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H I G H L I G H T S

• LCO/LLZO composite cathode was co-sintered onto LLZO to build ASSLMB.
• < 895 ◦C, loose cathode structure, high impedance, fast capacity degradation.
• Higher sintering temperature, denser microstructure but severer side reactions.
• ≥ 995 ◦C, early battery failure, likely due to excessive stress.
• Side reaction byproduct Li-La-Co-O was identified by Raman-EDX-mapping and XRD.
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A B S T R A C T

All-solid-state Li-metal batteries (ASSLMBs) based on Li7La3Zr2O7 (LLZO) solid electrolytes (SEs) are promising 
candidates for next-generation energy storage devices. Although the composite cathode obtained by sintering 
well-mixed LiCoO2 (LCO) and LLZO at high temperature can overcome the problem of low ionic conductivity 
within the cathode, the capacity and cycling stability of such LLZO-based ASSLMBs are still not satisfactory. 
Systematically investigating the impact of sintering conditions on ASSLMB helps identify limiting factors and 
guides further optimization. Herein, we investigated the influence of sintering temperature on the phase 
composition, microstructure and electrochemical performance of LLZO-based ASSLMBs. It was found that low 
sintering temperature leads to a loose microstructure within the composite cathode, resulting in high impedance, 
low LCO utilization and rapid capacity degradation. Increasing the sintering temperature results in a denser 
composite cathode, thereby reducing impedance and improving cycling stability. Meanwhile, side reactions 
within the composite cathode become severer, lowering the initial Coulombic Efficiency (CE). Continuously 
increasing the sintering temperature ultimately leads to early battery failure, likely due to excessive stress in the 
overly dense cathode. Overall, our study shows that sintering temperature has multiple influences on the per
formance of LLZO-based ASSLMBs. Further performance optimization requires balancing trade-offs among 
multiple limiting factors.

1. Introduction

Currently, Li-ion batteries (LIBs) are ubiquitous in everyday life, 

found in smartphones, home appliances, robots, and automobiles [1,2]. 
However, with further development of modern society, the re
quirements for energy density and safety standards of energy storage 
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batteries are becoming increasingly stringent [3–6]. Therefore, the 
development of new types of secondary batteries is imperative.

Li-metal batteries (LMBs) have a significant advantage in energy 
density, with a theoretical energy density exceeding 500 Wh•kg− 1, far 
surpassing that of current commercial LIBs, which is only in the range of 
250-300 Wh•kg− 1 [7,8]. This improvement mainly stems from the high 
specific capacity (theoretically reaching 3860 mAh•g− 1), low density 
(0.53 g•cm− 3), and low electrochemical potential (− 3.04 V vs. Standard 
Hydrogen Electrode) of the Li-metal anode [9,10]. However, in terms of 
safety, the bad compatibility between traditional liquid electrolytes and 
Li-metal presents more serious safety risks [11,12]. For example, side 
reactions between liquid electrolytes and Li-metal anode not only lead to 
the consumption of both components, resulting in continuous capacity 
degradation and uncontrollable growth of the solid electrolyte inter
phase (SEI), but also generate a large amount of heat, potentially trig
gering thermal runaway [13–15]. Besides, LMBs are more prone to 
Li-dendrite formation due to defects on the Li-metal surface, insuffi
cient mechanical stability of the SEI layer, or excessive current density, 
which can eventually cause short-circuit [16,17]. Furthermore, the large 
volume change of Li-metal causes the break of the SEI layer, exposing 
fresh Li-metal surfaces to form new hot spots for Li-dendrite, which 
continuously facilitates the two harmful processes mentioned above 
until battery failure, or in more severe cases, until fires and explosions 
[18–20]. To improve the safety of LMBs, researchers have proposed 
many strategies, such as liquid electrolyte engineering [21–23], artifi
cial SEI layers [24–26], and structure design of Li-metal anode [27,28]. 
However, these strategies fall short when faced with more stringent 
testing conditions, such as thermal testing and nail penetration 
experiments.

