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A B S T R A C T   

Composite polymer electrolytes (CPEs) have shown extraordinary promise for use in all-solid-state lithium metal 
batteries (LMBs) because of their tunable merits in ionic conductivity and mechanical flexibility. Their practical 
application is however hindered by the poor interface stability and the uncontrollable Li dendrite formation. 
Addressing these two issues, we report an in-situ formed Li-Al-O interface layer between CPEs and Li metal anode 
by introducing Al2O3 nanoparticles in CPEs. X-ray photoelectron spectroscopy results indicated that the CPE- 
Al2O3 could slowly release Al atoms which react with Li metal to form the current Li-Al-O interface layer. We 
highlight that the Li-Al-O interface layer can stabilize lithium deposition/stripping over 1400 h in lithium 
symmetric batteries, and afford an impressive cycle life of 300 cycles in LiFePO4-Li batteries with almost no 
capacity loss. The present findings demonstrate that in-situ constructing a slow-release Li-Al-O interface layer is 
an easy and effective approach to stabilize the solid electrolyte interface and suppress the Li dendrites growth. 
Furthermore, the obtained batteries show excellent cycling stability, indicating the strategy with in-situ formed 
CPEs shed light on improving the processability of fabrication of high-performance electrolytes.   

1. Introduction 

Lithium metal batteries (LMBs) have been considered as one of the 
most promising power sources for numerous applications such as con
sumer electronic products, energy storage devices, and electric-drive 
vehicles [1–3]. However, LMBs using liquid electrolytes usually suffer 
from unstable solid electrolyte interface (SEI) and safety issues associ
ated with the high chemical reactivity of Li metal and the formation of 
irregular metallic Li electrodeposits [4–6]. LMBs with composite poly
mer electrolytes (CPEs) have attracted extensive attention as one of the 
most sought-after solutions due to their outstanding merits: (i) they are 
non-vaporizable and nonflammable, and (ii) they exhibit promising 
electrochemical stability and mechanical performance [7]. However, 
the poor CPEs/Li interface stability and the formation of lithium den
drites across the CPEs/Li surface in LMBs (i.e., inhomogeneous stripping 
and plating reaction of metallic lithium anode during cycling) hinder the 

practical application of CPEs in LMBs [8–11]. 
Many efforts have been made to address these issues, such as con

structing an artificial SEI layer, which is considered to be an effective 
method to stabilize the CPEs/Li interface [12,13]. Huang et al. in situ 
constructed a Li3N layer between electrolyte and Li anode, which 
enhanced the interfacial stability [14]. Hu et al. made a Li-rich artificial 
SEI layer in the PEO-based CPEs, which improved the cycle performance 
in batteries [15]. Among the artificial interface layers, the thermody
namically stable Li-Al-O interface was created to reduce the contact 
resistance and increase the interface stability between CPEs and Li metal 
anode [16]. Therefore, many efforts have been made to construct the Li- 
Al-O interface. Huang et al. synthesized a polycrystalline Li-Al-O elec
trolyte via chemical reaction aiming to protect the Li anode and elon
gated the cycle life of Li symmetric batteries. But the electrolyte 
consisted of complex composition, and the Li-AL-O electrolyte lacked of 
flexibility [17]. Chen et al. constructed a Li-Al-O composition through 
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an in-situ sol-gel method, which exhibited fast Li-ion transport and good 
dendrite suppression capability. However, the existence of ionic liquid 
decreased the mechanical strength of the CPEs, which may affect the 
safety of the battery [18]. Jing et al. dispersed Al2O3 fillers into a PPC- 
based polymer matrix with graphite coating procedure, in which an 
interface layer composed of Li-Al-O and LiC6 was formed, and the 
cycling performance in symmetric Li batteries was improved. But it was 
also unclear whether the performance improvement mainly comes from 
LiC6 or Li-Al-O [19]. Especially, these methods are difficult to be 
implemented to a large-scale promotion for commercial applications 
since some toxic solvents are inevitably used. Therefore, it is highly 
desired to construct a Li-Al-O layer in a simple and environment-friendly 
way to improve the cycle stability and suppress the Li dendrites in CPEs. 

