyte/lithium integration structure by in situ copolymeri-
zation onto Li foil through a thermal-initiated free-radical reac-
tion (Figure 2h). In comparison with ex situ formed PEGMA-
LAGP/Li configuration, this integration structure ensured 
superior interfacial compatibility between PEGMA-LAGP 
and Li anode (>3500  h cycles in symmetrical cells) and better 
rigidity (3 GPa Young’s modulus) against Li dendrite growth 
(Figure  2i), with the record-breaking thickness of 8.5  µm. 
Accordingly, structure design and thin-film manufacturing are 
critical in achieving a high energy density of ASSLBs, which 
requires more cost-effective approaches to reducing processi-
bility costs.

3. Interface Engineering Design in LAGP-Based 
All-Solid-State Batteries
3.1. Failure Mechanism at the Li/LAGP Interface

The further development of LAGP in practical battery applica-
tions suffers from the poor chemical stability of LAGP against 
Li metal and large thickness (200 µm to 1 mm). Amine et al.[64] 
prepared a self-standing LAGP thin film with a small thickness 
of only 70 µm using a solution-based process. As illustrated in 
Figure  3a, LAGP particles were first mixed with PVDF-HFP 
polymer and DMF/THF solvent, and the solution was cast 
onto a polypropylene sheet followed by a 10-h sintering pro-
cess at 850 °C. The as-sintered LAGP film had a lower relative 
density (80%) than standard 1-mm LAGP pellets (≈95%) pre-
pared by conventional solution-free methods. The as-obtained 
LAGP thin film also possessed a high ionic conductivity 
of 2 × 10−5 S cm−1 at 25  °C and a low electronic conductivity 
value of 1.1 × 10−9 S cm−1. After cycling at 25 and 80 °C, Li–Ge 
alloy was formed at the Li/LAGP interface as investigated by 
synchrotron high energy X-ray Diffraction (HEXRD) spectra 
(Figure  3b). An anisotropic volume change (lattice a increase 
and lattice c decrease) was found in the crystal structure of 
LAGP electrolyte, and the larger lattice parameter evolution at 

Adv. Funct. Mater. 2023, 33, 2300973
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Figure 2.  a) Estimated cost projection for an SSB to be competitive with a LIB based on LLZO estimations and material costs. b) Typical thickness 
ranges of solid-state electrolytes pellets, tapes, wet-chemical and vacuum-based deposited films. Reproduced with permission.[53] Copyright 2021, 
Springer Nature. Gravimetric energy density as a function of the thickness of several oxide ceramic thin-film electrolytes employing c) LFP and d) NCM 
cathode. e) Schematic for preparation and photographs of LLTO film using the tape-casting method. Reproduced with permission.[54] Copyright 2019, 
Wiley-VCH GmbH. f) Schematic illustration of synthesis procedure for ultrathin LLZTO-based solid electrolyte, g) photographs of LLZTO-based film. 
Reproduced with permission.[59] Copyright 2022, Beijing Institute of Technology Press Co., Ltd. h) Scheme of the synthetic process for in situ formation 
of PEGMA-LAGP-lithium, i) comparison of the cycling stability of Li|Li symmetric cells based on the thinnest in situ PEGMA-LAGP solid electrolyte and 
SSEs reported elsewhere. Reproduced with permission.[60] Copyright 2022, Wiley-VCH GmbH.
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80  °C implied the accelerated side reaction at high tempera-
ture. Furthermore, the cross-section of LAGP film cycled at 

80  °C showed a Ge-rich degradation layer and agglomeration 
of Al/P-rich big particles, as presented in Figure 3c. Ge K-edge 

Adv. Funct. Mater. 2023, 33, 2300973

Figure 3.  Li/LAGP interface investigation. a) Schematic illustration of LAGP pellet preparation, b) post-mortem synchrotron XRD patterns and lattice 
parameters of cycled LAGP at 25 and 80 °C, c) SEM and EDS mapping of the cycled LAGPs at 25 and 80 °C, d) Ge K-edge XANES spectra of LAGPs 
and Fourier transformed EXAFS spectra, e) scheme of decomposition reaction for the cycled LAGP at 80 °C, f) in situ XRD patterns of Li//LAGP sheet//
Li and corresponding variation of voltage versus time, and contour plot of enlarged 2θ ranges showing the up-shift of 2θ and texturing of Li(110), and 
g) reaction of Li(110) alignment. Reproduced with permission.[64] Copyright 2020, Wiley-VCH GmbH.
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X-ray near-edge absorption spectroscopy (XANES) suggested 
a significantly decreased peak intensity and energy shift for 
cycled LAGPs (Figure 3d). The peak decrease in extended X-ray 
absorption fine structure might originate from the breakdown 
of LAGP crystalline size or loss of its crystallinity. Therefore, 
Ge reduction at Li/LAGP interface occurred to form an amor-
phous Li-Ge phase, and this process was more severe at a 
higher temperature. Upon cycling at 80  °C, Ge was also pro-
gressively reduced through the pellet cracks from both sides 
and ultimately generated a Ge-rich layer in the center of LAGP 
(Figure 3e). On the other hand, the collected in situ XRD data 
of Li/LAGP/Li cell (Figure 3f) showed peak intensity decrease, 
peak broadening, and peak up-shift, revealing a reduced crys-
tallite size of LAGP and lattice parameter shortening. Li metal 
growth followed a preferential orientation along the (110) crystal 
face (Figure  3g) due to the intrinsic feature of lithium-ion 
electro-migration during the nucleation and growth.[65]

Kang et al.[24] conducted Li/LAGP interphase analysis by 
monitoring elemental depth distribution and XPS spectra (Li, 
Ge, O) on the surface of cycled LAGP (Figure 4a–d). The atomic 
ratios of Al/Ge/P were smaller than 1% on the surface, which 
had a minor increase with Ar+-ion etching from the top down to 
150 nm. O-rich compounds were observed in the SEI layer con-
taining Li2O, Li2O2, and Li2CO3. It should be noted that 75% of 
Ge4+ ions were reduced to Ge3+ and metallic Ge from the decon-
volution of Ge 3d spectra at the 150 nm depth. The interphase 
formation was observed by a continuously decreased semicircle 
in the Nyquist plot from EIS measurement over the initial 18 h, 
which remained constant for the next two days and then gradu-
ally increased over 50 days (Figure 4e). The continuous increase 
in resistance was accompanied by the formation of small cracks 

and finally the pulverization of LAGP. Accordingly, the LAGP 
failure mechanism was explained by the potential chemical gra-
dient of Li and electrons in Li metal, the interphase, and LAGP 
(Figure 4f). When LAGP is in contact with Li metal, the inter-
phase is chemically formed with mixed ionic and electronic 
conduction. As an external current is applied to Li/LAGP/Li 
cell, most of the Li ions and electrons meet at the Li/LAGP 
interface, acting as a new negative electrode. The reduction of Li 
at the interphase enables the formation of extra Li oxide-related 
compounds, which causes a local volume expansion. Long-
term cycling can lead to cracks or fractures in LAGP to block 
Li-ions conduction, thus mechanically damaging the LAGP 
SE. The lithium oxide compounds at the LAGP/Li interface 
were formed with the existence of C at the LAGP/Li interface 
and O from LAGP as the following suggested reaction mech-
anism. Li1.5Al0.5Ge1.5(PO4)3  + aLi + bC → Li1.5+xAl0.5Ge4+/3+

1.5 
(PO4-δ)3 + cLi2O + dLi2O2 + bLi2CO3

The loss of O from LAGP changes the stoichiometry of 
LAGP and causes the reduction reaction of Ge4+ to maintain 
the charge neutrality (Figure  4g). Sottos’ group[66] constructed 
a Li/LAGP/Au solid cell and tracked the in situ strain distribu-
tion. A spatially heterogeneous strain distribution was investi-
gated during the lithiation/delithiation sweep. The localized 
highly deformed domains are likely to induce mechanical deg-
radation (crack or fracture) in LAGP SE.

