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A B S T R A C T   

Garnet particles are usually introduced into polymer matrices as fillers to fabricate polymer/garnet composite 
electrolytes (PGEs), which can not only improve the ionic conductivity but also enhance the mechanical strength 
to suppress Li dendrites. However, the surface Li2CO3 contamination of garnet particles through air exposure has 
long been overlooked when fabricating the PGEs. Considering the ultralow ionic conductivity and low oxidation 
voltage of Li2CO3, the effects of Li2CO3 should be taken into consideration. Herein, the PGEs with Li2CO3-con-
taining and Li2CO3-free garnet particles are fabricated from “garnet-in-polymer” (GIP) to “polymer-in-garnet” 
(PIG) electrolyte compositions. The results indicate that Liþ can be transported faster along the polymer/garnet 
interface in the Li2CO3-free GIP electrolytes, while Liþ migration through the garnet bulk can be improved in the 
Li2CO3-free PIG electrolytes. The Lewis acid-base interactions between garnet and polymer are enhanced due to 
the Li2CO3 removal, thus increasing the Liþ transference number. Furthermore, cathode-supported solid-state 
batteries with vertically aligned LiFePO4 cathodes and Li2CO3-free PIG electrolytes are constructed, which show 
excellent rate and cycle performance. This work provides new insights into PGEs and the effects of Li2CO3, which 
can guide the improved design of PGEs for dendrite-free solid garnet batteries.   

1. Introduction 

The Nobel prize in chemistry 2019 was awarded jointly to three 
scientists for the development of lithium-ion batteries (LiBs) [1]. Thanks 
to the wide application of LiBs in portable electronics and electric ve-
hicles, LiBs have become the ubiquitous choice for energy storage 
technology [2,3]. With current limitations, higher energy density and 
improved safety are required. Solid-state batteries (SSBs) consisting of Li 
metal anodes, solid-state electrolytes (SSEs) and high-voltage cathodes 
are one of the most promising candidates, which can provide higher 
energy density than traditional liquid-based LiBs [4]. Furthermore, the 
use of SSEs to substitute the flammable organic electrolytes can further 
enhance the safety of working batteries. 

As one of the key components, various SSEs have been researched for 
decades, such as sulfide-type, NASICON-type, and garnet-type materials 

[5–7]. Among them, garnet SSEs have received much attention because 
of their excellent ionic conductivities at ambient temperature and high 
chemical/electrochemical stability against Li metal anodes [8,9]. Solid 
garnet electrolytes generally have two categories. One is the garnet 
ceramic electrolytes (GCEs), which are fabricated by calcinating the 
garnet powders at a high temperature. The other is the polymer/garnet 
hybrid electrolytes (PGEs), where garnet powders are well distributed 
into various polymer matrices to fabricate flexible membranes [10–12]. 
Each of them shows characteristic advantages and drawbacks. GCEs 
generally stand out for the excellent ionic conductivities (>10� 3 S cm� 1 

at 25 �C) and large electrochemical windows (>5 V) [13]. However, 
their mechanical brittleness and stiffness not only bring interfacial issues 
with electrode materials but also cause extra difficulties in cell assembly 
[14,15]. In comparison, PGEs show good flexibility to ensure enhanced 
interfacial contact with the electrodes. Particularly, PGEs with 
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hierarchical “garnet-in-polymer” (GIP) and “polymer-in-garnet” (PIG) 
structures can both achieve low interfacial resistances and Li dendrite 
suppression [16]. However, most PGEs are limited by insufficient ionic 
conductivities (<10� 4 S cm� 1 at 25 �C) that need an elevated temper-
ature for working batteries [17,18]. Nonetheless, GCEs and PGEs are a 
good fit for different applications with various functions according to 
their pros and cons. PGEs are promising in flexible electronics and 
electric vehicles, while GCEs are suitable for portable electronics [8]. 