In this study, we introduce nano Al2O3 fillers into the PCL matrix 
through a simple solution casting method, aiming to in-situ construct a 
Li-Al-O interface between CPEs and the Li metal anode during LMBs 
cycling. The composition and morphology of the interface layer are 
revealed by X-ray photoelectron spectroscopy (XPS) and scanning 
electron microscope (SEM) characterizations. We highlight that the 
symmetric Li/CPEs/Li batteries and LFP/CPEs/Li batteries exhibit 
excellent cycle stability due to the formation of the slow-release Li-Al-O 
interface layer on the Li metal anode. 

2. Experimental 

2.1. Material preparation 

Commercially available Aluminum oxide (γ-Al2O3, 10 nm, Aladdin, 
99.99%) with an average diameter of 9.8 nm was shown in Figure S1. 
Polycaprolactone (PCL) with the weight average molecular weight (Mw) 
of 56128 g⋅mol− 1, and a PDI of 1.98 were obtained by the gel perme
ation chromatography (GPC) measurement (Figure S2, Table S1). Bis
trifluoromethanesulfonimide lithium salt (LITFSI, Macklin, 99.9%), 
Dimethyl carbonate (DMC, Aladdin, 99%), and Ferrous lithium phos
phate (LiFePO4, Tianjin STL Energy Technology) were commercially 
obtained. In addition, the PCL, and Al2O3 are dried in a vacuum oven for 
12 h. 

2.2. Preparation of CPEs 

The condition of preparation of CPEs were shown in Figure S3. CPEs 
were prepared by a solution casting procedure [20]. The PCL and nano 
Al2O3 fillers were dried in a vacuum drying oven for 12 h to remove the 
absorbed water from the atmosphere. Then the PCL and LITFSI in an 
optimized mole ratio of 20:1 were dissolved in 15 mL DMC (Aladdin, 
99%) solution and continuously stirred at 60 ◦C for 2 h [21]. Then 
different amounts of nano Al2O3 with contents of 0%-30% were added. 
The solution was finally mixed for 24 h with continuous heating. 
Especially, during the stirring process, the solution was ultrasonic 
dispersed per 2 h. The solution was cast on a glass plate using a doctor 
blade when a significant homogenization has taken place. Residual 
solvent was completely removed by drying the electrolyte film in a 
vacuum oven at room temperature for another 24 h. The thickness of 
CPEs was controlled at about 50–60 μm. For electrochemical tests, the 
obtained CPEs membranes were cut into circular rounds with a diameter 
of 19 mm and placed in an Ar-filled glove box for overnight to remove 
the residual solvent. For simplification, CPEs with different amounts 
(0–30%) of nano Al2O3 were denoted as CPE-A0, CPE-A10, CPE-A20, 
and CPE-A30, respectively. 

2.3. Sample characterization 

The crystal structure was determined by a D8-ADVANCE X-ray 
diffractometer (XRD) using Cu Kα radiation. The morphology and 
microstructure of CPEs were studied by scanning electron microscopy 
(SEM, HITACHI SU8010). X-ray photoelectron spectroscopy (XPS) was 

measured utilizing the Thermo Scientific K-Alpha system to measure 
elemental species and the chemical valence of the CPEs. 

2.4. Electrochemical characterization 

Coin cells SS/CPEs/SS (SS, stainless-steel plate electrodes) were 
assembled to determine the ionic conductivity(σ) of the CPEs by alter
nating current (AC) impedance measurements over the frequency range 
10 MHz to 0.1 Hz with a potential amplitude of 10 mV using a Zahner 
electrochemical workstation. The value of σ of the CPEs can be calcu
lated by Eq. (1) [22]: 

σ = L/RS (1)  

where L is the thickness of the electrolyte membrane, R represents the 
impedance of the symmetrical stainless blocking batteries and S is the 
electrode area. Coin cells Li/CPEs/SS were assembled to measure the 
electrochemical window of CPEs by linear sweep voltammetry (LSV) 
technique at a scanning rate of 0.1 mV⋅s− 1 using CHI660E. The Li-ion 
transference number(tLi+) can be calculated by the Bruce-Vincent for
mula in Eq. (2) [23]: 

tLi+ =
Is(ΔV − I0R0)

I0(ΔV − ISRS)
(2)  

where I0 and Is represent the initial and stable current obtained from the 
DC polarization curves of symmetrical Li/CPEs/Li battery (ΔV = 10 
mV), respectively. R0 and Rs correspond to the impedance before and 
after polarization, respectively. The galvanostatic test of both Li/CPEs/ 
Li batteries and LiFePO4/CPEs/Li full solid-state batteries were carried 
out on a Land battery testing system at 60 ◦C. 