ASSLMBs, which use SEs instead of liquid electrolytes, effectively 
eliminate the risk of fire and explosion caused by organic liquids, 
thereby offering inherent safety [29,30]. Among all kinds of SEs, 
LLZO-based SEs outstand due to their wide electrochemical window, 
good electrochemical and mechanical stability against Li-metal anode 
and good ionic conductivity [31–33]. Extensive research about LLZO 
itself and the Li/LLZO interface has further improved the ionic con
ductivity of LLZO [34,35], reduced the Li/LLZO interfacial impedance 
[36,37], and suppressed Li-dendrite formation [38]. However, due to 
the low ionic conductivity of the cathode material, LLZO-based 
ASSLMBs, like other ASSLMBs, often experience ion transport limita
tions within the cathode, hindering the full capacity release and limiting 
the loading of cathode active materials. To overcome this common 
disadvantage, a composite cathode composed of well-mixed cathode 
active material and SE was proposed to enable ASSLMBs [39,40]. 
Sulfide-based composite cathodes are typically fabricated by mixing a 
cathode active material with sulfide SE particles and other additives (if 
needed), followed by cold or warm pressing (<250 ◦C) under a high 
pressure of hundreds of MPa to form a dense composite cathode layer 
[41,42]. To prepare a polymer-based composite cathode, the polymer 
binder, Li-salt, and cathode active material are first dissolved in a sol
vent, and then ball milling or stirring is conducted to improve the 
dispersion uniformity. Finally, the solvent is completely dried under 
vacuum conditions [43,44]. Unlike sulfide- and polymer-based 
ASSLMBs, high-temperature sintering is often required to promote the 
contact between LLZO and cathode active material due to their high 
rigidity [45]. Thanks to its chemical stability with LLZO at high tem
perature and its similar thermal expansion coefficient to LLZO, LCO has 
become the most suitable material for constructing LLZO-based com
posite cathodes [46–48]. Tsai et al. built an LCO-LLZO||LLZO||Li-In 
ASSLMB with high LCO loading by sintering the composite cathode 
onto the LLZO over 1000 ◦C. However, the ASSLMB showed rapid ca
pacity degradation during cycling with only 25% initial capacity left 
after 100 cycles [49]. By further improving the microstructure of the 
LCO/LLZO composite cathode, a LCO-LLZO||LLZO||Li ASSLMB sintered 
at 970 ◦C was reported, which showed an initial charging capacity of 1.0 
mAh•cm− 2 and a remained capacity of 0.51 mAh•cm− 2 after 100 cycles 

[50]. In fact, most of the capacity was lost during 1st cycle as the 1st CE 
was only 63%. Ihrig et al. demonstrated the potential of the 
pressure-supported field-assisted sintering technique (FAST). A 
LCO-LLZO||LLZO||Li-In ASSLMB was prepared under a high mechanical 
pressure (440 MPa) and a low sintering temperature (750 ◦C), which 
showed high initial charging and discharging capacity of 1.15 and 0.9 
mAh•cm− 2, respectively. However, after 45 cycles, only about 0.3 
mAh•cm− 2 capacity was left [51].

Despite researchers' efforts, the capacity retention and cycling sta
bility of LLZO-based ASSLMBs remain unsatisfactory. Systematic opti
mization of the sintering process and understanding the impact of each 
sintering parameter on ASSLMBs are key to identifying directions for 
further improving ASSLMB performance. In this study, LCO/LLZO 
composite cathodes were sintered onto LLZO SEs under air at different 
sintering temperatures to understand the comprehensive influence of 
sintering temperature on LLZO-based ASSLMBs. The cross-section of 
these sintered composite cathodes was tested by Raman mapping com
bined with EDX mapping to understand the influence of sintering tem
perature on the phase composition. Then, SEM was used to study the 
influence of sintering temperature on the microstructure within the 
composite cathode. Finally, electrochemical measurements were con
ducted to show the influence of sintering temperature on the electro
chemical performance of LLZO-based ASSLMBs.

2. Experimental

2.1. Preparation of ASSLMBs

The preparation of the ASSLMBs was the same as our previous work 
[52]. Here, only a brief description is provided.

LLZO-based SE: Li6.45Al0.05La3Zr1.6Ta0.4O12 was prepared by solid- 
state reaction using well-mixed precursors: LiOH•H2O (Merck, 98%), 
La2O3 (Merck, 99.9%, pre-dried at 900 ◦C for 10 h), ZrO2 (Treibacher, 
99.5%), Ta2O5 (Inframat, 99.95%), and α-Al2O3 (Inframat, 99.9%). The 
powder mixture went through three calcination steps: once at 850 ◦C 
and twice at 1000 ◦C, each for 20 h, followed by a sintering process at 
1175 ◦C for 10 h. Grinding, mixing, and pressing into pellets were 
repeated before each heating step to ensure high uniformity in the final 
product. After sintering, LLZO pellets were sliced and polished to get 
discs with a thickness of ≈600 μm.