Although mass production of garnet SSEs in the ambient air is 
feasible, the garnets can react with CO2 and H2O in the air, leading to the 
Li2CO3 passivation layer formed on the garnet surface [19,20]. The ef-
fects of surface Li2CO3 on garnet SSEs have been long overlooked until it 
was found that the high interfacial resistance of GCEs with Li metal 
could be attributed to the Li2CO3 passivation layer, instead of an 
intrinsic lithiophobicity of the garnet surface. Asma Sharaf et al. first 
studied the relationships between interfacial contact and different sur-
face chemistries [21]. The contact angles of Li2CO3 and Li was as large as 
142� calculated by density functional theory, showing a poor wetta-
bility. Conversely, the contact angle between Li2CO3-free GCEs and Li is 
62�, which can lead to excellent interfacial contact. The surface Li2CO3 
is considered as one of main reasons behind the Li dendrite growth at the 
interface [9,22]. Various approaches have been proposed to suppress the 
Li2CO3 formation or remove Li2CO3 after air exposure, including 
component doping [23], polishing in an inert atmosphere [21,22], and 
rapid acid treatment [24]. The Li2CO3-free GCEs show decreased 
interfacial resistance from 940 to 26 Ω cm2 and over 700 h cycling under 
0.2 mA cm� 2 at room temperature [24]. 

Although many studies report the effects of Li2CO3 on GCEs from the 
ionic conductivity to interfacial contact, little work has addressed the 
effects of Li2CO3 on PGEs when garnet particles are introduced into 
various polymer matrices as fillers, such as poly(propylene carbonate) 
(PPC) [25], Poly(ethylene oxide) (PEO) [26], and Poly(vinylidene 
fluoride) (PVDF) [27,28]. In fact, garnet particles are more air-sensitive 
to form Li2CO3 impurity layers due to their much higher specific surface 
area than the GCEs [29]. As Li2CO3 exhibits the ultralow ionic con-
ductivity of ~10� 8 S cm� 1 even at 200 �C [30], the Li2CO3 formed at the 
grain boundary can greatly decrease the overall ionic conductivities of 
GCEs by orders of magnitude [31]. Therefore, it is highly expected that 
the ionic conductivity of PGEs can be improved to some extent if the 
Li2CO3 is removed from the surface of garnet particles. In addition, it is 
generally acknowledged that the Liþ migration occurs along the poly-
mer/garnet interfaces at the percolation threshold [25,26]. How the 
poorly conductive Li2CO3 affects the Liþ transport pathway in PGEs is a 
pending question, especially in the context of varying garnet content. 
Therefore, it is worthwhile to revisit the electrochemical properties of 
PGEs, which should consider the effects of Li2CO3. 

Herein, the effects of Li2CO3 on PGEs are systematically investigated 
based on PEO/Li6.4La3Zr1.4Ta0.6O12 (LLZTO) from “GIP” to “PIG” 
structure. The Li2CO3 formation and removal on the surface of LLZTO 
are achieved by air exposure for 1 week and subsequent high- 
temperature treatment at 600 �C. Previously, we proposed the rapid 
acid treatment to remove the Li2CO3 contaminant on the surface of 
LLZTO ceramic pellets. However, this approach is not suitable for the 
LLZTO particles due to the large specific surface area of garnet powders. 
The post-treatment of filtration and drying could lead to the Li2CO3 
formation again after acid treatment. The interfacial resistance between 
Li2CO3-free LLZTO pellets and PEO is dramatically decreased from 93.1 
to 8.9 Ω at 25 �C, indicating an enhanced Liþ transport ability at PEO/ 
LLZTO interface after Li2CO3 removal. The Li2CO3-free PGEs from “GIP” 
to “PIG” show improved properties compared with Li2CO3-containing 
PGEs, in terms of the ionic conductivity, electrochemical window, and 
Liþ transference number (tþ). In addition, the PIG electrolytes with high 
mechanical strength are chosen for further comparison of Li dendrite 
suppression. The results show that the Li2CO3-free PIG electrolytes 
(PIG@LCO-free) can operate a longer time with a dendrite-free 
morphology than Li2CO3-containing PIG electrolytes (PIG@LCO) at 

0.2 mA cm� 2 (0.2 mAh cm� 2). The cathode-supported SSBs with a 
vertical aligned LiFePO4 (LFP) cathode and PIG@LCO-free electrolyte 
also exhibit excellent rate and cycle performance. 

