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Li+ conduction in all-solid-state lithium batteries is limited compared with that in
lithium-ion batteries based on liquid electrolytes because of the lack of an
infiltrative network for Li+ transportation. Especially for the cathode, the
practically available capacity is constrained due to the limited Li+ diffusivity. In
this study, all-solid-state thin-film lithium batteries based on LiCoO2 thin films
with varying thicknesses were fabricated and tested. To guide the cathode
material development and cell design of all-solid-state lithium batteries, a one-
dimensional model was utilized to explore the characteristic size for a cathode
with varying Li+ diffusivity that would not constrain the available capacity. The
results indicated that the available capacity of cathodematerials was only 65.6% of
the expected value when the area capacity was as high as 1.2 mAh/cm2. The
uneven Li distribution in cathode thin films owing to the restricted Li+ diffusivity
was revealed. The characteristic size for a cathode with varying Li+ diffusivity that
would not constrain the available capacity was explored to guide the cathode
material development and cell design of all-solid-state lithium batteries.
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1 Introduction

Lithium-ion batteries have been widely applied in consumer electronics, electric vehicles,
and smart grids (Hannan et al., 2018; Li et al., 2018; Zubi et al., 2018). However, the
flammable liquid electrolytes induce frightening safety problems (Wang et al., 2012; Wang
et al., 2018; Duan et al., 2020). In addition, the lithium dendrite growth in liquid electrolytes
impedes the use of lithium metal anodes and restricts lithium-based batteries to low energy
densities (Liu and Lu, 2017; Kong et al., 2018; Wang T et al., 2020). All-solid-state lithium
batteries (ASSLBs), which employ solid electrolytes and metallic lithium anodes, hold great
promise for developing the next generation of energy storage technologies with high energy
density and safety (Manthiram et al., 2017; Gao et al., 2018; Randau et al., 2020).

In the past decades, the R&D on solid electrolyte technologies has made considerable
strides in the aspects of materials, process, equipment, and compatibility with lithium metal
anodes (Xia et al., 2019; Miao et al., 2020; Peng et al., 2020; Zhu et al., 2020; Guan et al., 2021;
Lu et al., 2021; Mou et al., 2021; Song et al., 2022; Wei et al., 2023a). Meanwhile, the cathode
has been the major bottleneck for achieving ASSLBs with high energy densities (Chen et al.,
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2017; Judez et al., 2018; Ma, 2018). The Li+ conduction in the
cathode of ASSLBs is limited due to the lack of an infiltrative
network for Li+ transportation, compared with the lithium-ion
batteries based on liquid electrolytes. The capacity utilization
ratio of the cathode in ASSLBs, which is the ratio of practically
available capacity to the theoretical expectation, decreases as the
particle size and/or thickness of the cathode increases. Although the
Li+ diffusivity of cathode materials could be improved via element
doping and surface coating (Mou et al., 2021; Wei et al., 2023b; Liu
et al., 2018; Song et al., 2020), it is necessary to determine the
characteristic size for cathode materials with different Li+

diffusivities that would not impair the capacity utilization rate
(CU). The determined characteristic sizes would help design
the diameter of cathode particles or the thickness of cathode
thin films and promote the development of advanced cathode
technologies.

In this work, all-solid-state, thin-film lithium batteries
(ASSTFLBs), with the cell structure of LiCoO2-LiPON-Li
(Supplementary Figure S1), were chosen as the model system to
investigate the characteristic sizes of cathode because the thickness
of LiCoO2 thin films can be easily controlled in the experimental and
modeling studies. ASSTFLBs based on LiCoO2 thin films with
different thicknesses were fabricated and tested. An area capacity
of 1.2 mAh/cm2 was achieved when the thickness of LiCoO2 thin
film was 25.7 μm. To the best of our knowledge, this is the highest
value yet reported for ASSTFLBs. However, the CU decreased from
99.2% to 65.6% as the thickness of LiCoO2 thin films increased from
1.21 to 25.7 μm. To analyze the bottleneck factors that affect the CU,
a one-dimensional (1D) model of ASSTFLBs was established. The
simulations showed that the ASSTFLBs with thicker cathodes
possess higher solid-phase lithium concentration (SPLC) after Li
extraction, and the uneven distribution of the SPLC also intensifies
as the LiCoO2 thickness increases. Additionally, the increased Li+

diffusivity effectively reduces the SPLC in thick LiCoO2 thin films

after Li extraction. Thus, the constrained CU should be mainly
attributed to the limited Li+ conduction in the cathode. Finally, the
quantitative relationship between the CU of the cathode thin film
and its thickness is calculated for cathodes with an assumed Li+

diffusivity of 1 × 10−15, 10−14, and 10−13 m2/s, respectively.