Composite cathode ink: mixed powder was prepared by ball milling 
LCO (MTI Corp., USA) and LLZO powder with a mass ratio of 1:1. Then 
equal masses of mixed powder and a terpineol (Sigma-Aldrich) solvent 
containing 3 wt% ethyl cellulose (Sigma-Aldrich) were mixed using a 
three-roll milling to obtain a uniform composite cathode ink.

ASSLMBs: a certain amount of composite cathode ink was hand- 
brushed onto one side of the LLZO disc. After that, the sample was sin
tered in a tube furnace (Nabertherm, Germany) under an air atmosphere 
at the required temperatures, with a dwell time of 15 min. After sin
tering, the anode side was polished again and coated with an Au inter
layer. The ASSLMB was obtained after Li was attached to the anode side 
in the glovebox. The fabricated ASSLMB was also heated to 250 ◦C to 
further improve the contact between LLZO and the Li anode. Then the 
ASSLMB was placed in a Swagelok cell, and a spring was used within the 
cell to apply a pressure of 0.1 MPa.

All the fabricated ASSLMBs have similar LCO loading in the range of 
6.5~7.0 mg•cm− 2. Since different sintering temperatures, i.e., 895, 920, 
945, 970, and 995 ◦C, were used, the obtained ASSLMBs were named 
A895, A920, A945, A970, and A995, respectively.

2.2. Electrochemical performance

A multi-potentiostat (BioLogic VMP-300) combined with a climate 
chamber (Maccor, Inc., USA) set to 60 ◦C was used to conduct the 
electrochemical measurements of all ASSLMBs. During charging, a 
constant current density of 50 μA•cm− 2 was applied until the voltage 
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reached 4.2 V vs. Li/Li+, after which a constant voltage was applied until 
the current density declined to 10 μA•cm− 2. During discharging, a 
constant current density of 50 μA•cm− 2 was applied until the voltage 
reached 3.4 V vs. Li/Li+. After 1st charging of each ASSLMB, the elec
trochemical impedance spectroscopy (EIS) test was conducted at a fre
quency range of 7 MHz to 1 Hz with a perturbation AC amplitude of 10 
mV.

2.3. Characterizations

Raman mapping combined with EDX mapping was carried out using 
a Zeiss-RISE (Raman Imaging and Scanning Electron Microscopy). 
Raman microscopy was performed using a 532 nm excitation laser and 
600 g•mm− 1 grating, with a laser power of 1.0 mW. The spectra were 
collected for an area of 20 μm × 20 μm with a step size of (x, y) = (0.357 
μm, 0.5 μm) and a 3 s spectral acquisition time. The total number of 
acquired spectra for the mapping was 2240. The mappings were pro
cessed within the WITec Project 6.2 Software using cosmic-ray removal 
and background noise subtraction. The method used for background 
subtraction is based on approaching a rounded shape to the spectrum. 

The mapping was analyzed using the TrueComponent Analysis within 
the WITec Project 6.2 software, which identifies components and gen
erates intensity distribution images of them. The EDX mapping was then 
collected at the same test area with an accelerating voltage of 20 kV and 
a scan rate of 45 μs− 1.

SEM experiments were conducted to investigate the microstructure, 
using a Quanta FEG 650 (FEI) environmental scanning electron micro
scope. All investigations were performed with the e-beam at 20 kV.

3. Result and discussion

As shown in Fig. 1, the cross-sections of A895, A945, and A995 were 
analyzed by Raman mapping combined with EDX mapping to investi
gate the influence of sintering temperature on side reactions. Two 
phases were observed in the composite cathode of A895 (Fig. 1a): LCO 
(red) and LLZO (green). In the average Raman spectrum of the red 
phase, Fig. 1b, three characteristic peaks belonging to LCO are observed 
at 484, 595, and 1176 cm− 1, which can be attributed to the O-Co-O 
bending mode, Co-O stretching mode, and overtone of the Co-O 
stretching mode, respectively [53,54]. The additional peak present at 

