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Mixed ionic/electronic conducting framework enabled by transition metal- 
ion reduction in Li-LLTO composite anodes for ultrafast lithium diffusion 
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ABSTRACT The development of Li 7La 3Zr 2O 12 (LLZO) solid 
electrolytes is challenged by the unstable Li/LLZO interface 
during lithium stripping and plating processes, which impedes 
interfacial charge transport and accelerates lithium dendrite 
growth. Here, a freestanding ultrathin Li-Li 0.3La 0.5TiO 3 
(LLTO) composite anode with a three-dimensional inter
connected mixed ionic/electronic conducting LLTO frame
work was developed. The mixed ionic/electronic conduction of 
LLTO arises from the in-situ reduction of transition metal ions 
(Ti4+) by metallic lithium. The Li-LLTO composite anode 
possesses good affinity toward LLZO solid electrolytes, 
achieving a low interfacial resistance of 11.7 Ω cm2, and a high 
lithium self-diffusion coefficient reaching 4.5×10−11 cm2/s, 
about one order of magnitude higher than that of pure lithium 
anode. These features collectively enhance the Li-LLTO/LLZO 
interfacial stability, increasing the critical current density 
fourfold and enabling a 1300-h symmetrical cell cycling life. It 
delivers high-performance solid-state lithium batteries with an 
80% capacity retention after 220 cycles. This advancement not 
only improves the performance of lithium metal anodes in 
solid-state batteries but also offers promising insights for 
next-generation high-energy-density electrochemical energy 
storage systems. 
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INTRODUCTION 
The tremendous interest in the safe and high-density electro
chemical energy storage system has brought all-solid-state 
lithium batteries (ASSLBs) to the forefront of battery research, 
driven by the good compatibilities with high-voltage cathodes 
and metallic lithium anode of solid electrolytes (SEs) [1–7]. 
Among various SEs, cubic doped Li 7La 3Zr 2O 12 (LLZO) garnets, 
for example Li 6.4La 3Zr 1.4Ta 0.6O 12, deliver a high lithium-ion 
conductivity (>1 mS/cm at room temperature), wide electro
chemical window (> 5 V vs. Li+/Li), and electrochemical stability 
with metallic lithium anode [8–13]. As a result, LLZO-based 
ASSLBs have demonstrated attractive electrochemical perfor
mances and become a major research focus in the field of the 
ASSLBs. However, the poor interfacial stability, including the 
volatile lithium stripping and plating and uncontrollable lithium 
dendrites, severely degrades the electrochemical performances of 

the LLZO-based ASSLBs [14–16]. Key factors contributing to 
these issues have been uncovered, including the electronic 
conductivity of LLZO SEs [17], poor contact at the electrode/ 
LLZO interface [18] and low self-diffusion coefficient of lithium 
in the pure lithium anode [19–21]. Consequently, interfacial 
modification to enhance the affinity of SEs to electrode [22–25], 
composite LLZO SEs with decreased electronic conductivity 
[26,27] and design of metallic lithium anodes [28–31] have been 
implemented to ameliorate the poor interfacial stability. Fur
thermore, the electrochemical performance of the battery can be 
further improved through the rational design of electrode and 
SE materials [32–36]. Great achievements have been attained 
with the stable lithium stripping and plating current density 
reaching several milliamperes per square centimeter, approach
ing that in metallic lithium batteries with liquid electrolytes. 

Notably, the critical current density of stable lithium stripping 
and plating was enhanced to 100 mA/cm2 at room temperature 
by penetrating metallic lithium into three-dimensional (3D) 
porous LLZO layers [37]. It can be considered as a composite 
lithium anode with LLZO embodied in the metallic lithium 
matrix. A collaborative migration of lithium and electrons can 
occur on the Li/LLZO interface in the composite, resulting in 
optimized lithium diffusion kinetics. This phenomenon has also 
been reported and confirmed on the interface of RbAg 4I 5/gra
phite composite [38]. Another lithium-ion conductor, perovskite 
Li 0.3La 0.5TiO 3 (LLTO), was blended with the metallic lithium to 
improve the stability of the lithium stripping and plating and to 
suppress the lithium dendrites on the Li/LLZO interface [39]. 
However, the chemical reaction between the LLTO and metallic 
lithium which determines the lithium diffusion along the Li/ 
LLTO interface is still unclear. 