2. Experimental section 

2.1. Materials preparation 

PEO (Mw ¼ 1 � 106 g mol� 1, Sigma) was dried at 60 �C overnight 
under vacuum prior to the electrolyte fabrication. Li6.4La3Zr1.4Ta0.6O12 
(LLZTO) ceramic powders and LLZTO ceramic pellets were prepared by 
the conventional solid-state reaction as described in our previous paper 
[32]. Lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) (99.95%, 
sigma-Aldrich), anhydrous acetonitrile (ACN, Sigma-Aldrich), Poly-
vinylidene Fluoride (PVDF, Aladdin), super-P conductive additives (SP, 
Timcal), LiFePO4 (LFP), and deionized water (H2O) were used as 
received. 

2.2. Fabrication of LLZTO-air and LLZTO-HT 

The LLZTO particles and ceramic pellets were exposed to air at room 
temperature for 1 month, which can react with H2O and CO2 to form 
Li2CO3 on the surface. The LLZTO-HT was obtained by high-temperature 
treatment, which was conducted by placing the samples in an Al2O3 boat 
and heating to 600 �C for 3 h in a muffle furnace. The atmosphere was Ar 
gas and heating and cooling rate was 10 �C min� 1. 

2.3. Fabrication of the composite electrolytes containing LLZTO and PEO 

LLZTO-air (or LLZTO-HT) particles with concentrations ranging from 
20 to 80 wt% were added into ACN (25 mL) and dispersed by sonication 
to improve the dispersion. After that, PEO and LiTFSI (EO/Liþ ¼ 10:1 by 
mol) were added into the solution and stirred continuously for 8 h. Then, 
the homogenized colloidal solution was cast onto a glass plate with 
controlled thickness. The ACN solvent was evaporated in a vacuum oven 
at 60 �C for 12 h. All procedures that are sensitive to moisture or oxygen 
were carried out in an Ar-filled glovebox (M-Braun, Germany) with H2O 
and O2 levels below 0.1 ppm. In addition, pure PEO(LiTFSI) membranes 
were also fabricated for comparison using the same procedure without 
LLZTO particles. 

2.4. Characterizations 

The X-ray diffraction (XRD) was performed on the Bruker D2 Phaser 
with Cu Kα radiation (λ ¼ 1.5406 Å) with 2θ range of 10–80� and 
collected with a step-width of 0.02� at 20 �C to characterize the crys-
talline structure of ingredients and synthesized membranes. The scan-
ning electron microscope (SEM, S4800) was employed to determine the 
morphologies of the surface and cross-section of all samples. The cross- 
sectional samples were obtained by liquid nitrogen quenching. All the 
samples for SEM were coated with a thin layer of gold via sputtering. 
Thermogravimetric Analysis was carried out from room temperature to 
600 �C. 

2.5. Electrochemical measurements and cell assembly 

The ionic conductivity of the SPEs was measured by the NOVO-
CONTROL spectrometer. The measurements were carried out in the 
frequency range from 0.01 Hz to 7 MHz. The stainless steel (SS) elec-
trodes sandwiched the SPE to construct block/SPE/block cells. The ionic 
conductivity σ was calculated based on the following equation:  

σ ¼ t/RA                                                                                        (1) 

where t represents the thickness of the electrolyte membrane, R is the 
bulk resistance of electrolytes, and A refers to the contact area between 
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electrolytes and electrodes. 
The Liþ transference number (tþ) was tested in a Li/SPE/Li cell 

(Autolab PGSTAT 302 N system). The symmetric battery was polarized 
with a DC voltage of 10 mV. The AC impedance spectroscopy mea-
surements before and after the polarization process were obtained. tþ
was calculated according to the following equation: 

tþ ¼
Iðt¼∞ÞðΔV � Iðt¼0ÞRðt¼0Þ Þ

Iðt¼0ÞðΔV � Iðt¼∞ÞRðt¼∞ÞÞ
(2)  

where ΔV is the applied DC polarization voltage (10 mV), I(t¼0) and 
R(t¼0) are the initial current and resistance value, respectively. I(t¼∞) and 
R(t¼∞) are the steady state current and resistance value after polarization 
for 3600 s, respectively. 

The electrochemical window was examined by linear sweep vol-
tammetry (LSV) of SS/electrolyte/Li cells at 25 �C, which was conducted 
from 2 to 6V at a scan rate of 10 mVs� 1 by Arbin BT-2000. 