3.2. Interface Modification Strategies for the Li/LAGP Interface

Based on these observations and findings, the stabilization of 
the Li/LAGP interface is a top priority for the further develop-

Adv. Funct. Mater. 2023, 33, 2300973

Figure 4.  a) Depth profiling of Li/LAGP interface after detaching Li metal and b) Li 1s, c) O 1s, and d) Ge 3d XPS spectra. e) Nyquist plot of a Li/LAGP/
Li cell over 50 days. f) Chemical potential change for Li-ions and electrons during electrochemical reactions. g) Interphase-forming mechanisms for Li 
metal and LAGP. Reproduced with permission.[24] Copyright 2017, American Chemical Society.
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ment of LAGP-based ASSLB.[4b] Table  2 summarizes recent 
interlayer strategies for Li-LAGP interfacial stabilization. Zhou 
et al.[67] sputtered an amorphous Ge layer on the LAGP surface 
to suppress the reduction of Ge4+ ions and ensure intimate con-
tact between LAGP SE and Li metal (Figure  5a). The coating 
layer was ≈60  nm, as seen in the cross-sectional SEM image 
(Figure  5b). Notably, the interfacial resistance of Li/LAGP/
Li symmetrical cell dropped from 2506 to 147 Ω after Ge film 
coating due to the good wettability of Ge toward metallic Li. The 
pristine Li/LAGP/Li had a rapid increase in overpotential after 
25 Li plating/striping cycles at 0.1  mA cm−2, whereas the Ge-
coated cell exhibited an extended cycling lifetime (100 cycles) 
with small and stable charge/discharge overpotential. Liu et 
al.[68] deposited 500-nm Li phosphorous oxynitride (LiPON) 
film by radio-frequency magnetron sputtering on the surface of 
LAGP-PEO composite electrolyte to ensure a uniform Li+ flux 
and suppress the formation of Li dendrites.

In addition, Zhou’s group[69] developed an in situ solidifying 
strategy to introduce a succinonitrile-based solid polymer inter-
layer (SPI) at the Li/LAGP interface (Figure 5c). This polymer 
well-filled voids or cracks at the solid-solid surface and effec-
tively facilitated Li-ion conduction (Figure  5d). In particular, 
no Ge reduction was observed from Ge 3d XPS spectra for 
SPI-protected cycled LAGP (Figure 5e). Consequently, the SPI-
based symmetric cell had a 600-h cycling time at 0.1 mA cm−2 
and a high critical current density of 7  mA cm−2. Yu et al.[70] 
designed a self-sacrificed interface to achieve intimate contact 
between Li metal and LAGP/poly(propylene carbonate) (PPC) 
solid electrolyte. The interfacial reaction between Li metal and 
PPC induced the formation of a LiF-rich SEI layer to suppress 
Li dendrites deposition.

Moreover, Xiong et al.[71] designed a quasi-solid-state paste 
as a functional layer to create a chemically stable interphase. 
As illustrated in Figure  5f, LAGP nanoparticles, (N-Methyl-(n-
butyl) imidazolium bis(fluorosulfonyl)imide, BMIM-FSI ionic 

liquid (IL) and Li salt (LiFSI) were ball-milled to form a gel-like 
paste. This unique layer enabled a 1500-h cycling time with a 
low overpotential of 30 mV in a Li symmetrical cell (Figure 5g). 
However, the liquid electrolyte-wetted Li/LAGP/Li cell showed 
a much larger overpotential and shortened cycle life and finally 
ended up with a sudden short circuit. This excellent cycling 
stability was attributed to the generation of LiF induced by 
the breakdown of BMIM-FSI throughout the SEI layer. On the 
other hand, this LAGP-IL layer addressed the thermal runaway 
issue of LAGP when contacting molten Li. The bare LAGP was 
reported to show three stages of floating, cracking, and a super-
bright flash (Figure  5h) within 4  min. In contrast, the LAGP-
IL coated LAGP had good wettability toward molten Li, and no 
thermal reaction occurred after 40 min. The enhanced thermal 
stability benefited from the protection of amorphous carbon 
that was generated by the decomposition of ionic liquid cation 
and anion. As a result, crystalline LAGP was separated by the 
carbon layer, and the thermal runaway was prevented during 
the heating process.

3.3. LAGP/Cathode Interface

3.3.1. The effect of Space-Charge Layers on the Li-Ion Transport at 
the LAGP/Cathode Interface

The LAGP/cathode interface also suffers from poor Li-ion 
transport that originates from the electrochemical decomposi-
tion of LAGP or the volumetric change accompanied by the 
decomposition.[17] Moreover, the charge transport is affected 
by the space-charge layers (electrochemical double layers) 
formed at the electrode-electrolyte interface due to the local 
charge carrier depletion or enrichment.[80] The 2D exchange 
nuclear magnetic resonance spectroscopy (NMR) is a crit-
ical method for identifying structural evolution and Li-ion 

Adv. Funct. Mater. 2023, 33, 2300973

Table 2.  Performance summary of Li‖LAGP‖Li symmetrical cells with interlayers.

Battery configuration Interlayer  
thickness [µm]

Ionic conductivity 
[25 °C, S cm−1]

Electrochemical stability 
window of  

LAGP/interlayer [V]

Pretreatment Interfacial  
stability 

against Li

Current density 
[mA cm−2 × h]

Working  
temperature [°C]

Ref.

Li‖LAGP/PCVA‖Li 5 3.34 × 10−4 (50 °C) 4.8 50 °C for 30 min 850 h 0.05 × 2 50 [72]

Li‖aioc-LAGP‖Li 11 1.21 × 10−4 (50 °C) 4.3 50 °C for 4h 200 h 0.05 × 4 30 [73]

Li‖l-SN/LAGP/l-SN(10 µL 
solution)‖Li

— 2.09 × 10−4 — — 400 h 0.1 × 2 40 [74]

Li‖AAPP/CB@PP@
LAGP(25 µL electrolyte)‖Li

10 1.13 × 10−3 — — 400 h 1 × 1 R.T. [75]

Li‖LAGP/LAGP-IL‖Li — — — — 1500 h 0.1 × 1 R.T. [71]

Li‖SPI-LAGP-SPI‖Li 10 1.4 × 10−4 4.8 60°C for 6h 600 h 0.1× 1 R.T. [69]

Li‖PVCA/SiO2-LAGP-  
PVCA/SiO2‖Li

— — — — 1600 h 0.1× 1 R.T. [76]

Li‖CSSE‖Li 50 2.71 × 10−4 4.6 — 1000 h 0.1 × 10 R.T. [77]

Li‖Cr on Al2O3/LAGP/Cr  
on Al2O3‖Li

30 nm Cr on 6 nm 
Al2O3

— — — 1200 h 0.2 × 1 R.T. [78]

Li‖Ge/LAGP/Ge‖Li 30 nm 2.1 × 10−4 — — 200 0.1 × 1 R.T. [67]

Li‖3DGPE/LAGP/3DGPE‖Li — — — — 250 0.1 × 1 R.T. [79]
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diffusion pathways at solid electrolytes and solid-solid inter-
faces. By changing the LixV2O5 potential, the space-charge 
layer between LAGP and LixV2O5 cathode was tuned sys-
tematically.[81] The 2D exchange NMR indicated a significant 
increase in the activation energy for Li-ion conduction over 

the LAGP-LixV2O5 interface. The higher activation energy 
eventually contributed to the larger battery internal resistance. 
The following sections summarize several feasible strategies 
to mitigate the space-charge layer effect at the LAGP/cathode 
interfaces.