In this study, we fabricated 20 μm freestanding Li-LLTO 
composite anodes, with 3D interconnected mixed ionic/elec
tronic conductive framework, by incorporating LLTO particles 
into the metallic lithium using an in-situ reduction method. 
Compared with pure lithium anodes, the self-diffusion coeffi
cient of lithium in Li-LLTO composite anodes is approximately 
one order of magnitude higher, which also enhanced the Li- 
LLTO/AlF 3-LLZTO interface contact and effectively inhibited 
the growth of lithium dendrites (Fig. 1a). The mixed ionic/ 
electronic conductive framework was constructed by the in-situ 
reduction of transition metal ions in LLTO (namely Ti4+ ions), 
along which electrons generate (Fig. 1b). To firmly demonstrate 
the reactions between metallic lithium and LLTO in the com
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posite lithium anode and their consequences, the composition 
and structure of the Li-LLTO composite anode were system
atically studied. The application of Li-LLTO composite anodes 
in AlF 3-LLZTO-based solid-state batteries was also evaluated 
using symmetrical cells and full cells.  

RESULTS AND DISCUSSION 

Transition metal-ion reduction of LLTO by metallic lithium 
The LLTO possesses a tetragonal perovskite structure (Fig. S1), 
where Li+ ions, La3+ ions and vacancies share the same site, and 
Li+ ions migrate among the lattice sites and vacancies (Fig. 1c). 
The grain bulk resistance and grain-boundary resistance of 
dense LLTO ceramics (Fig. S2) are respectively 287 and 11151 Ω, 
fitted from the typical impedance spectrum as shown in Fig. S3. 

The grain bulk conductivity was calculated to be 0.68 mS/cm at 
20 °C. The lithium-ion conductivity is related to the temperature 
according to the Arrhenius equation (Fig. 1c), with an activation 
energy of 0.3 eV. The lithium-ion conductivity and the activa
tion energy are in concert with results in literatures [40,41].  

To study the introduction of electronic conduction into 
LLTO, a symmetrical cell as shown in Fig. S4 was constructed by 
pressing two pieces of lithium anodes on the LLTO ceramic. The 
resistance of the cell was monitored in 300 min (Fig. S5). Initi
ally, the cell delivered a huge resistance of about 80000 Ω, with a 
high-frequency intercept resistance of ~2500 Ω (Fig. 1d, R 0). 
This initial resistance was larger than the grain bulk resistance of 
LLTO and was attributed to the insufficient contact between the 
LLTO and lithium anodes. Over time, the battery resistance and 
the intercept resistance decreased, eventually resulting in a 

Figure 1 (a) Schematic illustration of interfacial stability using the pure lithium and Li-LLTO composite anode. (b) Possible reactions between LLTO and Li. 
(c) Bulk conductivities of LLTO at different temperatures. The inset shows lithium-ion migration pathways within LLTO. (d) Impedance spectra of the Li/ 
LLTO/Li symmetric cell in initial state (down) and after 300 min (upper). (e) Temporal evolution of resistance of the Li/LLTO/Li symmetric cell calculated 
from the impedance spectra, and the schematic diagram of the mixed ionic/electronic conduction produced in the process. (f) EPR spectra of LLTO before and 
after the reaction with lithium. (g) XPS diagram of Ti 2p of LLTO before (down) and after (upper) reaction with lithium. (h) Ti-L 2,3 EELS data of LLTO before 
and after the reaction.  
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resistance of ~9 Ω without the semi-circle (Fig. 1d). The 
decrease in intercept resistance over time is illustrated in Fig. 1e, 
with an extremely low resistance (R 300) caused by the electronic 
conduction in the LLTO. Considering the strong reduction of 
metallic lithium, the electronic conduction in LLTO originates 
from two possible mechanisms following the equations.  

Li+Ti Ti +Li . (1)Ti
×

Ti
+

The Ti4+ in its lattice site (TiTi
× ) can be reduced to Ti3+, or 

other lower valence states. Additionally, the metallic lithium can 
capture oxygen, creating oxygen vacancies in LLTO following 
Equation (2).  