The vertically aligned LFP electrodes were fabricated by blade 
casting. Typically, the LFP powder, SP and PEO/LITFSI (EO/Li ¼ 10/1) 
was dissolved in the mixture of ACN and H2O (v/v ¼ 1/9) with a weight 
ratio of 8:1:1 to form a slurry and then coated onto Al foil. After that, the 
Al foil coated with slurry was freeze-dried at � 50 �C overnight. The Li 
metal foil with a thickness of approximately 50 μm was used as the 
anodes. The 2032-type coin cells were assembled in a LFP/SCE/Li 
configuration. The cells were galvanostatically charged and discharged 
between 2.8–3.8 V vs. Li/Liþ under various current densities. 

3. Results and discussion 

Firstly, the effects of Li2CO3 on Liþ migration at the PEO/LLZTO 
interface were investigated based on GCEs and PEO(LiTFSI) layers. 
LLZTO pellets were fabricated by hot-pressing sintering, which exhibi-
ted high ionic conductivity (1.1 � 10� 3 S cm� 1 at 25 �C) and high 
density (>99%) (Fig. S1) [33]. As shown in Fig. 1a, the as-obtained 
garnet pellets were aged in air for 1 week. The aged LLZTO pellets are 

abbreviated as LLZTO-air. During the air exposure, the LLZTO can react 
with H2O in air, forming LiOH due to Liþ/Hþ proton exchange (equation 
(3)) [21,34,35].  

Li6.4La3Zr1.4Ta0.6O12 (s) þ x H2O (g) → Li6.4-xHxLa3Zr1.4Ta0.6O12 (s) þ x 
LiOH (s)                                                                                        (3) 

Subsequently, LiOH reacts with CO2 to form the Li2CO3 contaminant 
on the surface of LLZTO pellets (equation (4)) [36].  

LiOH (s) þ 1/2 CO2 (g) → 1/2 Li2CO3 (s) þ 1/2 H2O (g)                      (4) 

X-ray diffraction (XRD) was applied to investigate the Li2CO3 
removal by high-temperature treatment at 600 �C. These treated garnet 
pellets are abbreviated as LLZTO-HT. As shown in Fig. 1b, the small 
Li2CO3 peak located at 23� disappears after high-temperature treatment 
[19]. All other diffraction peaks are consistent with the standard pattern 
of cubic garnet LLZO (PDF#45–0109), indicating excellent thermal 
stability of LLZTO at 600 �C. 

Raman spectroscopy was applied to further identify the Li-containing 
phases considering a low X-ray scattering factor for Li. Fig. 1c compares 
the Raman spectra of LLZTO-HT with LLZTO-air pellets. The charac-
teristic peaks at 243, 375, 645, and 728 cm� 1 can be ascribed to the 
cubic LLZTO phase, and the first two peaks correspond to the Li–O 
bonding in the LLZTO structure [24]. The peaks in the LLZTO-air and 
LLZTO match well with the typical peaks of the cubic LLZTO, indicating 
no impurity phase formation after high-temperature treatment. The vi-
bration of CO3

2� are observed in LLZTO-air at the intense peaks of 158 
and 1090 cm� 1, while the peaks of Li2CO3 are no longer present after 
high-temperature treatment [36]. 

To study the Liþ interfacial kinetics related to the Li2CO3 impurity 
layer, a trilaminar cell configuration was designed, where a 1 μm-thick 
PEO(LiTFSI) layer was coated on LLZTO pellets and an Au layer was 
subsequently sputtered as a current collector (Fig. 1d) [37]. Electro-
chemical impedance spectroscopy (EIS) was utilized to compare the 
interfacial resistances (Rinterface) influenced by the Li2CO3. The 