Adv. Funct. Mater. 2023, 33, 2300973

Figure 5.  Stabilization of Li/LAGP interfaces by multiple interlayers. a) Amorphous Ge film coating on LAGP and b) SEM image of Ge-coated LAGP. 
Reproduced with permission.[67] Copyright 2018, Wiley-VCH GmbH. c) In situ solidification of succinonitrile-based solid polymer interlayer on LAGP, 
d) SEM images of Li/LAGP interface with/without SPI modification, e) Ge 3d XPS spectra of cycled LAGPs with/without SPI modification. Reproduced 
with permission.[69] Copyright 2020, The Royal Society of Chemistry. f) Schematic diagram of LAGP-IL hybrid paste preparation, g) voltage profiles of 
Li|LAGP pellet|Li symmetric cells with a LAGP-IL interlayer or liquid electrolyte at a current density of 0.1 mA cm−2 and a capacity density of 0.1 mAh 
cm−2, h) images of LAGP pellet in contact with Li at 300 °C. Reproduced with permission.[71] Copyright 2020, Wiley-VCH GmbH.
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3.3.2. LAGP/Li-Ion Cathode

The comparison of full cell performance of LAGP-based solid-
state Li-ion batteries is listed in Table 3. As discussed in Section 
2.4, thinner SEs have lower internal resistance, thus enabling 
efficient Li-ion conduction and higher energy density. In this 
case, the high-loading cathode can be assembled with thin 
LAGP film for better utilization of active materials (Figure 6a), 
as studied by Amine’s group.[16b] They fabricated a 60-µm LAGP 
thin film and a 30-µm LAGP/LFP cathode with a high loading 
of 8  mg cm−2 (Figure  6b), and the Li/ionic-liquid interlayer/
LAGP/LFP cell maintained a reversible capacity of 110 mAh g−1 
at C/3 after 60 cycles. XANES and EXAFS spectra provide sim-
ilar energy positions and peak intensities for pristine and cycled 
LAGP (Figure  6c), revealing the excellent electrochemical and 
structural stability of LAGP without the formation of new 
phases or breakdown of crystallinity inside LAGP electrolyte. 
Additionally, the LAGP/LFP interface stability was analyzed 
by in situ HEXRD characterization on the LFP/LAGP (50/50, 
w/w) mixture that was heated at 800 °C (held for 9 h) and natu-
rally cooled. As seen in Figure 6d, the 2-theta positions of the 
LAGP peak (012) and LFP peaks (200, 210, and 011) shifted to 
lower angles during the heating process due to thermal expan-
sion and reversibly returned to their original 2-theta positions 
after cooling down to room temperature. However, an irrevers-
ible phase transition was observed for LAGP/NCM811 cathode 
mixture by in situ heating and XRD characterization. Upon 
heating, the peak intensities of LAGP and NCM811 cathode 
were gradually decreased and ultimately disappeared at around 
760  °C. Meanwhile, some new peaks appeared corresponding 
to the (Ni,Co,Mn)3(PO4)2 with P21/n space group (Figure 6e).

To repair the SE/electrode interfacial cracks upon cycling, 
Wang et al.[82] prepared self-healing polymer electrolytes (SHEs) 

as Janus interfaces for LAGP-based Li metal batteries. They fab-
ricated a stable Li/LAGP/LiMn2O4 battery (Figure 6f) with inte-
grated electrode/electrolyte contact by anolyte SHE (ASHE) and 
catholyte SHE (CSHE). ASHE was prepared by in situ polym-
erization of pentaerythritol tetraacrylate (PETEA) cross-linker 
and 2-[3-(6-methyl-4-oxo-1,4-dihydropyrimidin-2-yl)-ureido]
ethyl methacrylate (UpyMA) monomer with 10 wt% ethylene 
carbonate (EC) added 0.5  m bis(trifluoromethane)sulfonimide 
lithium salt (LiTFSI) in 1-ethyl-3-methylimidazolium bis-
(trifluoromethylsulfonyl)imide (EMITFSI). SHE (CSHE) was 
obtained by in situ polymerizing UpyMA-PETEA copolymer 
with adiponitrile (AN)-added electrolyte due to the high resist-
ance of AN against electrochemical oxidation. DFT simulation 
revealed that UpyMA−UpyMA clusters had more negative for-
mation energy (−2.03  eV) than clusters between the UpyMA 
monomer and PETEA (−0.53  eV), EMITFSI− (−0.97  eV), and 
AN (−0.88 eV). Consequently, the UpyMA units in the polymer 
chains tended to form abundant intermolecular or intramo-
lecular hydrogen bonds,[83] thus leading to the excellent self-
healing ability to recover interfacial cracks or mechanical 
damage. After cycling, uneven Li deposition was observed on 
the surface of Li metal, and the SEI layer had a low Young’s 
modulus (475 MPa) (Figure  6g). In comparison, monolithic, 
smooth, and robust SEI was formed on the Li metal surface 
with an enhanced Young’s modulus of 2549 MPa from the 
ASHE-based Li metal cell. Compared to the pristine Li/LAGP/
LiMn2O4 battery, the SHE-based cell delivered a higher revers-
ible capacity of 90.0 mAh g−1 after 120 cycles (Figure 6h), much 
smaller interfacial resistance (Figure  6i), and superior rate 
capability at 0.05–0.5C (Figure 6j).

To improve cathode loading and address the issue of poor SE/
electrode interface contact, Huang et al.[84] designed a unique 
tri-layer solid electrolyte structure consisting of a dense LAGP 
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Table 3.  Cell performance of LAGP-based solid-state Li-ion batteries.

Battery configuration Cathode loading  
[mg cm−2]

Pre-treatment Operating voltage  
[V]

Initial discharge 
capacity [mAh g−1]

Cycling capacity 
retention

Working temperature 
[°C]

Ref.

Li‖PVCA‖LAGP‖2 µL precursor  
solution ‖LFP

1.2 50 °C for 30 min 2.8–4 153 96% after 200 cycles 
at 0.5C

50 [72]

Li‖aioc-LAGP‖LFP 1.5 50 °C for 4 h 2.5–3.8 120.1 86.4% after 100 
cycles at 0.5C

50 [73]

Li‖l-SN/LAGP/l-SN(10 µL 
solution)‖LFP

— — 2.8–4.0 168.4 93.17% after 100 
cycles at 0.5C

40 [74]

Li‖LAGP/LAGP-IL‖LFP 5 — 150 0.053% fading for 
200 cycles at 0.3C

R.T. [71]

Li‖SPI-LAGP-SPI‖NCA 2–3 60 °C for 6 h 2.75–4.3 200 80% after 100 cycles 
at 0.5C

R.T. [69]

3D ASSLiB with NCM811 13 3–4.25 2.01 mAh cm−2 70% after 50 cycles 
at 0.1C

60 [84]

Li‖CSSE‖LFP 3.92 — 2.5–4.0 153.4 95.3% after 100 
cycles at 0.1C

R.T. [77]

PAALi/RuO2/CNT‖LAGP‖LNMO/
CNT/PAALi

— — 0.8–4.1 87.5 120 cycles at 0.2C R.T. [94]

Li‖LAGP-LATP‖LFP — — 2.5–4.0 130.6 5 cycles at 0.1C R.T. [95]

