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Fig. S1 XRD patterns of LLZTO and LLZTO-LiF SSEs.

  Fig. S2 BSE image of LLZTO-LiF SSEs. (Dotted regions appeared darker pattern 
compared to LLZTO indicates that LiF is primarily located at grain boundaries)

Fig. S3 XPS spectrums of LLZTO-LiF SSEs after Ar+ etching 0s, 15s and 30s
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Fig. S4 Actual image of LLZTO and LLZTO-LiF ceramic strips after sintering.

Fig. S5 EIS of different LLZTO SSEs at 5 °C.

Fig. S6 DC polarization plots of LLZTO-LiF SSEs with different polarization voltage 
at 25 °C.
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The Maxwell-Garnett model was applied to quantitatively analyze the bulk and grain 

boundary conductivities, correcting for the influence of density variations. The 

Maxwell-Garnett model describes the effective conductivity of a two-phase composite 

system, such as a dispersed medium within a host matrix. However, we believe that its 

conceptual framework can be reasonably extended to this study.

LLZTO is a typical lithium-ion conductor with high ionic conductivity, while LiF is an 

electronic insulator with extremely low electronic conductivity. At the microscopic 

level, LiF is primarily located at the grain boundaries, forming a system consisting of a 

lithium-ion-conductive matrix with insulating inclusions together with continuous 

LLZO grains, which aligns with the fundamental assumptions of the Maxwell-Garnett 

model for two-phase systems.1 Furthermore, the introduction of LiF into the grain 

boundaries reduces porosity and improves the uniformity of the grain boundary 

structure, thereby enhancing the overall effective homogeneity of the system. On the 

macroscopic scale, the system can be approximated as an isotropic two-phase 

composite ionic conductor, which further supports the applicability of the Maxwell-

Garnett model.2 Finally, SEM (Fig. 3) and density measurements indicate that the 

volume fraction of LiF in the system is low. This sparse distribution of inclusions 

conforms to the basic assumption of the Maxwell-Garnett model regarding dispersed 

phases.3 

The influence of LiF has been further considered in the following derivation. Regarding 

the determination of the volume fraction  used in the model, based on SEM and density 𝑓

measurements, the second phase in LLZTO SSEs is pores. Thus, the volume fraction is 

calculated as =1−93.1%=0.069. In the case of LLZTO-LiF SSEs, the second 𝑓𝐿𝐿𝑍𝑇𝑂

phase is mainly LiF. Owing to the introduction of LiF, the relative density increases 

from 93.1% to 98.8%, leading to a volume fraction of =98.8%−93.1%=0.057. 𝑓𝐿𝐿𝑍𝑇𝑂 ‒ 𝐿𝑖𝐹

The specific process is as follows:

𝜎𝑒𝑓𝑓 = 𝜎𝑏𝑢𝑙𝑘

𝜎𝑠𝑒𝑐𝑜𝑛𝑑 𝑝ℎ𝑎𝑠𝑒 + 2𝜎𝑏𝑢𝑙𝑘 + 2𝑓(𝜎𝑠𝑒𝑐𝑜𝑛𝑑 𝑝ℎ𝑎𝑠𝑒 ‒ 𝜎𝑏𝑢𝑙𝑘)
𝜎𝑠𝑒𝑐𝑜𝑛𝑑 𝑝ℎ𝑎𝑠𝑒 + 2𝜎𝑏𝑢𝑙𝑘 ‒ 𝑓(𝜎𝑠𝑒𝑐𝑜𝑛𝑑 𝑝ℎ𝑎𝑠𝑒 ‒ 𝜎𝑏𝑢𝑙𝑘)

where  represents the experimentally measured total conductivity,  denotes the 𝜎𝑒𝑓𝑓 𝜎𝑏𝑢𝑙𝑘

bulk conductivity after eliminating the influence of the second phase, and  is the 𝑓



5

volume fraction of the second phase.