3. Results and discussion 

It is reported that a loose layer consisting of LiF and CF3-containing 
layer may form between CPEs and Li metal anode during cycling [24]. 
The formation process of a Li-Al-O interface in CPE-A20 is illustrated in 
Fig. 1. The Al2O3 nanoparticles in the CPEs are expected to slowly 
release Al atoms and react with Li metal to form a Li-Al-O interface layer 
between CPEs and Li metal anode during battery cycling. This interface 
layer is expected to stabilize the CPEs/Li interface and make a uniform Li 
deposits process over the Li surface, as well as suppress the Li dendrite 
growth. 

To verify whether a Li-Al-O interface layer is formed between the 
CPE-A20 and the Li metal anode during battery cycling, we character
ized the Li electrode before and after 10 cycles in LFP/CPE-A20/Li 
battery through XPS. Fig. 2(a) shows the full XPS spectra on the Li 
surface before and after 10 cycles. Both Li surfaces before and after 10 
cycles in LFP/CPE-A20/Li battery contained C, O, and F. It was worth 
noting that in the F1s spectrum, peaks at 684.6 and 688.7 eV (Figure S4) 
were assigned to LiF and CF3. The LiF and CF3 originated from the 
decomposition of lithium salts. After 10 cycles, Al existed on the Li 
surface after cycling in LFP/CPE-A20/Li battery, indicating the slow 
release of Al atoms during cycling in batteries. The deconvolution of the 
Al2p peak, as shown in Fig. 2(b, c), was fitted with two peaks at 75.1 and 
73.6 eV, corresponding to γ-Al2O3 [19] and LixAlOy [18], respectively. 
The obtained results indicated the formation of the Li-Al-O compound 
on the Li surface. And the formation process of the Li-Al-O interface can 
be concluded as follows: Al2O3 nanoparticles exposed on the interface 
between the Li metal anode and CPEs electrolyte are prone to react with 
Li to form a stable Li-Al-O composition spontaneously during charging/ 
discharging. Then slow released Al atoms continue to react with Li metal 
during cycling. And Li atoms could be delivered by this interface layer to 
the CPEs while maintaining this structure. 

The corresponding raw materials, i.e., CPEs, were characterized 
through XRD, SEM, and EDS, and the obtained results were shown in 
Figure S5. Then the electrochemical performances of the CPEs were 
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characterized. In Fig. 3(a, b), the ionic conductivities of CPEs mem
branes at different temperatures (from 30 to 60 ◦C) were presented. The 
σ of CPE-A0 was only 6.32 × 10− 6 S⋅cm− 1. After Al2O3 nanoparticles 
adding to the CPEs, the σ increased firstly as the σ reached to 1.72 ×
10− 5 S⋅cm− 1 for CPE-A10 and 1.94 × 10− 5 S⋅cm− 1 for CPE-A20 at 60 ◦C. 
When the content of Al2O3 reached to 30%, the σ decreased to 1.23 ×
10− 5 S⋅cm− 1, which may be ascribed to that excess Al2O3 nanoparticles 
likely to agglomerate, leading to the elimination of effective interaction 
interfaces as well as the lowering of polymer free-volume [25]. There
fore, the conductivity in turn decreased. The LSV measurements from 
1.0 to 7.0 V at 0.1 mV s− 1 were carried out, and the obtained results were 
shown in Fig. 3(c). The CPEs membranes were relatively stable below 
approximately 6.0 V (vs Li/Li+). The calculated Li-ion transference 
number (tLi+) was shown in Fig. 3(d). CPE-A20 had a tLi+ value of 0.65 
at 60 ℃, and the tLi+ value of CPE-A10 and CPE-A30 are 0.56, and 0.51 
(Figure S6), respectively. These results showed that CPEs with Al2O3 
nanoparticles exhibited a relatively high tLi+, which could mean a good 
battery property for the CPEs. 