Li‖LAGP@glass‖LFP 1.5 — 2.8–3.8 152.2 93.6 after 120 cycles 
at 0.1C

60 [96]
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Figure 6.  a) ASSLB configuration, b) cross-section SEM image of thin LGP-LAGP-graphite cathode/LAGP electrolyte and EDS mapping. Scale bars at the 
top of (b) and bottom of (b) are 200 and 50 µm, respectively. c) Ge K-edge a) XANES and b) EXAFS spectra of LAGP electrolyte before and after cycling, 
d) in situ HEXRD patterns and the corresponding contour plot of LAGP/LFP mixture during heating and cooling, I Contour plot and d) in situ HEXRD 
patterns of LAGP/NCM811 mixture during heating to 800 °C. Reproduced with permission.[16b] Copyright 2021, Wiley-VCH GmbH. f) Li|LAGP|LMO bat-
teries with SHEs as Janus interface layers, g) force–displacement plots of LAGP-derived SEI and ASHE-derived SEI, h) cycling performances of Li|LAGP| 
LMO and Li|ASHE|LAGP|CSHE|LMO cells at 0.1 C, i) Nyquist plots of the Li|LAGP|LMO cell after 30 cycles and the Li|ASHE|LAGP|CSHE|LMO cell after 120 
cycles (inset) at 0.1 C, j) rate performances of the LAGP-based Li metal batteries with and without SHE interface layers. Reproduced with permission.[82] 
Copyright 2020, American Chemical Society. Schematic and cross-sectional SEM image/EDS mapping of k) 3D and l) 2D cathodes (in the EDS element 
mappings, blue color corresponded to Ni from NCM811, and red color to Ge from LAGP) m) voltage profiles and n) cycle performance of 3D cathode, 
o) voltage profile of 2D cathode, and p) Nyquist plots of 2D and 3D cathodes in the first cycle. Reproduced with permission.[84] Copyright 2019, Elsevier.
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layer (≈80 µm), porous LAGP support layer (≈250 µm), and poly-
ethylene glycol bis(amine)-triglycidyl isocyanurate (NPEG-TGIC, 
N-T) solid polymer electrolyte layer (Figure 6k). The dense-porous 
LAGP bilayer was prepared by a facile templet-casting method to 
conduct Li-ions and simultaneously act as a cathode host. The 
NCM811 loading reached up to 13 mg cm−2 due to the large sur-
face area (0.54 m2 g−1) of the dense-porous LAGP bilayer. In the 
first charge/discharge cycle, the 3D cathode delivered a high 
areal specific capacity of 2.01 mAh cm−2 and a Coulombic effi-
ciency of 87%. After 50 cycles, the cell retained 109 mAh g−1, cor-
responding to a 70% capacity retention (Figure 6m,o). As a com-
parison, cathode slurry was cast on a 260 µm-thick LAGP pellet 
to form a 20-µm 2D cathode (Figure 6l), which had much lower 
NCM loading (1.76 mg cm−2) and areal capacity (0.27 mAh cm−2) 
in the initial cycle (Figure 6n). With NCM loading increasing to 
12.16 mg cm−2 for the 2D cathode, the impedance dramatically 
increased to 11 000 Ω (vs. 1600 Ω for the 3D cathode), implying 
the inferior interface contact between the 2D cathode layer and 
LAGP pellet (Figure 6p). Moreover, GITT data suggest that the 
3D cathode possessed a smaller polarization and higher Li-ion 
diffusion coefficient (2.9 × 10−11 cm2 s−1) than the 2D cathode 
(0.7 × 10−11 cm2 s−1).

3.3.3. Li–O2 Battery

In addition to solid-state lithium-ion batteries, LAGP SE is also 
applied in lithium-sulfur or lithium-oxygen batteries.[46,75,85] 
Sun et al.[86] prepared LAGP-NCNT-Li3InCl6 air electrode 
(NCNT stands for nitrogen-doped carbon nanotubes) with 
halide electrolyte Li3InCl6 as a superionic conductor. As shown 
in Figure 7a, Li3InCl6 was uniformly distributed within the air 
electrode to enable intimate contact with NCNT and LAGP. The 
point contact between LAGP ionic conductor and NCNT elec-
tronic conductor in the LAGP-NCNT air electrode was unfa-
vorable for ion or electron transport. With the modification of 
superionic conductive Li3InCl6, redox kinetics were boosted, 
and more discharge products were decomposed to ensure the 
good stability of a Li–O2 battery. Figure  7b presents the dis-
tributions of C, Cl, and O elements in the discharged LAGP-
NCNT-0.5Li3InCl6 through STXM averaging stack images at 
each elemental edge. The similar shape and contrast indicate 
the uniform distribution of these elements. The peak located at 
531.5 eV in O K-edge XANES spectra (Figure 7c) was attributed 
to σ* (OO) peak characteristic of Li2O2. At the current density 
of 100 mA g−1, the LAGP-NCNT-0.5Li3InCl6 electrode delivered 

Adv. Funct. Mater. 2023, 33, 2300973

Figure 7.  a) Schematic illustration of LAGP-NCNT-Li3InCl6 air electrode preparation and the effect of a Li3InCl6 modifier on the decomposition of 
discharge products, b) STXM optical density images of C, Cl, and O distributions in the discharged LAGP-NCNT-0.5Li3InCl6 and c) corresponding 
XANES spectra of the C K-edge, Cl L-edge, and O K-edge, d) 1st cycle and 2nd cycle discharge/charge profiles of the Li–O2 battery at 100 mA g−1 with 
LAGP-NCNT, LAGP-NCNT-0.5Li3InCl6, and LAGP-NCNT-liquid air electrodes, respectively. f) Cycling performance of LAGP-NCNT-0.5Li3InCl6, and 
LAGP-NCNT-Liquid air electrodes. Reproduced with permission.[86] Copyright 2020, Elsevier Ltd.
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significantly increased capacities of 6375 and 4675 mAh g−1 in 
the first and second cycle, respectively, as well as higher initial 
Coulombic efficiency of 93.6% (vs. 5890/1021 mAh g−1, 72.1% 
CE for LAGP-NCNT electrode), as shown in Figure 7d–f.

3.3.4. LAGP/S Interface

The LAGP-based Li–S batteries also suffered from poor LAGP/
electrode interfacial contact, Li/LAGP interface instability, and 
the “shuttle effect” caused by the dissolution of polysulfides.[87] 
To overcome these interface issues, Wen et al.[85c] introduced 
a flexible ionic conductive composite polymer electrolyte to 
stabilize Li/LAGP interface and drew an electronic conductive 
graphite layer on LAGP facing S cathode with a pencil, as shown 
in Figure  8a,b. This modified LAGP electrolyte significantly 
improved cycling stability with 1080 mAh g−1 retained after 
150 cycles at 0.1 C (Figure  8c). The two discharge plateaus at 
2.3 and 2.05 V in Figure 8d corresponded to the reduction from 
S8 to polysulfides and sulfides, respectively. The graphite layer 
was found to effectively confine the reduction production of S8 
within the conductive network as a second current collector. The 
reliability of the modified LAGP electrolyte was furtherly found 
in a soft-package Li-S battery with a well-maintained capacity 
for 40 cycles (Figure  8e). This all-solid-state Li–S cell lighted 
up light-emitting diode (LED) lamps which were even brighter 
while being burned due to the higher ionic conductivity of solid 
electrolytes at elevated temperatures (Figure 8f).