2Li+O V +2e'+Li O. (2)O
×

O
••

2

Free electrons can be generated through the activation of 
excess electrons around Ti nuclei, as well as during the forma
tion of oxygen vacancies. 

The electron paramagnetic resonance (EPR) results are 
exhibited in Fig. 1f, and the EPR is an effective method to detect 
the oxygen vacancies in LLTO by examining unpaired electrons 
in materials. Both the initial LLTO and the LLTO after reduction 
uniquely exhibit a symmetrical ESR signal at g = 2.004, mani
festing the electron trapping at oxygen vacancies [42]. Although 
the signal strength of the reduced LLTO is higher, the difference 
is insignificant, indicating that the formation of oxygen vacan
cies may not be the key factor for LLTO’s electronic conduction. 
X-ray photoelectron spectroscopy (XPS) results of Ti, O, La and 
Li elements in the samples before and after reduction are also 
shown in Fig. 1g and Fig. S6. The peaks located at 458.2 and 
456.6 eV can be attributed to the Ti4+ and Ti3+ in the Ti 2p XPS 
plots. It is clear that the peak intensity of Ti3+ in the reduced 
sample is obviously larger than that of the initial LLTO. The 
relative contents of Ti3+ to Ti4+ in the two samples were esti
mated by the peak area ratio, which is 0.34 of the reduced 
sample, while that of the initial sample is 0.07. Notably, the 
content of oxygen vacancies in the reduced sample (0.28) is 
slightly higher than that of the initial sample (0.22), as concluded 
from the relative peak area of oxygen vacancies to that of the 
lattice oxygen (Fig. S7). Additionally, the Li 1s and La 3d 5/2 
spectra (Fig. S6) confirm unchanged valence states. To further 
verify the electron generation in LLTO, the valence states of 
elements before and after the reduction of LLTO were investi
gated using high-resolution transmission electron microscopy 
(TEM) coupling electron energy loss spectroscopy (EELS). 
Fig. 1h shows the Ti-L 2,3 edge of LLTO before and after the 
reduction. The changes in the Ti-L 2,3 edge are caused by electron 
transitions from the inner Ti 2p orbitals to the unoccupied Ti 3d 
orbitals [43,44]. In the reduced sample, the Ti-L 2,3 edge shifts to 
lower energies, and the pre-peak intensities of the Ti-L 3 and Ti- 
L 2 edges are significantly lower than those in the initial sample. 
These phenomena indicate an increase in the number of d 
electrons in Ti and the reduction of Ti4+ to Ti3+. In addition, the 
pre-peak intensity of the O-K edge is associated with the 
hybridization between O 2p and Ti 3d orbitals [43]. The pre- 
peak intensity of the O-K edge of the reduced sample in Fig. S8c 
is significantly lower than that of the initial sample, indicating a 
decrease in the oxygen content within the coordination shell of 
Ti, which implies the formation of oxygen vacancies. In contrast, 
no significant difference was observed in the EELS spectra of La 
(Fig. S8b), which was due to the absence of valence change of La, 
consistent with the above XPS results. Therefore, the electronic 

conduction in LLTO is mainly caused by the reduction reaction 
between Ti4+ and the metallic lithium according to Equation (1), 
with the oxygen vacancies formation in Equation (2) also playing 
a contributing role. The LLTO after the reaction remains a 
similar crystalline phase to the initial sample (Fig. S9). Thus, 
mixed ionic/electronic conduction was produced by the main 
transition metal reduction of Ti and the secondary formation of 
oxygen vacancies. 