Cycling performance heavily relied on the electrode/electrolyte 
interface stability. Here we investigated the battery cycle performance 
of LFP/CPEs/Li to further assess the interface stability. The rate per
formance and charge/discharge profiles of CPEs were shown in 
Figure S7, respectively. The LFP/CPE-A20/Li battery delivered the 
specific capacities of 140.7, 135.1, 127.4, 121.3 and 118.1 mAh⋅g− 1 at 
different discharge rates of 0.1, 0.2, 0.5, 0.8 and 1.0C, respectively. And 
the specific capacities of LFP/CPE-A30/Li battery were 128.6, 122.9, 
110.9, 105.7 and 100.0 mAh⋅g− 1 at the same rate. Note that LFP/CPE- 
A20/Li and LFP/CPE-A30/Li batteries showed the initial capacity of 
120.7 and 102.4 mAh⋅g− 1, and both of them exhibited outstanding ca
pacity retention of 98% and 100%, after 300cycles at 1.0C, as shown in 
Fig. 4 (a, b). The excellent cycle stability for the LFP/CPE-A20/Li and 
LFP/CPE-A30/Li batteries might originate from the in-situ Li-Al-O 
interface layer, which facilitated interfacial charge transport, and 
shorten the ion diffusion pathway [26]. However, the LFP/CPE-A10/Li 

battery suffered from a sudden capacity fading, this might come from 
the poor thermal stability for CPE-A10 because of the low content of 
Al2O3 nanoparticles [27]. The thermal shrinkage properties of the CPEs 
were investigated as shown in Figure S8. It should be mentioned that 
the battery performance of the present CPE-Al2O3 compares favorably 
with many reported CPEs (Table S2). As a result, the excellent cycle 
stability of the LFP/CPE-A20/Li and LFP/CPE-A30/Li batteries indi
cated that a slow-release Li-Al-O interface layer was formed and this 
interface layer was concluded to be responsible to enhance the battery 
performance. 

SEM images of the cross-section of the LFP/CPE-A20/Li battery after 
cycles was shown in Figure S9(a). There was no obvious boundary 
between the electrolyte and electrodes, indicating a tight integration. 
The morphology of Li metal anode before cycling was shown in 
Figure S9(b). For the Li metal anode with CPE-A20 and CPE-A30 at 1.0C 
in LFP/CPE/Li batteries after 300cycles, a flat and compact surface 
morphology was observed (Fig. 4(c-f)) with packed and plate-like Li, 
indicating a uniform and stable lithium deposits during cycling. 
Furthermore, the Li-Al-O interface layer could ameliorate the intimate 
contact between the electrolyte and electrode and promote the lithium 
ions transport, thus obtaining a smooth surface structure on the Li metal 
anode. Moreover, no Li dendrites can be observed on the surface of the Li 
metal anode, which suggested the Li-Al-O interface layer was favorable 
to inhibit Li dendrites penetration. The results indicated that the slow- 
release Li-Al-O interface layer effectively improved the stability of the 
CPEs/Li interface and significantly inhibited the formation and growth 
of lithium dendrites on the surface of lithium metal. 

Lithium stripping and plating experiments were further performed to 
analyze the cycling stability of the CPE-A20 and CPE-A30 against 
lithium metal. The lithium plating/stripping cycling in the Li/CPE-A20/ 
Li, and Li/CPE-A30/Li symmetric batteries at different current densities 
from 0.01 to 0.2 mA⋅cm− 2 were shown in Figure S10. Both CPE-A20 and 
CPE-A30 in symmetric batteries exhibited stable rate performances until 
the current up to 0.2 mA⋅cm− 2. To further investigate the cycle stability 

Fig. 1. The schematic illustration of in situ forming Li-Al-O interface layer and the inhibition of Li dendrites in the CPE-A20.  

Fig. 2. Full XPS spectra of (a, b) the initial state of Li surface and after 10 cycles in LFP/CPE-A20/Li battery. (c) XPS spectra of Al2p of CPE-A20 after 10 cycles in 
LFP/CPE-A20/Li battery. 
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Fig. 3. (a) Impedance plots of the CPEs at 60 ℃, (b) Arrhenius plots for the ionic conductivity of the CPEs. (c) LSV curves of CPEs and (d) steady state polarization 
curve and the impedances of the Li/CPE-A20/Li battery before and after polarization. 

