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A B S T R A C T   

Advancement of all-solid-state lithium-ion (Liþ) batteries (ASSLIBs) has been hindered by the large interfacial 
resistance mainly originating from interfacial reactions between oxide cathodes and solid-state sulfide electro
lytes (SEs). To suppress the interfacial reactions, an interfacial coating layer between cathodes and SEs is 
indispensable. However, the kinetics of interfacial Liþ transport across the coating layer has not been well un
derstood yet. Herein, we tune the interfacial ionic conductivity of the coating layer LiNb0.5Ta0.5O3 (LNTO) by 
manipulating post-annealing temperature. It is found that the interfacial ionic conductivity determines interfa
cial Liþ transport kinetics and enhancing the interfacial ionic conductivity can significantly boost the electro
chemical performance of SE-based ASSLIBs. A representative cathode LiNi0.5Mn0.3Co0.2O2 coated by LNTO with 
the highest interfacial ionic conductivity exhibits a high initial capacity of 152 mAh.g� 1 at 0.1 C and 107.5 mAh. 
g� 1 at 1 C. This work highlights the importance of increasing interfacial ionic conductivity for high-performance 
SE-based ASSLIBs.   

1. Introduction 

All-solid-state lithium-ion batteries (ASSLIBs) have gained world
wide attention in recent years due to their excellent safety feature and 
higher energy density over conventional LIBs with flammable liquid 
electrolytes [1–4]. However, the development of ASSLIBs has been 
hindered by several main challenges. The first challenge is the insuffi
cient ionic conductivity of solid-state electrolytes [5]. which has been 
addressed by developing high Liþ-conductive solid-state sulfide elec
trolytes (SEs), such as Li9.54Si1.74P1.44S11.7Cl0.3 (25 mS cm� 1) [6], 
Li7P3S11 (17 mS cm� 1), Li10GeP2S12 (12 mS cm� 1) [7], 
Li10.35[Sn0.27Si1.08]P1.65S12 (11 mS cm� 1) [8], Li6þxP1� xGexS5I (18 mS 
cm� 2) [9], and Na2.88Sb0.88W0.12S4 (32 mS cm� 1) [10]. The second 
challenge is the large interfacial resistance between electrodes and SEs, 
which is mainly caused by undesirable interfacial reactions and poor 
interfacial solid-solid contact [11–15]. To improve the interfacial 

solid-solid contact, soluble SEs in organic solvents (i.e. Li2S–P2S5 [16], 
Li6PS5Cl [17], Li6PS5Br [18], LiI–LiSnS4 [19], Na3SbS4 [20]) are 
developed to coat oxide cathodes, thus dramatically improving the 
solid-solid contact [21,22]. On the other hand, an interfacial coating 
layer (i.e. LiNbO3 [23,24], Li4Ti5O12 [25], Li2O–ZrO2 [26], or 
Li0.35La0.5Sr0.05TiO3 [27]) is required to suppress detrimental interfacial 
reactions between oxide cathodes and SEs [28–30]. However, the ki
netics of interfacial Liþ transport across the coating layer has not been 
well understood yet in SE-based ASSLIBs. 

In this work, we purposely tuned the ionic conductivity of an inter
facial coating layer LiNb0.5Ta0.5O3 (LNTO) by manipulating post- 
annealing temperature, aiming at investigating the effect of interfacial 
ionic conductivity on the electrochemical performance of SE-based 
ASSLIBs. It is found that the oxide cathode LiNi0.5Mn0.3Co0.2O2 
(NMC532) coated with low Liþ-conductive LNTO interfacial layer ex
hibits a low Liþ diffusivity of 1.11 � 10� 11 cm2 s� 1, while the NMC532 
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coated with high Liþ-conductive LNTO shows a high Liþ diffusivity of 
1.36 � 10� 10 cm2 S� 1, suggesting that enhancing the interfacial ionic 
conductivity of the coating layer can significantly boost interfacial Liþ

diffusion kinetics in SE-based ASSLIBs. The high Liþ-conductive LNTO- 
coated NMC532 shows a high initial capacity of 152 mAh.g� 1 at 0.1 C 
and 107.5 mAh.g� 1 at 1C at room temperature. This work illustrates that 
enhancing interfacial ionic conductivity can significantly accelerate 
interfacial Liþ transport kinetics, which is of great importance toward 
high-performance SE-based ASSLIBs. 