Moreover, the semi-solid-state Li–S batteries gained much 
attention due to the facilitated Li-ion/electron transfer at the 
electrode/electrolyte interface by hybrid electrolytes.[75,88] Wen’s 
group[89] introduced a hybrid electrolyte composed of LAGP 
and FDE (FDE, 1,3-(1,1,2,2-tetra-fluoroethoxy)propane)) to 
decrease interfacial resistance, avoid the loss and redistribution 
of active sulfur on cathodes, as well as suppress the dissolution 
of polysulfides by the highly fluorinated FDE (Figure 9a). Man-
thiram et al.[90] presented a hybrid Li–S based on a gel sulfur 
cathode, LAGP solid electrolyte, a thin layer of glass fiber filled 
with high-concentrated anolyte (3 m LiCF3SO3 containing Li2S6 
and LiNO3), as well as Li anode, as shown in Figure  9b. The 
gel sulfur cathode was prepared by dropping Li2S6 solution 
onto the PVDF-HFP/carbon paper and was expected to entrap 
polysulfides while allowing fast ionic transport. The hybrid cell 
delivered high capacities of 1086, 986, 772, and 650 mAh g−1 at 
current densities of 0.1, 0.2, 0.3, and 0.4 mA cm−2 (Figure 9c). 
The Li/LAGP interface was furtherly visualized by TOF-SIMS 
depth profiling and mapping on the cycled LAGP (Figure 9d–f). 
It was revealed that a solid-liquid electrolyte interphase (SLEI) 
layer containing F−, SO−, and C− was formed between LAGP 
solid electrolyte and liquid electrolyte during extensive cycling. 
This advanced cell configuration effectively suppressed the 
shuttle effect and Li dendrite growth and reduced the consump-
tion of liquid electrolytes.

3.3.5. LAGP/I2 Interface

The low-cost, environmentally friendly, and high-capacity (211 
mAh g−1) Li–I2 battery is another promising battery system for 

large-scale energy storage.[91] The sluggish one-step redox con-
version (I2  + 2e−  → 2I−) and poor solid–solid interfacial con-
tact are two main challenges in conventional solid-state Li–I2 
batteries.[92] Recently, LAGP has been used in Zhou’s research 
group[93] as a blocking layer to mitigate the shuttle effect of 
polyiodides in a solid-state Li–I2 battery. The Li-ion exchange 
observed in 2D NMR revealed a fast Li-ion conduction at the 
PEO/LAGP interface. It is also found that the LAGP blocking 
layer could localize the dissolution of polyiodides near the I2 
cathode, while the PEO dispersion layer facilitated the two-step 
redox reaction by I5

−/I3
− and I3

−/I− redox couples and Li-ion 
transport in all-solid-state Li-I2 batteries. This well-designed 
hybrid electrolyte enabled a long cycle life of over 9000 cycles 
with 84.1% capacity retention at 1C.

4. LAGP/Polymer/Salt Composite Solid 
Electrolytes
Polymer/ceramic composite solid electrolytes (CSEs) are 
gaining intense attention as CESs show not only good flexibility 
and intimate interfacial contact but also high ionic conductivity, 
mechanical strength, and electrochemical stability.[13b,97] Gen-
erally, LAGP-based CSEs are composed of polymer (e.g., PEO, 
PVDF, PVDF-HFP), LAGP, and Li salt (e.g., LiTFSI). Polyeth-
ylene oxide (PEO) is widely investigated as a polymer matrix 
mainly due to its good ability to solvate a wide variety of Li salts 
through the interaction between the ether oxygens in PEO and 
cations in Li salt.[97c] The addition of inorganic particles such 
as LAGP can form a Li+ pathway and simultaneously enhance 
the mechanical properties.[98] The preparation for CSE can be 
divided into blending/solution casting, cold/hot-pressing, ice-
plating, and 3D printing. Table  4 summarizes the thickness, 
ionic conductivities, and electrochemical stability of polymer/
LAGP composite electrolytes, and the cycling performance of 
solid-state full cells.

Blending, incorporating LAGP particles into a polymer 
matrix followed by a solution casting step, is the most common 
method for fabricating hybrid LAGP/polymer electrolytes.[68,99] 
Xu et al.[99a] incorporated glass-ceramic LAGP particles with a 
wide grain size of 1–30 µm into PEO matrix to prepare homo-
geneous CSEs with a 200 µm thickness. The ionic conductivity 
increased from 4.29 × 10−4 (PEO only) to 6.76 × 10−4 S cm−1 
(LAGP-PEO with the smallest grain size below 1 µm) at 60 °C. 
The enhanced ionic conductivity was due to the reduced crys-
tallization and weakened interactions between Li+ and PEO 
chains by the introduction of LAGP. With LAGP particle size 
increasing, the ionic conductivity of PEO-LAGP electrolyte grad-
ually decreased because smaller LAGP particles had a larger 
contact area with PEO polymer and more effectively suppressed 
PEO crystallization.[100] The incorporation of LAGP fillers also 
improved tensile strength owing to the plasticizer effect and 
extended electrochemical stability window to 5.1  V resulting 
from the suppression of PEO decomposition. The mechanical 
properties (ductility, elongation at break, tensile strength) are 
also affected by the inhomogeneity of particle distribution and 
particle size.[98] Song et al.[101] designed PPLS (PVDF-HFP/PEO/
LAGP/SIL) (SIL stands for solvate ionic liquid) solid electrolytes 
using organic PVDF-HFP to provide mechanical support. As 
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Figure 8.  a) All-solid-state Li/LAGP/S batteries with graphite and CPE layers, b) optical photos of LAGP drawn by graphite and coated by CPE, cross-
sectional SEM images of LAGP-CPE and LAGP-graphite, c) cycling performance of Li/LAGP/S cells with/without graphite and CPE layers at 0.1C, 
d) charge–discharge curves of Li–S batteries with modified LAGP, e) cycling performance of the soft package Li–S cells with modified LAGP, f) Li–S 
cell lights up the “SICCAS” LED lamps at the connected circuit and burning status, respectively. All Li–S batteries are tested at 60 °C. Reproduced with 
permission.[85c] Copyright 2019, Elsevier.
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Figure 9.  a) Schematic of semi-solid-state Li–S batteries. Reproduced with permission.[89] Copyright 2017, The Royal Society of Chemistry. b) Schematic 
illustration of the hybrid cell structure, where the PVDF-HFP/carbon/Li2S6 served as a gel cathode, LAGP as a solid electrolyte, Li metal as an anode, 
and 3 m LiCF3SO3 containing Li2S6-LiNO3 as an anolyte, c) charge–discharge curves at 0.1–0.4 mA cm−2, d) normalized TOF-SIMS depth profiles of a 
series of secondary ion fragments of interest collected at the surface of the cycled LAGP pellet in a negative mode, e) a 3D view of the element distribu-
tion in the TOF-SIMS sputtered volumes of cycled LAGP, f) TOF-SIMS chemical mapping collected after 50 and 5000 s Cs+ etching. Reproduced with 
permission.[90] Copyright 2018, Wiley-VCH GmbH.
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Table 4.  Performance summary of polymer/LAGP-based solid-state batteries.

Solid electrolyte Preparation 
method

Thickness 
[µm]

Ionic conductivity 
[25 °C, S cm−1]

Electrochemical 
stability  

window [V]

Interfacial stability 
against Li

Full cell configuration Capacity retention Ref.