Fig. 4. Cycle performance of (a) LFP/CPE-A20/Li and (b) LFP/CPE-A30/Li batteries. SEM images of Li surface after 300 cycles in (c, d) LFP/CPE-A20/Li battery and 
LFP/CPE-A30/Li battery, respectively. 
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between the CPEs with Li metal, the galvanostatic lithium stripping and 
plating measurements were carried out at 60 ℃ at 0.05 mA⋅cm− 2. As 
shown in Fig. 5(a), the CPE-A20 showed a stable voltage initially, sug
gesting an interface formed between electrolytes and Li metal anode 
[28]. Especially, the Li/CPE-A20/Li battery can be charged and dis
charged for over 1400 h with a small voltage polarization of about 
0.071 V at 0.1 mA⋅cm− 2, and about 0.083 V after 200 h at 0.1 mA⋅cm− 2, 
as shown in Fig. 5(b). Similar phenomenon was shown in Li/CPE-A30/Li 
battery shown in Figure S11, as the voltage polarization is about 0.046 
V at 0.05 mA⋅cm− 2 after 500 h and 0.124 V after 200 h at 0.1 mA⋅cm− 2. 
Such high stability of Li/CPE-A20/Li battery even after 1400 h cycles 
indicated that the addition of nano Al2O3 in PCL-based CPEs generated a 
more stable and higher quality Li-Al-O interface layer. Though a few 
vibrations appeared in the voltage profile in Li/CPE-A20/Li symmetric 
battery, the battery maintained a stable overpotential in the following 
cycles, indicating no uncontrolled increase of resistance caused by the 
degradation of the Li-Al-O interface layer on the Li metal anode [29]. 
The impedance associated with time in symmetric Li batteries was 
calculated. It is clear from Table S3 that the CPE-A20 and CPE-A30 
showed stable impedance during cycling, which indicated that the Li- 
Al-O interface layer could greatly improve the Li stripping/plating sta
bility in Li symmetric batteries. This explained why the cycle perfor
mances of CPE-A20 and CPE-A30 in the symmetric battery were stable. 

To further explore the interfacial stability of Li-Al-O between the 
CPE-A20 and Li metal anode, and the inhibition of Li dendrites, we 
disassembled the cycled symmetric batteries to observe the Li/CPE-A20 
interfaces. Fig. 5(c-e) shows SEM images of Li surface after cycling in Li/ 
CPE-A20/Li symmetrical battery and the related images for CPE-A30 
was shown in Figure S12. Although LITFSI salt has been previously 
reported to form a poor-quality SEI layer on Li metal anode [30], it is 
found that a relatively smooth and dense Li anode surface can be 
observed with rare Li dendrites after cycling in Li/CPE-A20/Li battery. A 
similar phenomenon is shown in Figure S12 for the Li surface in Li/CPE- 
A30/Li battery after cycling. The smooth and dense surface of Li metal 
may be attributed to the in-situ formed slow-release Li-Al-O interface 

layer on the Li metal surface [31]. From the above analysis of both 
symmetric batteries and full batteries, the Li-Al-O interface layer can 
effectively improve the cycle stability and inhibit the Li dendrites. 

4. Conclusions 

In summary, a Li-Al-O interface layer was in-situ formed between 
Al2O3-based CPEs and Li anode during battery cycling. The formation of 
the Li-Al-O interface layer resulted from the reaction between the slowly 
released Al atoms and the Li metal anode. Benefiting from the stabilized 
Li-Al-O interface layer, the symmetrical battery with CPEs-Al2O3 elec
trolyte can be cycled over 1400 h with a small voltage polarization of ~ 
0.071 V. Besides, excellent capacity retention reaching ~ 100% can be 
achieved in LFP/CPE-A20/Li batteries after 300cycles at 1.0C. The 
remarkable results confirmed the effectiveness of the in-situ formed Li- 
Al-O interface layer in improving the interfacial stability between CPEs 
and Li metal anode. SEM and XPS characterizations confirmed a smooth 
and stable Li-Al-O interface layer even after 1400 h in Li symmetric 
batteries and 300cycles in LiFePO4-Li batteries. Our work provided a 
facile and effective strategy to stabilize the electrode/electrolyte inter
face and suppress the Li dendrite growth in LMBs. 
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Fig. 5. Lithium stripping/plating cycle tests of Li/CPE-A20/Li symmetrical batterie at (a) 0.05 mA⋅cm− 2 and (b) 0.1 mA⋅cm− 2. (c-e) SEM images of Li surface after 
cycling in Li/CPE-A20/Li symmetrical battery after 1400 h at 0.05 mA⋅cm− 2. 
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Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
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