2 Experiment and modeling

2.1 Fabrication of ASSTFLBs

ASSTFLBs with the structure of (Ti-Pt)-LiCoO2-LiPON-Li-(Cu-
Pt) were fabricated on glass substrates via physical vapor depositions
analogous to the method reported in Donders et al. (2013) and Song
et al. (2010) (Figure 1). First, a metallic titanium (Ti) thin film with a
thickness of 20 nm was deposited on a glass substrate via DC
sputtering, followed by a metallic platinum (Pt) thin film with a
thickness of 100 nm. The deposited double-layered thin film was
then annealed at 400 °C for 30 min. Afterward, the temperature of
the annealing chamber was controlled to decrease to room
temperature linearly within 4 h. Second, a LiCoO2 thin film was
deposited on the Ti-Pt current collector (CC) via sputtering supplied
by RF and DC hybrid power. By controlling the sputtering time,
LiCoO2 thin films with thicknesses of 1.21, 2.56, 10.17, and 25.70 μm
were obtained. The samples were heated to 500 °C with a ramp rate
of 300 °C/h and annealed at 500 °C for 900 min. Then, the samples
were linearly cooled to room temperature within 7 h. Third, a ~2-μm
thin film of LiPON electrolyte was sputter-deposited on LiCoO2

using the RF and DC hybrid power supply. Fourth, 20 nm of copper
(Cu), followed by 100 nm of platinum (Pt), was sputter-deposited
using a DC power supply to fabricate the Cu-Pt CC for the Li metal
anode. Fifth, 2 μm of lithium metal was deposited using an
evaporator in a dry room with a dew point of −50 °C. Sixth, UV
glue was applied to the ASSTFBs before they were covered with mica

FIGURE 1
Schematic illustration of ASSTFLB fabrication.
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sheets. The packaged cells were cured for 5 min under a UV lamp in
the dry room. The footprint of the fabricated ASSTFLBs is 1.2 ×
1.2 cm2.

2.2 Characterization and test

The thickness of LiCoO2 thin films was determined using cross-
sectional images obtained by scanning electron microscopy (SEM,
Zeiss Sigma 300) at 10 kV. The cycling performance tests of the
ASSTFLBs were performed between 2.7 and 4.2 V using vs. Li+/Li
with varied charge–discharge rates at room temperature by the

battery test equipment (NEWARE CT-3008). According to the
theoretical specific capacity of LiCoO2 (149 mAh/g for the cutoff
voltage from 2.7 to 4.2 vs. Li+/Li), ASSTFLBs with a cathode of 1.21,
2.56, and 10.17 μm were first cycled at a low rate of 0.1C for three
laps, and then cycled at 0.2, 0.5, 1, 2, and 5C for one lap, and finally
charged and discharged at 10 C. The ASSTFLBs with the 25.70-μm
cathodes were tested at a rate of 0.05C for charge and discharge
cycles. The expected capacities for fabricated ASSTFLBs with
cathodes of 1.21, 2.56, 10.17, and 25.70 μm LiCoO2 are 0.08,
0.18, 0.69, and 1.18 mAh/cm2, respectively. The CU was
determined by dividing the measured or calculated capacities of
the LiCoO2 cathode by the theoretically expected values. The

FIGURE 2
Cross-sectional SEM images, charge and discharge curves of first five cycles, and cycling performance of ASSTFLBs with varying thicknesses of
LiCoO2 thin film: 1.21 μm (A–C), 2.56 μm (D–F), 10.17 (G–I), and 25.7 μm (J–L).
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theoretical capacities of experimental ASSTFLBs are provided in
Supplementary Table S3.