Fig. 1. Raman-EDX mapping of the cross-section of A895, A945, and A995. The results from A895 for its (a) Raman mapping and (b), (c) analyzed average Raman 
spectra for LCO and LLZO phase, respectively. The results from A945 for its (d) Raman mapping and (e) - (g) analyzed average spectra for LCO, LLZO, and possible 
impurity phase, respectively. The results from A995 for its (h) Raman mapping; (i) - (k) analyzed average spectra for LCO, LLZO, and possible impurity phase, 
respectively; (l) - (o) EDX mapping of Co, La, Zr, and Ta, respectively.
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990 cm− 1 was also reported in the spectrum of LCO in the literature 
[54]. The peak at 658 cm− 1 can be attributed to the characteristic of the 
octahedral sites (CoO6) belonging to Co3O4, an impurity likely inherited 
from the pristine LCO material [49,55]. The average Raman spectrum of 
the green phase is shown in Fig. 1c which indicates predominantly cubic 
LLZO phase rather than tetragonal LLZO phase, as evidenced by the 
presence of two shoulder peaks around 213 and 410 cm− 1 and two broad 
peaks at 242 and 371 cm− 1 instead of sharp peaks around 209, 291, 346, 
370, and 404 cm− 1 [56,57]. The peak at 649 cm− 1 represents the 
vibrational stretching modes of the Zr-O bond [58]. Furthermore, the 
peak at 737 cm− 1 corresponds to the stretching of TaO6 octahedra, 
confirming the partial substitution of Zr by Ta [59]. There is a small 
impurity peak at 1090 cm− 1 representing a low content of the Li2CO3 
phase which is caused by the proton-exchange reaction of LLZO [60,61]. 
The assignment of characteristic peaks of LCO and LLZO are summarized 
in Table S1.

Within the cross-section of A945, Fig. 1d, a total of 3 phases can be 
distinguished. In addition to LCO (red) and cubic LLZO (green) phases, 
Fig. 1e and f, another impurity phase (blue) characterized by the strong 
peaks at 385, 431, and 690 cm− 1 appeared, Fig. 1g. Within the cross- 
section of A995, Fig. 1h–k, the phase composition was the same as 
that of A945, but the impurity phase content appeared to be higher. This 
impurity phase was also observed in our previous study [52]. By 
comparing with all possible impurities commonly seen in this system, 
we attributed this phase to the Li0.5La2Co0.5O4 species, which shows 
similar peaks at 371, 425, and 685 cm− 1 in the literature [62]. Here, we 
further confirm this idea by comparing Raman and EDX mapping in the 
same test area. Fig. 1l–o shows the single element EDX mapping of Co, 
La, Zr, and Ta, respectively, in the same testing region as in Fig. 1h. 
Although the shape of Raman and EDX mapping is difficult to match 
perfectly due to resolution limitations, image drifting and processing of 
Raman mapping, we can still find some spots (marked by white circles in 
different shapes) to confirm that the impurity phase is Co- and La-rich 
but contains no Zr and Ta. By comparing Raman mapping of different 
ASSLMBs, it can be concluded that the content of Li0.5La2Co0.5O4 gets 
higher with higher sintering temperatures. This conclusion is also sup
ported by XRD measurements which performed on the top surface of the 
sintered composite cathodes, as shown in Fig. S1. Besides, since the 
preparation process of these ASSLMBs was conducted in air, the Li2CO3 
phase was inevitably formed by proton-exchange reaction of LLZO. 
However, regardless of the sintering temperature, its content in the bulk 
phase remains relatively low as shown by the small peak at 1090 cm− 1 in 
Fig. 1c, f, and j.

The cross-sections of different ASSLMBs, Fig. 2, were investigated by 
SEM to examine the influence of sintering temperature on the micro
structure of the composite cathodes. In A895, Fig. 2a, there were many 
pores within the composite cathode, sized from few micrometers to over 
10 μm, and many voids can be seen at the interface between the com
posite cathode and SE. As the sintering temperature gradually increased 
to 995 ◦C, Fig. 2b–e, the microstructure of composite cathode generally 
became denser with less and smaller pores within the composite cath
ode. The SEM images were processed by python using Gaussian Kuwa
hara filters to obtain their porosities. As shown in Fig. S2, the calculated 
porosities of these composite cathodes decreased from 16% to 3.6% 
when sintering temperature generally increased from 895 to 995 ◦C. 
Lower porosity means better connection between particles, which favors 
the movement of ions and electrons within the composite cathode. Be
sides, the connection between the composite cathode and SE also 
became tighter with fewer voids in between, facilitating ion transport 
across the interface.