Analysis of Li-LLTO composite anodes 
The Li-LLTO composite anodes were prepared by an in-situ 
reduction and rolling technique, and the composition and 
structure were systematically studied as shown in Fig. 2 and Figs 
S10–S13. The XRD patterns clearly show that the Li-LLTO 
composite anodes consist of cubic phase LLTO and metallic 
lithium (Fig. S10), along with broad peaks attributed to the 
Kapton tape. Furthermore, with increasing LLTO content in the 
composite anodes, the relative strength of the peak at ~30° 
(LLTO) to that of the peak at ~35° (Li) increases sharply. The 
relative content of LLTO in the composite anode will remarkably 
influence the property of the composite anode. We successfully 
prepared ultrathin composite lithium anodes with a thickness of 
~22 μm (Fig. 2a). The ultrathin anodes are expected to diminish 
excess lithium in the battery and thus increase the energy den
sity. The surface of the composite anode is relatively smooth 
with some relucent particles, which may be the LLTO of high 
molar weight (Figs S11 and S12). The particle size of the LLTO is 
non-uniform but the interface contact between the metallic 
lithium and the LLTO is quite intimate, which is beneficial to the 
diffusion of lithium through the interface. As shown in Fig. 2b 
and Fig. S13, the LLTO particles are homogeneously distributed 
in the composite anode, and the LLTO forms an interconnected 
framework in the composite. Based on the ionic/electronic 
conduction of the LLTO after contacting and in-situ reacting 
with the metallic lithium, mixed ionic/electronic conducting 
framework corbelled ultrathin freestanding composite lithium 
anodes were successfully obtained.  

Interfacial compatibility of Li-LLTO composite anodes to garnet 
SEs  
To assess the compatibility of this composite anode with garnet 
SEs, the AlF 3-LLZTO SEs with reduced electronic conductivity 
were prepared according to our previous work [45]. The inter
facial affinity, interfacial resistance and cycling stability against 
lithium dendrites were then studied. As shown in Fig. S14, the 
interfacial contact angle between the SE and the Li-LLTO 
composite anode at 300 °C is almost 0°. The interfacial micro
structure (Fig. 2c) clearly shows a conformal interface without 
any visible pores or delamination. Symmetrical cells using SEs 
and Li-LLTO composite anodes with different LLTO contents 
were assembled, and the interfacial resistances were respectively 
calculated to be 13.4, 13.5 and 11.7 Ω cm2 for the Li-LLTO 
composite anodes with 40, 60 and 80 wt% LLTO (Fig. 2d) using 
electrochemical impedance spectroscopy (EIS, Fig. S15). Com
pared with the Li/AlF 3-LLZTO interface [45], the composite 
anode further attenuates the interfacial resistance and reinforces 
the interfacial ionic transport. Furthermore, the interfacial 
resistances are also comparable to those obtained through 
interfacial modifications [46–50]. 

Using the relationship between −Z′′ and ω−1/2 for the Li-LLTO 
composite anodes with 40, 60 and 80 wt% LLTO (Fig. 2e), the 
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self-diffusion coefficients of lithium were estimated to be 
1.5×10−11, 4.5×10−11 and 1.8×10−11 cm2/s, respectively. The self- 
diffusion coefficient of lithium in the Li-LLTO composite anode 
with 60 wt% LLTO was improved by one order of magnitude 
compared with the value of pure metallic lithium [51], which 
should be contributed to the 3D interconnected LLTO frame
work of mixed ionic/electronic conduction. In this composite, 
the interface between Li and LLTO acts as a fast transport 
pathway of lithium, which has been convincingly demonstrated 
in other composite electrodes [38,52,53]. The optimized self- 
diffusion coefficient benefits to the interfacial stability of the 
lithium stripping and plating [19,21,54]. The critical current 
densities for the symmetrical cells using Li-LLTO composite 
anodes with 40, 60 and 80 wt% LLTO are respectively 0.4, 0.9 
and 0.5 mA/cm2 (Fig. 2f and Fig. S16). These values are higher 
than the critical current density of the Li/AlF 3-LLZTO/Li cell 
(0.2 mA/cm2) [45]. The critical current density of stable lithium 
stripping and plating is related to the self-diffusion coefficient of 
lithium in the metallic anode and the interfacial affinity, which 
were ameliorated by incorporating mixed ionic/electronic con
ducting LLTO with modulating its relative content. Moreover, 
the long-term stability of the symmetric cell was also studied 
under a fixed current density of 0.2 mA/cm2 at room tempera
ture (Fig. 2g). The cell reveals a stable polarization voltage 
0.08–0.1 V in about 1300 cycles which can be attributed to the 
stable interface under cycling. The long-term cycling perfor
mance of the Li-LLTO composite anode with 60 wt% of LLTO 

coupled with AlF 3-LLZTO and Al 2O 3-LLZTO was also eval
uated, as shown in Fig. S17. These symmetrical cells also do not 
show any sudden drop of polarization voltages, which are also 
better than the cell using pure lithium [45]. 