Fig. 1. a) Schematic illustration of Li2CO3 formation in air and removal at high-temperature treatment. b) XRD patterns, and c) Raman spectra of LLZTO-air and 
LLZTO-HT pellets. d) SEM image of interfacial construction for Liþ transport study at the interface. e) EIS spectra, and f) schematic illustration of enhanced Liþ

transport at the interface by removing the Li2CO3 layer. 
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equivalent circuit is shown in Fig. S9a. The total impedance consists of 
the resistances from the LLZTO bulk, PEO(LiTFSI) bulk, and the in-
terfaces. As the impedance plots shown in Fig. 1e, the initial point of the 
spectra corresponds to the resistance of LLZTO bulk. The resistance of 
PEO(LiTFSI) bulk is calculated according to the ionic conductivity of 3.4 
� 10� 6 S cm� 1 for PEO(LiTFSI) (Fig. S2). The Rinterface between PEO 
(LiTFSI) and LLZTO-air is 91.3 Ω, while the Rinterface between PEO 
(LiTFSI) and LLZTO-HT is 8.9 Ω. The dramatically decreased Rinterface 
indicates a faster Liþmigration across the interface due to the removal of 
Li2CO3 by high-temperature treatment (Fig. 1f). 

The LLZTO particles for PGEs were fabricated by solid-state sinter-
ing. The diameter of LLZTO particles is approximately 5 μm and the 
thickness of the Li2CO3 layer is ~40 nm after air exposure of 1 week 
(Figs. 2a and S3). The content of surface Li2CO3 is ~2.7 wt% according 
to the TGA curve (Fig. S4). As XRD patterns shown in Fig. S5, the in-
tensity of the Li2CO3 peak at approximately 23� in LLZTO-air particles is 
greatly decreased after the high-temperature treatment at 600 �C. It 
should be noted that the high-temperature treatment at 600 �C maybe 
not totally remove the Li2CO3 on the surface of LLZTO particles. The 
decomposition of Li2CO3 is over 750 �C, which was reported in previous 
studies [38]. We also tried to totally decompose the Li2CO3 contaminant 
at a higher temperature of 750 �C. However, the XRD pattern in Fig. S6 
shows that the impurity phase of La2Zr2O7 is generated due to the Li loss 
at 750 �C. In addition, the peaks of the cubic garnet phase are split due to 
the transition from the cubic phase to the tetragonal phase. Therefore, a 
relatively low temperature is more proper considering an intact cubic 
LLZO phase after high-temperature treatment. Raman mappings in a 30 
� 30 μm2 area were carried out on LLZTO-air and LLZTO-HT samples 
(Fig. 2b). The color corresponds to the intensity integral of the CO3

2�

characteristic peak located at 1090 cm� 1. The LLZTO-air exhibits strong 
Raman signals of CO3

2� , while the Li2CO3-free morphology is obtained 
on the surface of LLZTO-HT, which is consistent with the XRD results. 

Compared with the Liþ migration through the interface between a 
GCE and a thin PEO layer, the Liþ migration in PGEs is much more 

complicated due to the interactions between LLZTO particles and the 
PEO polymer matrix, such as decreased PEO crystallinity through the 
addition of LLZTO fillers and the Lewis acid-base effect between the Li 
salt and LLZTO [39]. To investigate the effects of Li2CO3 on the PGEs, 
PEO/LLZTO electrolytes with various contents (20, 50, and 80 wt%) of 
LLZTO-air and LLZTO-HT particles were fabricated by blade casting 
method, respectively. As shown in Fig. 2c–f, the PGEs with 20 wt% 
garnet particles (either LLZTO-air or LLZTO-HT) show typical “GIP” 
characteristics, where a small fraction of LLZTO powders are uniformly 
distributed in the PEO matrix. These two “GIP” electrolytes are denoted 
as GIP@LCO and GIP@LCO-free, respectively. When the concentration 
of LLZTO is increased to 80 wt%, the PEO polymer is observed to fill the 
gaps between garnet particles because of the LLZTO particles as the 
majority in the electrolyte (Fig. 2e–h). These two “PIG” electrolytes are 
abbreviated as PIG@LCO and PIG@LCO-free, respectively. The com-
posite electrolytes with 50 wt% garnet powders are in the transition 
between “GIP” and “PIG”, rendering an intermediate state (Fig. 2d–g). 
The thicknesses of all PEO/LLZTO electrolytes are approximately 100 
μm. 