2. Results and discussion 

2.1. Synthesis of interfacial coating LiNb0.5Ta0.5O3 (LNTO) with 
different ionic conductivity 

LNTO has a low electrical conductivity (10� 11 S cm� 1) and wide 
electrochemical window [30,31], which is beneficial for suppressing 
interfacial reactions at the cathode/SE interface and providing good 
interfacial stability upon cycling. Most interestingly, the ionic conduc
tivity of LNTO can be tuned by altering post-annealing temperature 
[31–34], which provides us a unique platform for studying the effect of 
interfacial ionic conductivity of the coating layer on the electrochemical 
performance of SE-based ASSLIBs. Therefore, LNTO was synthesized by 

a sol-gel method and annealed under different temperatures to obtain 
different ionic conductivities. First, thermogravimetry (TG) and differ
ential scanning calorimetry (DSC) was employed to determine the 
annealing temperature of LNTO in air. As shown in TG-DSC curves 
(Fig. S1), the organic species of niobium (Nb) and tantalum (Ta) pre
cursors are decomposed in the air before 350 �C. Three exothermic peaks 
are shown at 380 �C, 410 �C, and 427 �C, which implies the formation of 
LNTO nanocrystals [31,35]. No any exothermic peak is observed after 
450 �C. Therefore, LNTO powder was determined to heat at 350 �C, 450 
�C, and 550 �C in air for 2 h, respectively. The detailed experimental 
procedure can be found in Supporting Information. X-ray diffraction 
(XRD) patterns in Fig. 1a indicates that LNTO annealed at 350 �C, 450 �C 
and 550 �C is amorphous, partially crystallized, and fully crystallized, 
respectively. The ionic conductivities of LNTO annealed at 350 �C, 450 
�C, and 550 �C are 13.2 μS cm� 1, 38.7 μS cm� 1, and 2.43 μS cm� 1, 
respectively, as determined by electrochemical impedance spectroscopy 
(EIS) (Fig. 1b and c). The EIS and XRD results demonstrate that poly
crystalline and amorphous LNTO possess much higher ionic conductiv
ity than the crystalline counterpart, which is fully consistent with that in 
early references. [31–33,35]. 

To interpose the LNTO with different ionic conductivities at the 
cathode/SE interface, LNTO sol-gel was coated on single-crystal 
NMC532 followed by the same post-annealing procedures. These 

Fig. 1. Characterizations on LiNb0.5Ta0.5O3 (LNTO) and LNTO@NMC532. (a) XRD patterns of LiNb0.5Ta0.5O3 (LNTO) annealed at various temperatures. (b) EIS 
profile of LNTO after annealing at different temperatures. (c) The ionic conductivity of LNTO annealing at different temperatures. (d) A TEM image of 
LNTO@NMC532 annealed at 350 �C. (e) A TEM image of LNTO@NMC532 annealed at 450 �C. (f) A TEM image of LNTO@NMC532 annealed at 550 �C. (g) STEM- 
EDX mapping of Nb, Ta and Ni–Ta combination. 
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LNTO-coated NMC532 cathodes are labeled as LNTO@NMC532-350, 
LNTO@SC-NMC532-450, and LNTO@NMC532-550, respectively. 