2.3 Modeling of ASSTFLBs

A 1Dmodel of ASSTFLBs with a 2-μm lithiummetal anode, a 2-
μm LiPON electrolyte, and a LiCoO2 cathode with different
thicknesses (5, 10, 15, 20, 25, and 30 μm) was constructed using
COMSOL Multiphysics software (Ramadesigan et al., 2012; Kazemi
et al., 2019; Geng et al., 2021). The key parameters and their values in
the presented model are summarized in Supplementary Table S1.
The Li+ diffusivity of the LiCoO2 thin film was assumed to be 1 ×
10−15 (D15), 1 × 10−14 (D14), and 1 × 10−13 m2/s (D13), based on the
progress of cathode material research (Wang X et al., 2020; Mou
et al., 2021). The charge–discharge curves and SPLC of LiCoO2 in
the modeled ASSTFLBs were calculated.

The electrode reaction is described by the Butler–Volmer
equation:

i � ia − ic � Fk C0 0, t( )e −αFη
RT[ ] − CR 0, t( )e − 1−α( )Fη

RT[ ]{ }, (1)

where ia is the anodic current, ic is the cathodic current, F is the
Faraday constant, k is the reaction rate constant, C0 is the
concentration of the species, e is the natural constant, α is the
charge transfer coefficient of the reaction, R is the molar gas
constant, T is the temperature, and η is overpotential (Danilov
et al., 2011; Raijmakers et al., 2020).

The mass transfer process in a solid is described by the
Nernst–Planck equation:

Ni � −Di∇ci − zium,iFciDi∇∅ + ciu, (2)
where Di is the diffusion coefficient (m2/s), ∇ci is the ion
concentration gradient (mol/cm3), Zi is the charge of substance,
um,i is the mobility (s.mol/kg), ∇∅ represents the potential gradient,
and u represents the velocity vector (m/s) (Doyle et al., 1993; Fuller
et al., 1994).

3 Results and discussion

The charge–discharge cycling performance of the ASSTFLBs
with different cathode thicknesses was experimentally studied

FIGURE 3
Calculated SPLC (A–E) and its gradients (F–H) in the LiCoO2 cathodes of the modeled ASSTFLBs. For the denotation of the sample labels, please see
Supplementary Table S2.

TABLE 1 Calculated initial capacity (IC) and corresponding CU of LiCoO2 thin films in ASSTFLBs with different Li+ diffusivities (Di) and thicknesses (T).

T 5 μm 10 μm 15 μm 20 μm 25 μm 30 μm

Di IC (mAh) CU (%) IC (mAh) CU (%) IC (mAh) CU (%) IC (mAh) CU (%) IC (mAh) CU (%) IC (mAh) CU (%)

D13 0.4173 83.46 0.8500 85 1.2561 83.74 1.6100 80.5 1.996 79.84 0.8522 28.41

D14 0.3674 73.48 0.6444 64.44 0.7955 53.03 0.7974 39.87 0.7912 31.65 0.1353 4.51

D15 0.0611 12.22 0.0589 5.89 0.0581 3.87 0.0593 2.97 0.0603 2.41 0.0207 0.69
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(Figure 2). The simulated ASSTFLBs were charged and discharged at
0.1 mA. When the LiCoO2 thin film is 1.21 μm (Figure 2A), the
initial capacity of the ASSTFLBs is 0.12 mAh (Figure 2B) and the
corresponding CU is 99.2%. The reversible capacity decreased
considerably after 200 cycles, but the Coulombic efficiency
remained at a high level of 98.82% at the 500th cycle (Figure 2C).
As the thicknesses of the LiCoO2 thin films were increased to
2.56 and 10.17 μm (Figures 2D, G), the CU associated with the
initial capacity (0.19 and 0.56 mAh) decreased to 74.2% and 55.1%,
respectively (Figures 2E, H). Although the reversible capacity
became steady after the fast ramping at the beginning stage, the
Coulombic efficiency fluctuated (Figures 2F, I). This implies the
continuous materials decay during charge and discharge. The
ASSTFLB with a 25.7-μm LiCoO2 cathode (Figure 2J) cannot be
cycled at 10 C due to the limited charge transport kinetics. It
performed an initial capacity of 1.69 mAh at 0.05 C,
corresponding to a CU of 65.7% (Figure 2K). The Coulombic
efficiency at the 20th cycle decreased to 92.92% (Figure 2L). The
practically available capacity of ASSTFLBs decreased as the
thickness of LiCoO2 thin films increased.