However, increasing the sintering temperature is not always bene
ficial to the microstructure. For example, the agglomeration of LLZO 
particles also increased with higher sintering temperature, as most of the 
LLZO agglomerates in A895 only have a radius of a few micrometers, 
while those in A995 can reach a radius of up to tens of micrometers. 
Over-agglomeration may affect the distribution of LLZO particles, 
potentially leading to an insufficient ion-percolation network. Besides, 
according to Yu et al., [63] since LLZO has a larger coefficient of thermal 
expansion than LCO, the shrinkage of LLZO during cooling is greater 
than that of LCO. Therefore, LCO is subject to compressive stress from 
the matrix within the composite cathode. Increasing the sintering tem
perature amplifies this stress. In addition, Han et al., [64] also revealed 
that residual stress on the cathode active material plays a pivotal role in 
degradation during cycling.

After identifying the phase composition and microstructure, elec
trochemical tests were performed to understand the impact of sintering 
temperatures on the performance of ASSLMBs. Fig. 3 shows the first 
electrochemical cycle of all the ASSLMBs sintered at different temper
atures. The ASSLMB sintering at 895 ◦C showed a low charging capacity 
of 0.95 mAh•cm− 2, a high capacity loss of 0.30 mAh•cm− 2, and thus a 
low 1st CE of 68.5%. The EIS test after the 1st charging showed that 
A895 had a high total impedance of 795.5 Ω cm2. The poor performance 
of A895 may relate to the porous structure of the composite cathode, as 
shown in Fig. 2a, where LCO and LLZO particles are loosely connected, 
resulting in a low cathode active material utilization and a high 
impedance across the LCO/LLZO interface, as supported by the 

Fig. 2. SEM images of the composite cathode microstructures of (a) A895, (b) A920, (c) A945, (d) A970, (e) A995.
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equivalent circuit fitting in Fig. S3 and Table S2. When the sintering 
temperature increased from 895 to 920 ◦C, the A920 showed a much 
higher charging capacity of 1.09 mAh•cm− 2 and a relatively lower ca
pacity loss of 0.23 mAh•cm− 2 leading to a 1st CE of 79.1%. The total 
impedance after the 1st charging decreased to 422.9 Ω cm2. When the 
sintering temperature further increased from 920 to 970 ◦C, on the one 
hand, the 1st charging capacity of ASSLMBs no longer increased, indi
cating that the microstructure established above 920 ◦C already pro
vided a sufficient LCO utilization. On the other hand, the overall 
impedance further decreased as shown in Fig. 3d, which can be attrib
uted to the denser microstructure within the composite cathode and to 
the better connection between composite cathode and SE as shown in 
Fig. 2b–d. The EIS result is also consistent with the different shapes of 
the discharging curves of these ASSLMBs, Fig. 3b. The discharging 
curves of A920 and A945 are more roundish in shape while that of A970 
shows a steep down of voltage when reaching ~3.8 V vs. Li/Li+, which 
belongs to the typical LCO discharging behavior. This observation in
dicates that the A970 exhibited lower battery polarization compared to 
A920 and A945.

Surprisingly, despite improvements in microstructure and imped
ance, the capacity loss during 1st cycle increased, and the 1st CE 
decreased with increased sintering temperature from 920 to 970 ◦C. This 
phenomenon may partially relate to the appearance of an additional 
charging plateau between 3.8 V and 4.0 V vs. Li/Li+, which became 
larger at higher sintering temperatures, Fig. 3a. There is no corre
sponding discharging plateau in Fig. 3b, thus such a charging plateau is 
likely due to irreversible electrochemical decomposition of a certain 
substance, which contributes to a capacity loss during 1st cycle. The 
LLZO-based ASSLMBs sintered under an oxygen atmosphere also 
showed the same plateau which ruled out the possibility that this 
plateau is caused by oxygen deficiency or is originated from Li2CO3 or 
other impurities resulting from proton exchange reactions, such as 
LiOH, LixOy [52]. Furthermore, according to the Raman mapping results 
in Fig. 1, the content of Li2CO3 did not increased with higher sintering 
temperature thus could not cause a larger decomposition plateau. The 
recent research by Din et al. showed that Co incorporated LLZO shows 
an irreversible oxidation peak at 4.0 V vs. Li/Li+ in the CV test [65]. 
They hypothesized that this peak could come from another Li-La-Co-O 
species, LiLa0.95Co0.26O2, found in the Co incorporated LLZO or the 
destabilization of LLZO caused by Co diffusion. Although the exact im
purities responsible for this plateau remain controversial, our work has 
demonstrated that the occurrence of corresponding side reactions or 
element diffusion can be controlled by lowering the sintering 