High-resolution transmission electron microscopy (HRTEM) was 
performed to inspect the crystallinity, thickness, and uniformity of the 
LNTO interfacial layer. Fig. 1d–f presents the HRTEM images of 
LNTO@NMC532-350, LNTO@NMC532-450, and LNTO@NMC532-550, 
respectively. The thickness of the interfacial LNTO layer is about 5–10 
nm. Representative scanning TEM (STEM)-energy-dispersive X-ray 
(EDX) mapping of LNTO@NMC532-450 is present in Fig. 1g, verifying 
the uniformity and conformality of LNTO interfacial layer on NMC532 
surface. The HRTEM image of LNTO@NMC532-350 shows no lattice 
fringes (Fig. 1d). Besides, no diffraction spots are detected in the elec
tron diffraction pattern as shown in Fig. S2b, indicating that the inter
facial LNTO layer annealed at 350 �C is amorphous. Based on the XRD 
and EIS results, the amorphous LNTO exhibits an ionic conductivity of 
13.2 μS cm� 1. Comparatively, lots of nanocrystals are observed in the 
HRTEM image of LNTO@NMC532-450 (as highlighted by red circles in 
Fig. 1e). Moreover, the corresponding fast Fourier transform (FFT) 
pattern shows both discrete rings and diffraction spots (Fig. S2d), 
implying that the interfacial LNTO layer annealed at 450 �C is in a 
polycrystalline state. The polycrystalline LNTO exhibits a high ionic 
conductivity of 38.7 μS cm� 1 according to the EIS and XRD results. More 

interestingly, abundant lattice fringes are detected in the HRTEM images 
of LNTO@NMC532-550, as highlighted in Fig. 1f, which implies that the 
interfacial LNTO annealed at 550 is crystalline. The crystalline LNTO 
interfacial layer is also confirmed by the electron diffraction pattern in 
Fig. S2f. The crystalline LNTO interfacial layer demonstrates a low ionic 
conductivity of 2.43 μS cm� 1 per EIS and XRD result. Combining TEM 
observation with XRD and EIS analyses, it is convinced that the inter
facial LNTO coating with different ionic conductivities was successfully 
established on oxide cathode NMC532. 

To ensure that all the NMC532 particles are fully covered by the 
interfacial LNTO coating layer, scanning electron microscopy (SEM) 
coupled with EDX was performed at the micrometer scale. As displayed 
in Figs. S3, S4, and S5, the uniform distribution of Nb and Ta on all the 
NMC532 particles confirm that all NMC532 particles are fully coated by 
LNTO. Fig. S6 shows the XRD patterns of LNTO@NMC532 after 
annealing under different temperatures. The unchanged (003) peaks 
suggest that interfacial coating LNTO does not diffuse into the NMC532 
lattice during the annealing process. The same thickness, same chemical 
composition, and full coverage of LNTO on NMC532 particles serve as a 
reliable foundation for investigating the role of interfacial ionic con
ductivity in SE-based ASSLIBs. 

Fig. 2. Electrochemical performance of LNTO@SC-NMC532-based ASSLIBs. (a) The comparison of the charge-discharge curves of LNTO@NMC532-350, 
LNTO@NMC532-450, and LNTO@NMC532-550. (b) The cycling stability and coulombic efficiency of LNTO@NMC532-350, LNTO@NMC532-450, and 
LNTO@NMC532-550. (c) CV profiles of LNTO@NMC532-350. (d) CV profiles of LNTO@NMC532-450. (e) CV profiles of LNTO@NMC532-550. (f) Rate performance 
of LNTO@NMC532-350, LNTO@NMC532-450, and LNTO@NMC532-550. (g) Discharge curves with different current densities of LNTO@NMC532-350, 
LNTO@NMC532-450, and LNTO@NMC532-550. (h) The comparison of electrochemical performance with previous results related to SE-based ASSLIBs. 
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2.2. Electrochemical performance of LNTO@NMC532-based ASSLIBs 