PVDF-HFP/LAGP Electrospinning 
and dip-coating

85 3.18 × 10−3 5.3 1000 h at  
2 mA cm−2

Li‖PVDF-HFP/
LAGP‖NCM811

84.5% after 500 
cycles at 0.2C

[117]

LAGP/SN In situ thermal 
polymerization

— 1.17 × 10−3 (30 °C) 5.0 200 h at  
0.2 mA cm−2

Li‖PVDF-HFP/
LAGP‖NCM523

90.0% after 100 
cycles at 0.2C

[112]

LAGP@PVDF-HFP 
shell

Solution casting — — — 350 h at 0.2 mA Li‖LAGP@PVDF-
HFP‖Ru-CNT (Li-O2)

146 cycles at 
300 mA g−1

[118]

PVDF-HFP/LAGP/
EMITFSI

Solution casting 150 4.49 × 10−3 — — Li‖ PVDF-HFP/LAGP/
EMITFSI ‖LFP

151 mAh g−1 after 
50 cycles at 0.05C

[106]

LAGP@PEO Cold-pressing — 4.4 × 10−5 5.1 1500 h at  
0.05 mA cm−2 (50 °C)

Li‖ LAGP@PEO ‖LFP 92.0% after 100 
cycles at 0.1C 

(50 °C)

[107]

LAGP/PEO/PEGDA/
LiTFSI

Solution casting 70 3.6 × 10−6 — — — — [111]

ASHE/LAGP/CHSE In situ 
polymerization

320 2.75 × 10−3 — 700 h at  
0.1 mA cm−2

Li‖ ASHE/LAGP/CHSE 
‖LiMn2O4

80.3% after 120 
cycles at 0.1C

[82]

PH0.35PGI0.15LEL Solution casting 200 5.79 × 10−4 — 750 h at  
0.02–0.1 mA cm−2

Li‖ PH0.35PGI0.15LEL ‖LFP 135.2 mAh g−1 after 
100 cycles at 0.05C

[103]

PEO/LAGP/LiTFSI Solution casting 58–75 3.8 × 10−6 — — — — [98]

LAGP-LiTFSI Cold sintering 400 2.3 × 10−4 — 1800 h at  
0.1 mA cm−2

— — [52]

PEO/LAGP Solution casting 200 1.6 × 10−5 4.5 100 h at  
0.2 mA cm−2 at 60 °C

Li‖ PEO/LAGP ‖LFP 60 cycles at 0.1–2C 
at 80 °C

[108]

LAGP/PPC Solution casting 
and pressing

— 1.55 × 10−4 (55 °C) 4.6 100 h at 0.01–0.05 mA 
cm−2

Li‖ LAGP/PPC ‖LFP 92.3% after 100 
cycles at 0.05C at 

55 °C

[70]

LAGP-PEO Solution casting 100–200 1.67 × 10−4 4.5 400 h at 0.1–0.3 mA 
cm−2 at 60 °C

Li‖LAGP-PEO‖LFP 87.4% after 400 
cycles at 0.6C at 

60 °C

[110]

LAGP-PEO Solution casting 
and precycling

76 9 × 10−5 (50 °C) — 400 h at  
0.05 mA cm−2 at 50 °C

Li‖LAGP-PEO‖PEO-
LiTFSI‖LFP

96% after 200 
cycles at 0.1C at 

60 °C

[99c]

PBA-LAGP Solution casting — — 4.7 — Li‖PBA-LAGP ‖NCM622 100 cycles at 0.2C 
at 55 °C

[104]

LAGP-PVDF Solution casting 25 10−4 — 300 h at  
1 mA cm−2

Li‖ LAGP-PVDF(liquid 
electrolyte)‖Celgard  

2400 ‖S/C

72.1% after 100 
cycles at 0.5C

[119]

LAGP-PEO(LiTFSI) Solution casting 60 — — — Li(LiPON)‖ 
LAGP-PEO(LiTFSI)‖LFP

150 cycles at 0.2C 
at 50 °C

[68]

PVDF-HFP/LAGP/
ionic liquid

Solution casting — 9.6 × 10−4 4.8 400 h at  
0.2 mA cm−2

Li‖ PVDF-HFP/LAGP/ionic 
liquid ‖LFP

89.5% after 50 
cycles at 0.05C

[99b]

LAGP-PEO(LiTFSI) Solution casting — — 5.12 — Li‖PEO-LiTFSI‖ LAGP-PEO(L
iTFSI)‖LiMn0.8Fe0.2PO4

50 cycles at 0.1C 
at 50 °C

[79]

LAGP/SN/PEO-LiClO4 Solution casting 40–50 1.1 × 10−4 5 500 min at  
0.2 mAh cm−2  

at 55 °C

Li‖LAGP/SN/
PEO-LiClO4‖LFP

100 cycles at 0.2C [102]

PEO/LAGP Solution casting 200 6.76 × 10−4 (60 °C) 5.3 (60 °C) — Li‖ PEO/LAGP ‖LFP 90% after 50 
cycles at 1C at 

60°C

[99a]

LAGP/PVDF-HFP Solution casting 100 2.01 × 10−3 4.5 — Li‖ LAGP/PVDF-HFP  
(liquid electrolyte) ‖LFP

96% after 100 
cycles at 0.5C

[105]

PEO/PVDF-LAGP Solution casting 150 10.9 × 10−3 (30 °C) 5 — Li‖PEO/PVDF-LAGP  
(liquid electrolyte) ‖LFP

50 cycles at 0.1C [120]
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presented in Figure 10a, PEO, PVDF-HFP, and LAGP were first 
dispersed in DMF solvent and formed a uniform membrane by 
a solution casting method. Subsequently, the dried membrane 
was immersed in liquid LiFSI:TEGDME for plasticization. 
Figure  10b,c shows uniform morphology of PPLS electrolyte 
and high tensile strength (15.6  MPa), respectively. This PPLS 
electrolyte induced the formation of a LiF-rich SEI layer on Li 
metal to maintain a dendrite-free morphology, thus enabling an 

ultralong cycle life (800 h) of Li anode. Ding et al.[79] studied the 
effect of LAGP content on ionic conductivity and electrochem-
ical performance of LAGP-PEO electrolytes. The relationship 
of ionic conductivity with temperature for PEO did not follow 
a classical Arrhenius equation (Figure  10d) due to the coexist-
ence of crystalline and amorphous phases in PEO polymer. 
The ionic conductivity of LAGP-PEO was higher than that of 
PEO electrolyte due to faster Li-ion conduction along the LAGP 

Figure 10.  a) Schematic of the fabrication process of the PPLS (PVDF-HFP/PEO/LAGP/SIL) solid-state electrolyte by solution casting, b) SEM image, 
c) stress–strain curve of the PPLS electrolyte. Reproduced with permission.[101] Copyright 2019, Elsevier. d) Arrhenius plots of LAGP pellet and LAGP/
PEO composite electrolytes and Li+ transport pathways in LAGP/PEO electrolyte. Reproduced with permission.[79] Copyright 2017, American Chemical 
Society. e) ASSLB cell configuration with a LAGP/PEO composite electrolyte by cold-pressing, f) SEM image of LAGP/PEO composite electrolyte, and 
g) Li+ transport pathways. Reproduced with permission.[99c] Copyright 2018, American Chemical Society.
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crystal phase. With LAGP content decreasing, LAGP-PEO com-
posite electrolytes transitioned from “polymer-in-ceramic” to 
“ceramic-in-salt.”