Interfacial lithium stripping and plating analysis 
The interfacial microstructure after the lithium stripping and 
plating was examined using scanning electron microscopy 
(SEM) and is shown in Fig. 3 and Fig. S18. Under a current 
density of 0.2 mA/cm2, the Li-LLTO/AlF 3-LLZTO interface 
delaminated after the stripping process (Fig. 3a). Meanwhile, the 
lithium plated along the interface homogeneously without 
forming any pores or cracks (Fig. 3b and Fig. S18). Tailoring the 
applied current density to a low value of 0.05 mA/cm2, similar 
phenomena were observed at the interface during stripping and 
plating (Fig. 3c, d). Owing to the delamination of the Li-LLTO 
composite anode in the stripping process, the residual anode 
after stripping was peeled easily from the SEs by a scalpel, and 
the surface morphology was tested by SEM. There are dis
cernible exposed LLTO particles, where the metallic lithium 
around them were stripped out, and the resultant pores are 
shown in Fig. 3e. Therefore, the bulk lithium atoms in the Li- 
LLTO composite anode are accessible during the stripping 
process due to the high self-diffusion coefficient, contributing to 
the improved cycling stability [55].  

The internal resistance of the symmetrical cell was in-situ 
detected using EIS in the stripping and plating processes under a 

Figure 2 (a) Cross-sectional SEM image of the Li-60 wt% LLTO composite anode. (b) XCT (X-ray computed tomography) image of the Li-LLTO composite 
anode. (c) SEM image of the Li-LLTO/AlF 3-LLZTO interface. (d) Interfacial impedance of Li-LLTO composite anodes with different LLTO contents, and some 
recent results in the literatures are also shown as a comparison [45–50]. (e) Warburg coefficients of Li-LLTO/AlF 3-LLZTO/Li-LLTO symmetric cells using Li- 
LLTO composite anodes. (f) Critical current density and (g) galvanostatic cycling performances of Li-LLTO/AlF 3-LLZTO/Li-LLTO cell using Li-LLTO 
composite anodes with 60 wt% LLTO at 25 °C.  
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current density of 0.05 mA/cm2 (Fig. 3f and Fig. S19). The EIS 
spectrum was obtained every 30 min until the polarization vol
tage reaches 1.2 V as shown in Fig. 3f. On the interface with 
lithium stripping, there are pores and delamination which 
induce high interfacial resistance. The internal resistance 
increases to ~3000 Ω after stripping for 83000 s (inset in Fig. 3f, 
down). However, lithium-ion transport still occurs at the 
interface during lithium stripping, as evidenced by the finite 
interfacial resistance value. After another 30-min stripping, an 
obvious oblique line appears in the low frequency zone of the 
impedance spectrum (inset in Fig. 3f, upper), indicating the 
interface has become lithium-ion blocking. In this case, the 
interface totally delaminated due to all the accessible lithium 
atoms stripping out at the given current density. The EIS spectra 
were translated into plots of distribution of relaxation time (τ, 
Fig. S20) and its evolution with the testing steps was exhibited in 
Fig. 3g. In 47 steps, the resistance change is negligible within the 
relaxation time below 0.01 s, which originates from the resis
tances of the SE and the interface with lithium plating. As a 
comparison, the resistance increases observably from the 43th 

step within the relaxation time from 0.01 to 1 s. The resistance 
increases sharply from the 45th step within the relaxation time 
from 1 to 32 s. The sharp increases of resistance within the 
relaxation time from 0.01 to 32 s are caused by the interfacial 
delamination.  