Ionic conductivities were tested by EIS at 25 �C (Fig. S2). The 
equivalent circuit is shown in Fig. S9b. As shown in Fig. 3a, the Li2CO3- 
free electrolytes show higher ionic conductivities than Li2CO3-contain-
ing electrolytes. However, the underlying mechanisms may be quite 
different due to the differing Liþ migration pathways between GIP and 
PIG (Fig. 3d). Considering GIPs, 20 wt% garnet particles can weaken the 
crystallinity of the polymer matrix, leading to an enhanced ionic con-
ductivity by improving the segmental motion of the PEO chains [25]. 
Most importantly, a continuous interfacial channel is constructed to 
transport Liþ along the interface between LLZTO particles and the PEO 
chains beneficial from the percolation effect [40,41]. Li2CO3 exhibits an 
extremely poor ionic conductivity, which hinders rapid Liþ migration 
along the interface. Therefore, GIP@LCO-free shows a higher ionic 
conductivity of 5.5 � 10� 5 S cm� 1 than that of GIP@LCO (3.4 � 10� 5 S 
cm� 1) due to the removal of Li2CO3 at the interface. When the content of 

Fig. 2. a) TEM image of LLZTO-air particles. b) Raman mapping images of LLZTO-air and LLZTO-HT particles at 1090 cm� 1. Cross-sectional SEM images of 
composite electrolytes with a c) garnet-in-polymer state, d) intermediate state, and e) polymer-in-garnet state. f-h) Top-view SEM images of composite electrolytes 
with big magnifications. 
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LLZTO surpasses the percolation threshold, the interfacial Liþ transport 
pathway is hindered, thus leading to a decreased ionic conductivity. At 
this moment, Li2CO3 impedes Liþ transportation between the PEO ma-
trix and the LLZTO bulk. Further increasing the amount of LLZTO to PIG, 
the accumulated LLZTO particles can block the movement of polymer 
chains and decrease the Liþ conductivity in the PEO region. Liþ tends to 
transport via the LLZTO bulk in PIGs, which can also be hindered by the 
Li2CO3 passivation layer [10]. PIG@LCO-free renders an enhanced Liþ

migration through the continuous LLZTO particles, which increases the 
ionic conductivity from 7.2 � 10� 6 S cm� 1 to 2.4 � 10� 5 S cm� 1. Note 
that PIG@LCO-free shows much more obvious ionic conductivity 
improvement than its GIP counterpart. 

As shown in Fig. 3b and S7, the electrochemical windows of the 
Li2CO3-free composite electrolytes are larger than those of Li2CO3-con-
taining electrolytes with the same LLZTO contents. The extended elec-
trochemical windows could be attributed to two reasons. On one hand, 
the Li2CO3 starts to decompose as low as 3.2 V [24]. The higher Li2CO3 
content induces a lower electrochemical window. The electrochemical 
window of Li2CO3-containing electrolytes decreases from 4.96 to 4.75 V 
with the LLZTO-air content increasing from 20 to 80%, while the 
Li2CO3-free electrolyte can remain at an oxidation voltage over 5 V. On 
the other hand, the introduction of LLZTO particles into the PEO matrix 
can enhance the electrochemical stability due to the adsorption of im-
purities at the PEO/LLZTO interfaces, such as moisture. Compared with 
the low electrochemical window of pure PEO(LiTFSI) at 4.24 V, the 
composite electrolytes show increased oxidation voltage both with and 
without Li2CO3 coated on the LLZTO surface. However, this is much 
more effective if the interference of Li2CO3 passivation layer can be 
avoided. For example, the oxidation process of PIG@LCO commences at 
4.75 V, while the sweep of PIG@LCO-free can be extended to 5.26 V 
without an obvious current. 

A high Liþ transference number (tþ) is significant for SSEs to allow 
smooth Liþ migration and suppress the Li dendrite growth [39]. How-
ever, polymer-based electrolytes usually show a low tþ due to the 
decomposition of the Li salt. The free-mobile anions from the salt hinder 
the Liþ uniform transport, forming a space charge near the Li anodes. 
Therefore, Li dendrites nucleate and propagate through the electrolyte. 
As shown in Fig. 3c, the tþ of pure PEO(LiTFSI) is 0.21. Adding LLZTO 
particles can enhance the tþ of composite electrolytes due to the Lewis 
acid-base interactions between LLZTO and PEO polymer [42]. 