Kim’s group[102] added a small amount of high-polarity suc-
cinonitrile (SN) in PEO-LAGP-LiClO4 electrolyte to increase 
the ionic conductivity due to improved Li salt dissolution and 
decreased crystallinity of PEO by SN. Guo et al.[103] reported a 
chelating copolymer/LAGP composite electrolyte with LAGP 
particles coated by a uniform gel polymer layer. This gel 
polymer layer was synthesized by free radical copolymerization 
of PVDF (with double bonds) and glyceryl methacrylate (GMA) 
and then the ring-opening reaction between PVDF-GMA and 
iminodiacetic acid (IDA). The gel polymer interlayer ensured a 
soft contact between Li metal and LAGP particles and adapted 
the volume change during Li plating/stripping, thus leading to 
a smaller interface impedance and longer lifetime. Kim et al.[104] 
employed poly(1,4-butylene adipate) (PBA) to fabricate a PBA-
LAGP-LiClO4 composite electrolyte due to the higher oxidative 
stability of ester groups in PBA than ether groups in PEO. Ding 
et al.[105] prepared a PVDF-HFP-based gel polymer electrolyte 
showing a wide electrochemical stability window to 5  V. Gos-
wami et al.[106] added ionic liquid 1-ethyl-3-methylimidazolium 
bis-(trifluoromethylsulfonyl)-imide (EMITFSI) to facilitate Li+ 
migration in PVDF-HFP/LAGP/LiTFSI composite electrolytes.

However, the agglomeration of ceramic LAGP is hard to 
completely avoid when preparing composite electrolytes by 
casting. Using toxic organic solvents (e.g., tetrahydrofuran, 
dimethylformamide, or acetonitrile) also raises a safety risk. 
Cold-pressing is a solvent-free approach to obtain composite 
electrolytes with well-dispersed LAGP in a polymer matrix.[107] 
Ci et al.[99c] prepared concrete structured LAGP/PEO with a 
thickness of 76  µm by cold pressing (Figure  10e). The LAGP/
PEO had a dense morphology with LAGP particles closely 
stacked (Figure 10f) to form continuous Li+ migration pathways 
(Figure 10g), whereas PEO served as a binder to bridge LAGP 
particles and assist Li+ conduction. To stabilize Li metal anode, 
ex situ LiF-Li3N-rich SEI layer was generated by precycling the 
Li anode in an advanced electrolyte of Li bis-trifluorometh-
anesulfonimide (LiTFSI, 1.0  m)-LiNO3 (1.0 wt%)-1,3-dioxolane 
(DOL)/1,2-dimethoxyethane (DME)/ fluoroethylene carbonate 
(FEC) (9:9:2, volume ratio). Ci et al.[107] found that LAGP@PEO 
by cold-pressing showed nearly one order of magnitude higher 
ionic conductivity than that by solution casting due to the more 
uniform distribution of LAGP in the PEO matrix. Gerbaldi et 
al.[108] hot-pressed solid mixture of PEO, LAGP, and LiTFSI at 
80 °C in a dry room to obtain homogeneous, self-standing, and 
robust composite electrolytes. However, the interface stability 
between PEO-LAGP-LiTFSI and Li metal remains to be solved.

In addition to randomly dispersed polymer/LAGP compos-
ites, vertically aligned nanoparticles have been synthesized 
by ice-plating and filled by polymer chain and Li salt to form 
composite electrolytes.[109] Yang et al.[110] fabricated a LAGP/
PEO composite electrolyte with vertically aligned LAGP walls 
providing continuous Li+ transport channels. As illustrated in 
Figure  11a, ice-templated starting suspension was frozen to 
induce ice crystal growth and generate vertical LAGP walls. 
After removing ice by vacuum drying, a porous structure was 
obtained, followed by a sintering treatment at 800  °C. Finally, 
the PEO polymer was filled into the porous skeleton to obtain 

the PEO/LAGP composite with vertically aligned LAGP walls. 
Figure  11b shows well-defined vertically aligned LAGP walls 
spaced 10–20  µm from each other after ice templating, and 
the LAGP particles were closer after high-temperature sin-
tering. The introduction of PEO built a bridge to connect LAGP 
nanoparticles. More importantly, the ice-templated PEO/LAGP 
had much smaller resistance and higher ionic conductivity 
(1.67 × 10−4 S cm−1) than randomly dispersed PEO/LAGP com-
posite (1.92 × 10−5 S cm−1) (Figure  11c). The lower activation 
energy (0.45 eV) of ice-templated PEO/LAGP (Figure 11d) than 
that of randomly dispersed composite (0.68 eV) indicated that 
the LAGP phase played a dominant role in Li-ion conduction. 
Liu et al.[111] prepared Z-direction (out-of-plane) aligned LAGP 
within cross-linked PEO/PEGDA/LiTFSI driven by a contact-
less electric field. The aligned nanoparticles were harvested 
into a polymer chain and separated by a thin polymer layer. 
This thin interface layer offers an efficient pathway for Li ion 
transport, thus significantly promoting the ionic conductivity 
of the composite electrolyte. Wen et al.[112] added ethoxylated 
trimethylolpropane triacrylate (ETPTA) monomers to fabricate 
LAGP/SN composites by in situ thermal polymerization. In the 
LAGP/SN electrolyte, SN polymer was embedded in a vertically 
aligned LAGP scaffold, and LAGP particles were tightly bonded 
to form continuous Li-ion transport pathways. Therefore, the 
LAGP/SN showed a remarkable ionic conductivity (1.17 × 10−3 
S cm−1 at 30 °C), superior Li+ transference number (0.77), and 
widened electrochemical window (0–5.0 V vs. Li+/Li). Moreover, 
a durable solid-state Li-NCM523 battery with LAGP/SN hybrid 
electrolyte was achieved, delivering a specific capacity of 153.8 
mAh g−1 after 100 cycles at 0.2 C, corresponding to a capacity 
retention of 90.0%.

Bruce’s group[113] constructed ordered 3D LAGP scaffolds 
using a 3D printed polymer template and filled the empty chan-
nels with epoxy polymer to create LAGP-epoxy hybrid electro-
lytes (Figure  11e). After undergoing Li plating/stripping, the 
cycled LAGP pellet was split into several fragments, whereas 
the structured LAGP-epoxy electrolytes remained in one 
piece (Figure  11f). From cross-sectional SEM images, a vis-
ible detachment of the interphase layer (20–40  µm) from the 
bulk LAGP phase was observed for the LAGP pellets. In com-
parison, the structured LAGP-epoxy electrolyte displayed only 
minor cracks between the bulk electrolyte and interphase layer. 
When assembled in a symmetrical Li cell, the LAGP-epoxy 
electrolyte showed more stable voltage polarization at both 0.7 
and 1 mA cm−2 (Figure 11g). However, the overpotential of the 
LAGP pellet rapidly reached the limiting voltage of 12  V after 
30 cycles. Stress-strain curves from the four-point bending test 
suggest that the LAGP-epoxy electrolyte had both characteris-
tics of brittle LAGP ceramic and elastic epoxy polymer, as seen 
in two stress-increasing stages. The epoxy phase maintained 
superior integrity and made the sample less susceptible to frac-
ture than the ceramic pellet. Therefore, the 3D LAGP-epoxy 
hybrid solid electrolyte possessed good ionic conductivity and 
electrochemical stability toward the Li anode, while the overall 
integrity was significantly strengthened. It should be noted 
that there is still a long way for the practical application of 3D 
printing in solid-state batteries due to several challenges. First, 
3D printing has special requirements for printing inks, but 
the available printing ink materials in solid-state batteries are 
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Figure 11.  a) Schematic of preparation process of LAGP/PEO composite electrolyte by an ice-templating method, b) top view and cross-sectional view of 
ice-templated LAGP before/after sintering and combining with polymer, c) Nyquist plots of ice-templated and randomly dispersed LAGP/PEO composite 
electrolyte. d) Arrhenius plots of LAGP pellet, ice-templated LAGP/PEO, randomly dispersed LAGP/PEO and polymer electrolytes. Reproduced with per-
mission.[110] Copyright 2019, Elsevier. e) Schematic of LAGP-epoxy electrolyte by 3D printing and corresponding SEM images, f) post-cycling photos and 
SEM images of the LAGP pellet and gyroid LAGP-epoxy electrolyte cycled at 1 mA cm−2 for 0.5 h per charge and discharge for a total of 20 cycles, g) cycling 
performance of LAGP pellet and gyroid LAGP-epoxy electrolytes. Reproduced with permission.[113] Copyright 2018, The Royal Society of Chemistry.
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yet to be explored more.[114] Second, the post-processing pro-
cedures (e.g., carbonization) for hierarchical pores generation 
by 3D printing are indispensable but time-consuming, which 
is unfavorable for low-cost manufacturing of 3D printing tech-
nology.[115] Additionally, there is still a lack of fundamental 
investigation about the compatibility of printing ink with high-
voltage cathodes or high-capacity cathodes in different bat-
tery systems.[116] Thus, replacing conventional solid electrolyte 
manufacturing with the 3D printing technique is challenging. 
However, owing to the unique advantage of the arbitrary design 
of 3D printing, it is worth exploring more advanced 3D printing 
technologies for customized materials in battery prototyping.