To fairly evaluate the electrochemical performance of these three 
cathodes in SE-based ASSLIBs, typical Li10GeP2S12 (LGPS) was selected 
as the solid-state electrolyte due to its high ionic conductivity of (2.8 mS 
cm� 1) [36]. Fig. 2a shows their initial charge/discharge curves at a 
current density of 130 μA cm� 2 (0.1 C). The initial de-lithiation voltage 
(3.25 V vs Liþ/Li–In) and polarization of LNTO@NMC532-450 are 
discernibly smaller than those of the other two cathodes. At the initial 
stage of charging, the initial de-lithiation voltage of 
LNTO@NMC532-450 overlaps with that of NMC532-based liquid cells 
at the same current density, suggesting that highly Liþ-conductive LNTO 
interfacial layer can enable the interfacial Liþ transport as fast as that in 
liquid cells. The initial discharge curve of LNTO@NMC532 is slightly 
lower than that of liquid cells, which is probably due to the volume 
change-induced physical contact loss between NMC532 and LGPS, as 
revealed in previous work [37,38]. 

The initial discharge capacity of LNTO@NMC532-450 is 152 mAh. 
g� 1, higher than those of LNTO@NMC532-350 (120.9 mAh.g� 1) and 
LNTO@NMC532-550 (73.2 mAh.g� 1). The initial Coulombic efficiency 
of LNTO@NMC532-350, LNTO@NMC532-450, and LNTO@NMC532- 
550 is 87.14%, 86.68%, and 85.98%, respectively, which are close to 
that of NMC532-based liquid cells (85.79%) (Fig. S7). The high initial 
Coulombic efficiency of three cathodes hints that interfacial reactions 
between NMC532 and LGPS have been fully suppressed by the interfa
cial LNTO coating. The capacity retention after 200 cycles of 
LNTO@NMC532-350, LNTO@NMC-532-450, and LNTO@NMC532-550 
is around 58.2%, 70.3%, and 38.7%, respectively (Fig. 2b). The average 
Coulombic efficiency of LNTO@NMC532-450 is 99.2% after the second 
cycle. 

Furthermore, cyclic voltammetry (CV) curves of LNTO@NMC532- 
350, LNTO@NMC532-450, and LNTO@NMC532-550 were compared 
in Fig. 2c, d, and 2e, respectively. It can be seen that the oxidation/ 
reduction peak currents of LNTO@NMC532-450 and LNTO@NMC532- 
350 are larger than that of LNTO@NMC532-550, which is consistent 
with their higher initial discharge capacity. Also, the polarization 
voltage (0.20 V) between oxidization and reduction peaks of 
LNTO@NMC532-450 is much smaller than those of LNTO@NMC532- 
350 (0.38 V) and LNTO@NMC532-550 (0.80 V), further verifying that 
LNTO@NMC532-450 possesses the best reversibility and the fastest Liþ

transport kinetics. 
The rate-performance of LNTO@NMC532-350, LNTO@NMC532- 

450, and LNTO@NMC532-550 were also compared (Fig. 2f) and their 
corresponding curves at 0.1 C, 0.2 C, 0.5 C, and 1 C are present in Fig. 2g. 
Remarkably, the LNTO@NMC532-450 demonstrates the best rate per
formance. Even at 1 C, the specific capacity keeps at 107.5 mAh.g� 1. In 
contrast, the LNTO@NMC532-550 displays the capacity of 8.6 mAh.g� 1 

at 1 C. Comparing the best electrochemical performance of 
LNTO@NMC-532-450 with those previously reported electrochemical 
performances of SE-based ASSLIBs [9,38–41], both the specific capacity 
and capacity retention outperforms most of the previously reported 

results (Fig. 2h) (Table S1). 
To ensure that the electrochemical performance difference is truly 