temperature. Besides, microstructural degradation is another possible 
factor contributing to capacity loss during the 1st cycle, as A895 and 
A920, which do not contain observable impurities, also showed unsat
isfactory 1st CE. Furthermore, after excluding the impact of this plateau, 
the A970 suffered a greater capacity loss, around 0.33 mAh•cm− 2, than 
the A920, less than 0.23 mAh•cm− 2, which supports the idea that 
increasing the sintering temperature may also have an adverse effect on 
the microstructure, for example stronger LLZO aggregation and larger 
structural stress as mentioned above.

When the sintering temperature further increased to 995 ◦C, the 
ASSLMB could not be charged or discharged normally. The extremely 
high capacity loss during the 1st cycle and the impedance observed after 
the 1st charging indicate that the microstructure of A995 may have been 
damaged during the 1st charging due to the large stress caused by its 
overly dense microstructure which lacks free space to accommodate the 
volume change of LCO [52,64].

Long-term electrochemical cycling was performed to investigate the 
cycling stability of ASSLMBs sintered at different temperatures in air. As 
shown in Fig. 4a, A895 not only exhibited a low initial discharging ca
pacity of 0.65 mAh•cm− 2 but also a rapid capacity degradation with a 
low average CE of 98.8% after the 1st cycle. After 50 cycles, the capacity 
of A895 reduced to only 0.38 mAh•cm− 2. Although, A920 showed the 
highest initial discharging capacity of 0.86 mAh•cm− 2, it also exhibited 
rapid capacity degradation with an average CE of 98.6% after the 1st 
cycle and a capacity of 0.47 mAh•cm− 2 after 50 cycles. When the sin
tering temperature increased to 945 ◦C, A945 showed an initial dis
charging capacity of 0.73 mAh•cm− 2, which was lower than that of 
A920, but its cycling stability was improved. It retained a discharging 
capacity of 0.54 mAh•cm− 2 after 50 cycles with an average CE of 99.2% 
after 1st cycle. When the sintering temperature was further increased to 
970 ◦C, although the initial discharging capacity further decreased to 
0.63 mAh•cm− 2, the cycling stability improved with a discharging ca
pacity of 0.57 mAh•cm− 2 after 50 cycles and an average CE of 99.4 % 
after the 1st cycle. In general, the cycling stability of ASSLMB was 
improved when the sintering temperature increased from 895 to 970 ◦C.

It is known that microstructure degradations including LCO/LLZO 
delamination and trans- and inter-granular cracks caused by stress, are 
the main reasons for the capacity degradation of this type of ASSLMBs 
[50,52,64]. Considering the density of the initial microstructure of these 
ASSLMBs, Fig. 2, the fast capacity degradation of A895 and A920 can be 
attributed mainly to the delamination between the LCO/LLZO interface. 
The charging/discharging curves over cycling for ASSLMBs are shown 
here to provide additional information related to capacity degradation. 

Fig. 3. First electrochemical cycle performance of all the ASSLMBs sintered at different temperatures. a) first charging curves b) first discharging curves c) first cycle 
CE, d) EIS after first charging.
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It can be seen from Fig. 4b and c, for A895 and A920, the capacity from 
the constant-current charging regime decreased rapidly with increasing 
cycle number, whereas that from the constant-voltage charging regime 
apparently increased. This phenomenon indicates a significant increase 
in polarization. A similar conclusion can be drawn from the changes in 
their discharging curves which developed from convex to linear with 
increasing cycle number. The enhanced polarization indicates longer ion 
or electron transport paths, supporting the idea that their capacity 
degradation is mainly caused by delamination within the composite 
cathode. For A945, Fig. 4d, the increase in polarization became slower 
as demonstrated by the slower decrease of the constant-current charging 
capacity and increase of the constant-voltage charging capacity. After 50 
cycles, the discharging curve of A945 still showed convex shape. In 
contrast, for A970 (Fig. 4e) the changes in constant-current and 
constant-voltage charging capacities during cycling were very limited. 
More importantly, its discharging curves over 50 cycles maintained a 
stable shape, showing a steep drop at ~3.8 V vs. Li/Li+, which indicates 
a minor increase in polarization for A970. The better cycling stability of 
A945 and A970 is likely due to their denser initial microstructure, which 
helps to maintain stability during cycling and mitigates the delamina
tion between LCO and LLZO. However, the influence of structural stress 
should not be ignored. A995 has an even denser initial microstructure, 
which should be able to further suppress the delamination. However, it 
failed at an early stage, likely due to the significant stress accumulated 
within the composite cathode, as discussed above.