Electrochemical performances of solid-state lithium batteries 
LiCoO 2/AlF 3-LLZTO /Li-LLTO batteries were assembled as 
shown in Fig. 4a. Their electrochemical performances were 
studied at 45 °C in a voltage range of 2.5–4.2 V. The charge- 
discharge curves in Fig. 4b show the voltage platform of the 
battery at different rates. The battery delivers initial charge and 
discharge capacities of 155 and 129 mAh/g under the rate of 
0.1 C (Fig. 4c), respectively. The initial Coulombic efficiency is 
about 83%. In five cycles under the rate of 0.1 C, the discharge 

capacity remains ~130 mAh/g, and the charge capacities are 
decreased to ~140 mAh/g. When the rates reach 0.2, 0.5, 1 and 
2 C, the discharge capacities are ~132, ~128, ~120 and 
~110 mAh/g, respectively. The capacities of the battery decrease 
with the increasing charge and discharge rate, but when the rate 
gets back to the lower values, the charge and discharge capacities 
recover. Additionally, the long-term cycling performance of the 
battery was also tested with a rate of 0.2 C (Fig. 4d, e). The initial 
charge and discharge capacities are 168.5 and 139.6 mAh/g, 
respectively. After 220 cycles, these values decrease to 113 and 
112 mAh/g, respectively, and the corresponding retention ratio 
of discharge capacity is 80%. The battery using the Li-LLTO 
composite anodes possesses superior rate and long cycling per
formances comparable with other solid-state batteries using the 
garnet SEs [56–59] or LiCoO 2 cathodes [60,61].  

CONCLUSIONS 
Herein, freestanding ultrathin Li-LLTO composite anodes with 
3D interconnected mixed ionic/electronic conducting LLTO 
framework was constructed. Using a combination of EIS, XPS, 
EPR, TEM and EELS, the ambiguous chemical reaction between 
LLTO and metallic lithium, governing lithium diffusion at the 
Li/LLTO interface, was elucidated. The composite anode pos
sesses good affinity toward the AlF 3-LLZTO SEs inducing a low 
interfacial resistance of 11.7 Ω cm2, and a high self-diffusion 
coefficient of lithium reaching 4.5×10−11 cm2/s, about one order 
of magnitude higher than that of pure metallic lithium. These 
features enhance the Li-LLTO/AlF 3-LLZTO interfacial stability, 
increasing the critical current density fourfold and enabling a 
long cycling life for the symmetrical cells. Furthermore, the 
composite anode delivers high-performance solid-state lithium 
batteries with 80% capacity retention after 220 cycles. This 
advancement not only improves the performance of lithium 
metal anodes in solid-state batteries but also offers promising 
insights for next-generation high-energy-density electrochemical 

Figure 3 SEM images of the interface between the AlF 3-LLZTO and the Li-LLTO after the stripping (a, c) and plating (b, d) process under current densities 
of (a, b) 0.2 and (c, d) 0.05 mA/cm2. (e) SEM image of the surface morphology of Li-LLTO composite anodes peeled from the symmetrical cell on the stripping 
side. (f) Evolution of the polarization voltage of the symmetrical cell in the stripping and plating process. The insets are the corresponding impedance spectra at 
46th and 47th steps. (g) Evolution diagram of relaxation time distribution with test steps.  
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energy storage systems. 
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基于过渡金属离子还原构建内含离子/电子混合导电 
骨架的Li-LLTO复合负极以实现超快锂扩散 

朱惠琳1, 邓诗维1, 孔心怡1, 向兴2, 段岩1, 吴剑芳1*, 刘继磊1* 

摘要 在锂沉积/剥离过程中, Li/LLZO界面处界面电荷传输稳定性差, 
且易形成锂枝晶, 制约了LLZO固体电解质的应用. 基于Li 0.3La 0.5TiO 3 

(LLTO)离子导体中Ti4+离子被金属锂原位还原形成电子/离子混合导 
体, 构建了内含三维互联离子/电子混合导电LLTO骨架的自支撑超薄 
Li-LLTO复合负极. 复合负极对LLZO固体电解质表现出良好的亲和性, 
实现了11.7 Ω cm2的低界面阻抗, 及高达4.5×10−11 cm2/s的锂自扩散系 
数, 较纯锂提升了约1个数量级; 显著增强了Li-LLTO/LLZO界面的稳定 
性, 对称电池临界电流密度提升4倍, 稳定循环长达1300 h; 实现了高性 
能固态锂电池, 其循环220次后, 容量保持率达80%. 该工作不仅提升了 
锂金属负极在固态电池中应用的性能, 更为下一代高能量密度电化学 
储能系统的设计提供了思路. 
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