Li2CO3-free electrolytes show the tþ of approximately 0.5 from GIP to 
PIC, higher than their Li2CO3-containing counterparts (Table S1). For 
example, the tþ of PIG@LCO-free is 0.49, while that of PIG@LCO is 0.29. 
This could be attributed to the fact that Li2CO3-free LLZTO-HT shows a 
purer LLZTO surface with acidic groups, which can better share electron 
pairs with the anions of the Lewis base in PEO polymer. When the anions 
are immobilized, the tþ can be improved. 

Considering that the high mechanical strength of PIG electrolytes is 
beneficial for dendrite suppression, Li symmetric cells with PIG@LCO 
and PIG@LCO-free were assembled to investigate the effect of the 
removal of Li2CO3 on the dendrite suppression capabilities. Cycling was 
performed at 60 �C to ensure an excellent interfacial contact. The ionic 
conductivity of PIG@LCO-free at 60 �C is 1.1 � 10� 4 S cm� 1, while the 
ionic conductivity of PIG@LCO-containing is 9.2 � 10� 5 S cm� 1 

(Fig. S8). Fig. 4a shows that the Li/PEO(LiTFSI)/Li cell short circuits 
after 150 h cycling at 0.2 mA cm� 2 (0.1 mAh cm� 2). Due to the signif-
icant increase in mechanical strength shown by the PIG electrolytes, 
both Li2CO3 free and containing electrolytes exhibit much longer cycle 
life under the same testing conditions. Both Li/PIG@LCO/Li and Li/ 
PIG@LCO-free/Li can continuously operate over 600 h at 0.2 mA 
cm� 2 (Fig. 4a). When the capacity is increased from 0.1 to 0.2 mAh 
cm� 2, the cell with PEO(LiTFSI) shows a shortened cycle life of 19 h due 
to the poor mechanical strength. Although PIG@LCO shows a high 
mechanical strength, the Li/PIG@LCO/Li cell renders a gradually 
increased overpotential from 0.23 to 0.41 V after 200 h cycling and 
eventually short circuits after 250 h cycling. This could be attributed to 
the low tþ of 0.29, which leads to the uneven Li deposition. The high 
overpotential can act as the driving force to cause Li dendrite growth 
and eventual short circuit. The SEM images show the mossy-like 
dendrite morphologies on the surface of Li metal anodes, which is 
collected from the short-circuit cells (Fig. 4c–d). Conversely, Li/ 
PIG@LCO-free/Li cells can successfully cycle over 600 h with a con-
stant overpotential, indicating stable Liþ plating/stripping behaviors. 
This could be attributed to the high tþ caused by a Li2CO3-free structure. 
SEM images also confirm a dendrite-free morphology on the surface of Li 
metal from the Li/PIG@LCO-free/Li cell. 

To further evaluate the feasibility of Li2CO3-free electrolytes for 
practical applications, different PIG electrolytes with LFP cathodes and 
Li anodes were assembled into full cells. Considering the cathode- 
electrolyte interfacial contact is one important issue in SSBs, vertically 

Fig. 3. a) Ionic conductivities, b) electrochemical windows, and c) Liþ transference numbers of Li2CO3-free and Li2CO3-containing composite electrolytes with 
different content of LLZTO particles. d) Schematic illustrations of the Li2CO3 effects on Liþ transport pathways in the composite electrolytes. 
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Fig. 4. Voltage profiles of Li symmetrical cells with composite electrolytes at a) 0.2 mA cm� 2 (0.1 mAh cm� 2) and b) 0.2 mA cm� 2 (0.1 mAh cm� 2). SEM images of Li 
metal anodes after short circuit with c) PEO(LiTFSI), and d) PIC@LCO electrolyte at 0.2 mA cm� 2 (0.1 mAh cm� 2). e) SEM image of Li metal anodes with PIC@LCO- 
free electrolyte after 600 h cycling at 0.2 mA cm� 2 (0.1 mAh cm� 2). The temperature here for cycling is 60 �C. 