originated from the different interfacial ionic conductivity of LNTO 
coating layer, not caused by interfacial reactions between NMC532 and 
LGPS, EIS was conducted to examine the interfacial resistance change 
during the initial charge process, upon which most of the interfacial 
reactions occur [38,42]. Fig. 3a, b, and 3c present the EIS profiles of 
LNTO@NMC532-based ASSLIBs being charged to various cut-off volt
ages from 3.3 V to 3.8 V. The negligible change of EIS profiles from 3.3 V 
to 3.8 V strongly demonstrates that the interfacial reactions between 
NMC532 and LGPS are successfully suppressed. All the EIS profiles 
mainly consist of two semi-circles except for the first EIS profile (a slope) 
of LNTO@NMC532-550 charging to 3.3 V. The slope is caused by the 
large polarization that retards the de-lithiation process of 
LNTO@NMC532-550 even being charged to 3.3 V. As simulated by the 
equivalent circuits inserted in Fig. S8(d) [23], the inception is related to 
the resistance of solid electrolytes layer, the semi-circle at the 
high-frequency region is related to the interfacial resistance between 
NMC532 and LGPS and grain boundary resistance of LGPS, while the 
low-frequency semicircle represents the anode interfacial resistance 
(Fig. S8) [38,43]. Among them, LNTO@NMC532-450 exhibits the 
smallest interfacial resistance (124 Ω), while LNTO@NMC532-350 and 
LNTO@NMC532-550 show relatively larger interfacial resistance of 
369 Ω and 672 Ω, respectively. By relating the interfacial resistance with 
interfacial ionic conductivity, it is conceivable confirming that the LNTO 
buffer layer with higher interfacial ionic conductivity is beneficial for 
interfacial Liþ transport. 

Furthermore, the interfacial resistances of these cathodes were 
analyzed after 100 cycles. Compared to the first cycle, the interfacial 
resistance after 100 cycles is increased to 170 Ω, 402 Ω, and 800 Ω, 
respectively, indicating that there is some degradation of LGPS after 
long-term electrochemical cycling. Furthermore, HR-TEM was 
employed to probe the interface change after electrochemical cycling. 
Representatively, Fig. S10 presents the HR-TEM images of 
LNTO@NMC532-450 cathodes after 100 cycles, clearly showing that a 
50–70 nm interfacial layer consisting of P and S species sitting on the 
LNTO@NMC532 surface. The TEM observation is consistent with EIS 
analysis. 

2.3. Quantifying Liþ diffusion coefficient of LNTO@NMC532 

Galvanostatic intermittent titration technique (GITT) was further 
performed to quantify Liþ diffusivity of LNTO@NMC532 cathodes, 
because an interfacial coating layer has a profound impact on the Liþ

diffusivity of electrode materials, as widely studied in liquid cells 
[44–51]. Fig. 4a displays the typical discharging GITT curves of the 
LNTO@NMC532-350, LNTO@NMC532-450, and LNTO@NMC532-550 
at 0.1 C. Obviously, LNTO@NMC532-450 shows the lowest polarization 
among them, indicating the fastest Liþ kinetics [46]. Besides, the voltage 
drop (IRdrop) after the current interruption is closely related to the Liþ

transport resistance inside the solid-state batteries. Typically, the IRdrop 

Fig. 3. EIS profiles of ASSLIBs being charged at different cut-off voltages. (a) LNTO@NMC532-350, (b) LNTO@NMC532-450, (c) LNTO@NMC532-550.  
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of LNTO@SC-NMC532-450 is only 31.8 mV (Fig. 4b), which is approx
imately 3 times lower than that of LNTO@SC-NMC532-450 (91.6 mV) 
and 5 times lower than that of LNTO@SC-NMC532-450 (161.3 mV). The 
Liþ diffusivity of these LNTO@NMC532 electrodes can be quantitatively 
calculated according to the equation [45]. 

DLiþ ¼ ​
4
πτ ​

�
mNMC532VNMC532

MNMC532S

�2

​
�

ΔEs

ΔEτ

�2

(1)  

where τ is the relaxation time (2 h), mNMC532 is the mass of SC-NMC532 
in the electrode composite. VNMC532 is the molar volume of SC-NMC532 
(20.73 cm3 mol� 1), MNMC532 is the molar mass of host materials, for the 
discharge process, the host material is SC-Li0.3(Ni0.5Mn0.3Co0.2)O2 
(91.66 g mol� 1). ΔEs is the steady-voltage change after 2 h of relaxation. 
Δ ​ Eτ is the change in the transient-voltage change after 5 min discharge 
process at 0.13 mA cm� 2 ΔEs and ΔEτ were illustrated in Fig. 4b. 