Given that the ionic conductivity of pores is nearly 0, the Maxwell-Garnett model of 

LLZTO SSEs can be simplified as follows:

𝜎𝑒𝑓𝑓,  𝐿𝐿𝑍𝑇𝑂 = 𝜎𝑏𝑢𝑙𝑘,  𝐿𝐿𝑍𝑇𝑂

1 ‒ 𝑓𝐿𝐿𝑍𝑇𝑂

1 +
𝑓𝐿𝐿𝑍𝑇𝑂

2

Given that the ionic conductivity of LiF is less than 10−6 S cm-1,4 which is considered 

non-negligible, the Maxwell-Garnett model applied to LLZTO-LiF SSEs is expressed 

as follows:

     𝜎𝑒𝑓𝑓,𝐿𝐿𝑍𝑇𝑂 ‒ 𝐿𝑖𝐹 = 𝜎𝑏𝑢𝑙𝑘,𝐿𝐿𝑍𝑇𝑂 ‒ 𝐿𝑖𝐹

𝜎𝐿𝑖𝐹 + 2𝜎𝑏𝑢𝑙𝑘,𝐿𝐿𝑍𝑇𝑂 ‒ 𝐿𝑖𝐹 + 2𝑓𝐿𝐿𝑍𝑇𝑂 ‒ 𝐿𝑖𝐹(𝜎𝐿𝑖𝐹 ‒ 𝜎𝑏𝑢𝑙𝑘,  𝐿𝐿𝑍𝑇𝑂 ‒ 𝐿𝑖𝐹)
𝜎𝐿𝑖𝐹 + 2𝜎𝑏𝑢𝑙𝑘, 𝐿𝐿𝑍𝑇𝑂 ‒ 𝐿𝑖𝐹 ‒ 𝑓𝐿𝐿𝑍𝑇𝑂 ‒ 𝐿𝑖𝐹(𝜎𝐿𝑖𝐹 ‒ 𝜎𝑏𝑢𝑙𝑘,𝐿𝐿𝑍𝑇𝑂 ‒ 𝐿𝑖𝐹)

The total conductivity of SSEs is typically separated into bulk conductivity ( ) and 𝜎𝑏𝑢𝑙𝑘

grain boundary conductivity ( ) using the Brick Layer Model.5,6𝜎𝑔𝑏

The  and  of SSEs, corrected using the Maxwell-Garnett model, are presented in 𝜎𝑏𝑢𝑙𝑘 𝜎𝑔𝑏

Table. 1.

Fig. S7 EIS curves of (a) Li|LLZTO|Li and (b) Li|LLZTO-LiF|Li symmetric cells at 
before cycling and after cycling.
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Fig. S8 SEM images of LFP cathode after cycling in SSLMBs.

(a) LFP cathode after cycling with LLZTO; (b) LFP cathode after cycling with 

LLZTO-LiF.

Table. S1 Rbulk, Rgb, σbulk and σgb for LLZO and LLZTO-LiF at 5 ℃.

Sample LLZTO LLZTO-LiF

Rbulk (Ω·cm) 2170 1904

Rgb (Ω·cm) 789 504

σbulk (S cm-1) 3.20×10-4 4.02×10-4

σgb (S cm-1) 8.81×10-4 1.52×10-3

Table. S2 Electronic conductivity of LLZTO-LiF SSEs with different polarization 

voltage.

Polarization voltage (V) Electronic conductivity (S cm-1)

0.3 1.33×10-9

0.5 1.21×10-9

0.7 1.07×10-9

0.9 0.98×10-9
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Table. S3 Cycle performance of Li|LLZTO-LiF|Li and its comparisons in previous 
reports of grain boundary modification.

Inorganic electrolyte Modification 
phase

Current density 
(mA cm-2)

Cycling 
time
(h)

Ref.

Li6.5La3Zr1.5Ta0.5O12 Li3PO4 0.1 60 7
Li6.75La3Zr1.75Ta0.25O1

2
LHE-LiCl 0.1 100 8

Li6.4La3Zr1.4Ta0.6O12 Li4SiO4 0.1 260 9
Li6.5La3Zr1.6Ta0.4O12 LiAlO2 0.1 1000 10

Li7La3Zr2O12 LAF&LiAlO2 0.1 4000 11
Li6.5La3Zr1.5Ta0.5O12 La2Zr2O7&MgO 0.2 350 12
Li6.5La3Zr1.5Ta0.5O12 LiGaO2 0.2 500 13

Li6.5La3Zr1.45Ta0.55O12 Li3N 0.2 500 14
Li6.5La3Zr1.5Ta0.5O12 Li2CuO2 0.2 500 15
Li6.4La3Zr1.4Ta0.6O12 PPA 0.2 1400 16

Li6.4La3Zr1.4Ta0.6O12 LiF 0.1 8500 This 
work
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