5. Conclusions and Outlook

NASICON-type LAGP is a promising solid electrolyte for all-
solid-state lithium-ion or beyond Li-ion batteries due to its 
excellent stability in air and water and good ionic conductivity. 
However, the further development of LAGP is challenged by 
the low grain boundary ionic conductivity, poor interfacial com-
patibility against Li anode or high-voltage cathode, and large 
thickness prepared by high-temperature sintering. In view of 
these points, this review summarizes the research progress and 
advances in the synthesis method, structure modification, and 
interface design for addressing the Li/LAGP instability issue 
caused by the reduction reaction of Ge4+. The development of 
LAGP-based solid-state batteries can be accelerated by moving 
forward in the following aspects.

1)	 Thin LAGP solid electrolyte films: To compete with liquid-
based LIBs, solid electrolytes should have a thickness of 
≈20 µm[4a] to achieve high energy density. The conventional 
pressing and post-sintering method for LAGP synthesis re-
quires high-temperature treatment, increases cost input, and 
tends to form thick pellets. These large pellets increase in-
ternal resistance for Li-ion conduction and eventually drag 
down the cell-level energy density. On the other hand, thin 
films are prone to be penetrated by Li dendrites, thus causing 
an internal short circuit and even safety hazards. It is urgent 
to develop effective strategies for the preparation of flexible, 
robust, and thin LAGP solid electrolytes for the commer-
cialization of solid-state batteries. Tape casting, hot pressing, 
employing polymer or inorganic scaffold, and emerging 3D 
printing have been reported to achieve LAGP thin films in 
lab research. The application of these approaches can be ex-
tended toward mass production for the commercialization of 
solid-state batteries.

2)	 Polymer-LAGP composite solid electrolytes: Polymer-LAGP 
composite solid electrolytes (CSE) are an effective strategy 
to combine the advantageous features of both polymer and 
LAGP. The priority in the following years is to fabricate a 
cost-effective, easily processible, and robust composite solid 
electrolyte in order to realize the transition from lab scale to 
commercialization. The CSE thin film should possess excel-
lent ionic conductivity at room temperature, wide electro-
chemical window, and good mechanical strength to resist 
Li dendrites’ attack. The study of improving the interfacial 
stability of CSE toward anode/cathode also deserves more 

attention and efforts in the future. Specifically, self-healing 
solid electrolytes or functional layers would be promising in 
future studies due to their flexibility to accommodate inter-
nal/external mechanical change and temperature fluctua-
tion. The reported temperature and stress-resistant solid elec-
trolytes addressed the ionic conductivity loss issue caused by 
the phase separation that often occurs in traditional compos-
ite electrolyte systems.[121] The fast self-healing capacity and 
environmental adaptability of self-healing electrolytes also 
stand out in full cell’ post-damage capacity recovery under 
stress or temperature deterioration. More efforts are needed 
to realize durable and high-energy-density solid-state batter-
ies even under harsh conditions.

3)	 Interface design of LAGP-based solid electrolytes toward Li 
anode and high-voltage cathodes: The local chemical poten-
tial difference at the cathode-solid electrolyte interface should 
be reduced to decrease the effect of space-charge layers on 
Li-ion transport. Rational solid-state cell configuration design 
requires more studies, for example, introducing an ultrathin 
buffer layer, or LAGP/electrode integration structure, to re-
solve the interfacial incompatibility between LAGP and Li 
anode. Developing effective strategies to ensure intimate con-
tact between LAGP and high-loading cathodes is critical in 
promoting Li-ion conduction and reducing internal electron 
transfer resistance. The electrochemical stability of solid elec-
trolytes toward high-voltage cathodes such as NCM requires 
more effort for high-energy-density ASSLB.

4)	 Mechanism understanding of LAGP-based solid-solid inter-
faces: To explore the potential electrochemical reaction, kinet-
ics, and stress change at the solid-solid interface, advanced 
operando diagnostics are required to reveal the interface 
chemistry in solid-state batteries, including in situ X-ray dif-
fraction, X-ray photoelectron spectroscopy, nuclear magnetic 
resonance NMR, electron energy loss spectroscopy, synchro-
tron radiation, and neutron scattering techniques. In-situ 
high-resolution transmission electron microscopy is benefi-
cial for observing the dynamic growth of Li dendrites, and 
the formation of the interphase between anode/cathode and 
LAGP-based solid electrolytes. Additionally, the integration of 
theoretical simulations and experimental work will facilitate 
the in-depth analysis of interfaces in solid-state batteries.

5)	 Demonstration at pouch cells: Most previous electrochemical 
testing and cell evaluation for solid-state batteries are based 
on coin cell data. It is necessary to establish standard pouch 
cell assembly and testing protocol for a realistic assessment 
and move forward from lab research to industrial mass pro-
duction. Extensive efforts are required to solve the potential 
scientific and technical problems in pouch cells and realize 
superior energy density at the pouch cell level compared to 
liquid electrolyte-based LIBs.

6)	 Battery manufacturing: The manufacturing scalability of 
solid electrolyte materials should be carefully considered for 
LAGP-based solid-state batteries. Specifically, the overall cost 
of LAGP-based SEs highly depends on the availability of raw 
materials, scaling capacity, and manufacturing processes 
(e.g., heating, pressing). Compared to the titanium, lantha-
num, and zirconium-based oxide compounds LATP, LLZO, 
and LLTO, LAGP have much higher metal value. One pos-
sible solution is to decrease the consumption of Ge in solid 
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electrolytes (e.g., by partial substitution). On the other hand, 
price volatility is an essential factor for materials cost evalua-
tion. Ge is produced as a by-product of coal ash and Zn, and 
its price might be impacted by the supply chain and Ge recy-
cling technology.[122]

7)	 Safety improvement of LAGP-based solid-state batteries: Li’s 
research group[123] has studied the serious thermal runaway 
of LAGP against metallic Li at around 300 °C. The accelerat-
ing rate calorimeter result and thermodynamic analysis re-
veal that oxygen generation caused by the heat release and 
the decomposition of LAGP at the Li/LAGP interface is the 
origin of thermal runaway. Hence, the applied temperature 
of solid-state batteries should be carefully chosen and moni-
tored to ensure the safe operation of battery cycling. It is nec-
essary to employ effective strategies to stabilize the Li/LAGP 
interface and enhance battery safety. Introducing a physical 
barrier between Li metal and LAGP has been proven feasi-
ble in preventing the direct contact of LAGP with Li anode. 
The rational interface design of solid-state batteries should 
be considered in further developing LAGP-based solid-state 
batteries for practical applications.
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