4. Conclusion

A series of LLZO-based ASSLMBs were prepared by sintering the 
composite cathode under air at different sintering temperatures to 
investigate the influence of sintering temperature on the composition, 
the microstructure, and eventually the electrochemical performance of 
these ASSLMBs.

According to the phase identification, higher sintering temperature 
can lead to severer side reactions. In addition to the LCO and LLZO 
phases, an impurity phase was found in the composite cathode when 
sintering temperature excesses 945 ◦C, and its content increased with 
higher sintering temperature. According to the results of Raman and 
EDX mapping from the same testing area, this impurity is likely 

Li0.5La2Co0.5O4 or a similar Li-La-Co-O species.
SEM images of prepared ASSLMBs showed that, with higher sintering 

temperature, the microstructure of composite cathode became denser 
and the connection between composite cathode and SE became better. 
Meanwhile, the agglomeration of LLZO particles also seemed to be 
stronger.

Electrochemical tests showed the changes in ASSLMB performance 
with increasing temperature: 

(1) Under low sintering temperature, 895 ◦C, the resulting composite 
cathode could not provide sufficient LCO utilization and showed 
high impedance due to insufficient connections between LCO and 
LLZO, and also between the composite cathode and SE.

(2) When the sintering temperature reached 920 ◦C, the LCO utili
zation and 1st CE increased. At the same time, the cell impedance 
decreased, which can be attributed to the increase in density of 
the composite cathode and better connection between composite 
cathode and SE.

(3) By further increasing the sintering temperature to 970 ◦C, 
although the cell impedance continued to decrease, LCO utiliza
tion no longer increased, and the 1st CE became lower. The lower 
1st CE can be partially attributed to side reactions during sin
tering. When the sintering temperature exceeded 945 ◦C, an 
additional irreversible charging plateau appeared in the first 
charging and grew larger with higher sintering temperature. This 
plateau may be related to the irreversible electrochemical 
decomposition of Li-La-Co-O impurities or destabilized LLZO 
caused by Co diffusion during sintering as supported by the 
research of Din et al. Additionally, unfavorable factors related to 
the microstructure also contribute to the lower 1st CE.

(4) When the sintering temperature reached 995 ◦C, the ASSLMB 
failed during 1st charging, probably because of the huge stress 
caused by the overly dense microstructure.

(5) Long-term cycling results showed that when the sintering tem
perature increased from 895 to 970 ◦C, the cycling stability of the 
ASSLMB generally increased. The improvement in cycling sta
bility can also be attributed to the increased density of the initial 
microstructure which suppressed the delamination between LCO 

Fig. 4. Long-term cycle performance of ASSLMBs with a current of 50 μA•cm− 2 at 60 ◦C between 3.4 and 4.2 V vs. Li/Li+. (a) Long-term cycling performance of the 
discharging areal capacity and Coulombic efficiency versus cycle number; long-term charging/discharging curves for (b) A895, (c) A920, (d) A945, and (e) A970.
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and LLZO during cycling, thus mitigating the growth of cell 
impedance.

In summary, this work investigates how sintering temperature in
fluences the composition and microstructure of the composite cathode of 
LLZO-based ASSLMBs, including the extent of side reactions and 
element diffusion, the density, LLZO particle aggregation, and structural 
stress. Competition among these factors leads to considerable differ
ences in the electrochemical performance of these ASSLMBs. Therefore, 
to achieve better performance of ASSLMBs, it is necessary to balance 
these factors. One feasible approach is lowering the sintering tempera
ture to suppress side reactions, meanwhile, further optimizing the 
microstructure of the composite cathode to ensure close contact between 
particles and high LCO utilization, for example, by optimizing the par
ticle size and dispersion of LLZO particles or by adding sintering 
additives.
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