Fig. 4c compares the Liþ diffusivity of LNTO@NMC532� 350, 
LNTO@NMC532� 450, and LNTO@NMC532� 550 as a function of the 
different depth of discharge (DOD). In general, the Liþ diffusion coef
ficient decreases with the increase of DOD, which is accompanied by the 
saturation of Liþ sites in NMC532 upon the discharge, thus the Liþ

concentration gradient gradually decreases upon discharge [48,50]. 
Comparatively, the average Liþ diffusivity of LNTO@NMC532� 350, 
LNTO@NMC532� 450, and LNTO@NMC532� 550 in ASSLIBs are 4.55 
� 10� 11 cm [2].s� 1, 1.36 � 10� 10 cm [2].s� 1, and 1.11 � 10� 11 cm [2]. 
s� 1, respectively, which are lower than that of liquid cells (4.62 � 10� 10 

cm [2].s� 1) (Fig. S11), indicating that the coating layer slows down the 
Liþ transport in solid-state batteries. However, the Liþ diffusivity of 
LNTO@NMC532-450 and LNTO@NMC532-350 are approximately 12 
and 4 times faster than that of LNTO@NMC532-550, demonstrating that 
enhancing the interfacial ionic conductivity of a coating layer can 

significantly boost the Liþ transport kinetics in solid-state batteries. The 
GITT analysis demonstrates that high Liþ-conductive LNTO coated 
NMC532 exhibits fast Liþ diffusion kinetics while low Liþ-conductive 
LNTO coated NMC532 manifests sluggish Liþ diffusion kinetics in 
solid-state batteries. Therefore, enhancing the interfacial ionic conduc
tivity of a coating layer can significantly accelerate the interfacial Liþ

transport kinetics, thus advancing the electrochemical performance of 
SE-based ASSLIBs. 

Fig. 4d illustrates Liþ transport across the interfacial coating with 
different energy barriers. The high interfacial ionic conductivity of the 
interfacial layer can conduct Liþ fast across the interface, which is cor
responding to a low energy barrier for interfacial Liþ transport. In 
contrast, the low interfacial ionic conductivity of the interfacial layer 
conducts Liþ very slow, thus showing a high energy barrier for interfa
cial Liþ transport. A detailed and in-depth discussion about the Liþ

transport process in a solid-state battery can be found in Fig. S12. 

3. Conclusions 

In summary, we manipulated the ionic conductivity of the interfacial 
coating layer by tuning post-annealing temperature and investigated its 
effect interfacial ionic conductivity on the electrochemical performance 
of SE-based ASSLIBs for the first time. It is found that the interfacial ionic 
conductivity of a coating layer determines the interfacial Liþ transport 
kinetics and enhancing the interfacial ionic conductivity of the coating 
layer can significantly accelerate the interfacial Liþ transport, which in 
turn boost the electrochemical performance of SE-based ASSLIBs. The 
oxide cathode NMC532 coated with the highest Liþ-conductive LNTO 
exhibits the highest Liþ diffusion coefficient of 1.36 � 10� 10 cm [2].S� 1. 
Resultantly, the LNO@NMC532 demonstrates a high capacity of 152 
mAh.g� 1 at 0.1 C and 107.5 mAh.g� 1 at 1 C. This work suggests that 

Fig. 4. Analysis of Liþ transport kinetics. (a) Initial discharging GITT profiles of LNTO@NMC532-350, LNTO@NMC532-450, and LNTO@NMC532-550. (b) 
Typical GITT curves marked with IR drop, (c) Liþ diffusion coefficient of LNTO@NMC532-350, LNTO@NMC532-450, and LNTO@NMC532-550 as a function of the 
depth of discharge (DOD). (d) Schematics of Liþ transport across the electrode-electrolyte interface with different energy barriers. 
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enhancing the interfacial ionic conductivity is crucial for 
high-performance SE-based ASSLIBs. 
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