Fig. 5. a) SEM image and EDS mappings of vertical aligned LFP cathode. b) schematic illustration of cathode-supported SSBs. Charge/discharge curves of c) LFP/PEO 
(LiTFSI)/Li, d) LFP/PIC@LCO/Li, and e) LFP/PIC@LCO-free/Li cells at various rates. f) Rate performance of LFP/Li cells with different composite electrolytes. g) 
Cycling performance of LFP/PIC@LCO-free/Li cell at 0.1 C. 
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aligned LFP cathodes were constructed to ensure sufficient bulk Liþ

migration in the cathode (Fig. 5b). The water in composite LFP cathode 
freezes at � 10 �C and the ice is preferentially grown along a vertical 
direction, leading to the lamellar ice morphology. Under this circum-
stance, the LFP materials can be pressed into the lamellar structure, 
leading to the vertical structure after removing ice by freeze-drying. 
Fig. 5a shows the morphology and relative elemental mappings. The 
loading of active LFP material is ~6 mg cm� 2. It can be divided into 
“thin LFP electrodes” with a thickness of approximately 20 μm, which 
effectively reduces the Liþ transport distance and enhances the Liþ

migration inside LFP cathode. Besides, the electrolyte slurry is poured on 
the vertical-aligned LFP cathode and well infiltrates the gaps between 
each lamellar LPF thin cathode. The “cathode-supported” SSBs can 
decrease the interfacial resistance between LFP cathode and SSEs. 

As shown in Fig. 5c, the LFP/PEO(LiTFSI)/Li cell exhibits severe 
overpotentials and significantly decreased specific capacities upon 
increasing current rates. It delivers specific discharge capacities of 117.9 
and 88.6 mAh g� 1 at 0.1 and 0.2 C, respectively (Fig. 5f). However, the 
specific discharge capacity is dramatically decreased to 28.1 mAh g� 1 at 
0.5 C. The low specific capacity and poor cycling performance can be 
ascribed to the poor Liþ transport and inhomogeneous Li deposition. 
Both LFP/PIG@LCO/Li and LFP/PIG@LCO-free/Li cells show smaller 
polarization and flatter voltage plateaus compared with LFP/PEO 
(LiTFSI)/Li (Fig. 5d and e). The cells with PIG@LCO and PIG@LCO-free 
show similar capacities at low rates of 0.1 and 0.2 C. When increasing 
the rates to 0.5 and 1 C, the capacities of cells with PIG@LCO are 90.2 
and 59.4 mAh g� 1, while those of cells with PIG@LCO-free are 106.4 
and 84.8 mAh g� 1. In addition, when returning to 0.1 C after high-rate 
cycling, the specific capacity of PIG@LCO-free cells can recover to a 
similar level as before high-rate cycling. The higher capacities of 
PIG@LCO-free cells could be attributed to the faster Liþ transport and 
higher tþ due to the LLZTO surface Li2CO3. With the dendrite- 
suppressed PIG@LCO-free, an LFP/Li SSB can retain 86.1% of its 
initial capacity after 200 cycles at 0.1 C at 60 �C (Fig. 5g). Our designed 
Li2CO3-free electrolyte demonstrates great promise for achieving long- 
lasting dendrite-free SSBs. 

4. Conclusion 

In summary, the effects of Li2CO3 on the PGEs are studied by intro-
ducing air-exposed LLZTO and high-temperature treated LLZTO into the 
PEO matrix. PGEs with various LLZTO contents are fabricated from GIP 
to PIG. The fundamental electrochemical properties are compared, 
including ionic conductivity, electrochemical window, and tþ. The 
GIP@LCO-free shows an improved ionic conductivity of 5.5 � 10� 5 S 
cm� 1 at 25 �C due to the enhanced Liþ transport at the interface, while 
the PIG@LCO-free exhibits an increased ionic conductivity of 2.4 �
10� 5 S cm� 1 due to the Liþ smooth migration through the LLZTO bulk. A 
large electrochemical window over 5 V and high tþ of 0.5 are achieved 
in the Li2CO3-free PGEs from GIP to PIG. The Li/PIG@LCO-free/Li cells 
can continuously operate over 600 h at 0.2 mA cm� 2 (0.2 mAh cm� 2) 
with a dendrite-free morphology. In addition, cathode-supported SSBs 
with a vertical aligned LFP are constructed to address the cathode 
interfacial issue and enhance the Liþ transport in the cathode. Such 
cathode-suppressed SSBs with the PIG@LCO-free electrolytes retain 
86.1% of their initial capacity after 200 cycles at 0.1 C. This work is the 
first to focus on the special surface chemistry of garnet particles and will 
guide the improved design of PGEs for dendrite-free Li metal SSBs with 
high safety and high energy density. 
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