To further understand the effect of Li+ conduction on CU, the
SPLCs of the LiCoO2 thin films in ASSTFLBs after charging, which
denotes the degree of Li+ extraction from the cathode, were
calculated using the presented 1D model. The charging cutoff
voltage was set as 4.2 V vs. Li+/Li. The initial point of the
abscissa refers to the LiCoO2-LiPON interface, and the endpoint
is the LiCoO2-CC interface (Figure 3). Universally, the SPLC at the
LiCoO2-LiPON interface is lower than that close to the LiCoO2-CC
interface (Figures 3A–E), which indicates that the Li+ is not
promptly transported to the LiCoO2-LiPON interface because of
the limited Li+ conduction kinetics. For LiCoO2 with a specific Li+

diffusivity, the SPLC increases as its thickness increases (Figures
3B–D). This implies the negative effect of limited Li+ conductibility
on CU in the thicker cathode. In addition, the increased Li+

diffusivity would lead to a lower SPLC for the LiCoO2 thin films
with the same thickness (Figures 3B–D). Moreover, the calculated
SPLCs were lower than 35 k mol/m3 until the thickness of LiCoO2

thin films exceeded 20 μm when Li+ diffusivity was assumed to be
1 × 10−13 m2/s. On the other hand, the SPLC was always higher than
45 k mol/m3 when Li+ diffusivity was assumed to be 1 × 10−15 m2/s.
In other words, the enhanced Li+ conductibility would help extract
more Li+ from LiCoO2 during the charging process.

It is generally believed that the higher Li+ diffusivity would result
in amore even distribution of SPLC in the LiCoO2 thin film. However,
the distribution of SPLC of the LiCoO2 thin film with the assumed Li+

diffusivity of 1 × 10−15 m2/s wasmore even than that with the assumed
Li+ diffusivity of 1 × 10−13 m2/s when their thicknesses were the same
(Figures 3A, E). Furthermore, the LiCoO2 thin films with the Li+

diffusivity of 1 × 10−15 m2/s possessed a reduced SPLC gradient
compared with their counterparts (Figures 3F–H). This should be
attributed to the retention of Li+ in the LiCoO2 lattice because Li+

diffusivity is very low, which is consistent with the calculated SPLC
(Figure 3B) and CU (Table 1). The simulated discharge capacity of the
first cycle of the simulated ASSTFLBs can be seen in Supplementary
Figure S2. Notably, the LiCoO2 thin films with the assumed Li+

diffusivity of 1 × 10−13 m2/s also perform the considerable
gradients of SPLC, especially if the thickness goes over 20 μm.
Therefore, it is necessary to pursue a Li+ diffusivity higher than
1 × 10−13 m2/s for the cathode in ASSLBs.

The initial capacities and corresponding CU of ASSTFLBs with
different Li+ diffusivities and thicknesses of LiCoO2 thin films were
also calculated using the 1D model (Table 1). The charge and
discharge current density was set as 0.1 mA, and the cutoff
voltage varied from 2.7 to 4.2 V vs. Li+/Li. The trend of CU
decreasing as the thickness of the LiCoO2 thin film increased was
consistent with the experiment. In addition, the simulations also
showed that the improved Li+ diffusivities help achieve higher CU
for the thick cathode. The thickness-dependent initial capacity and
corresponding CU of LiCoO2 thin films in ASSTFLBs are plotted in
Figure 4. When the Li+ diffusivity of the cathode thin film was lower
than 1 × 10−14 m2/s, the gain of the capacity of ASSTFLBs due to
increased thickness is negligible. If the Li+ diffusivity of the cathode
thin film reached 1 × 10−13 m2/s, the capacity linearly increased until
its thickness exceeded 20 μm.However, the CU remained lower than
85%, which further demonstrated the necessity to enhance the Li
conductibility of the cathode for the development of high-
performance ASSLBs.

4 Conclusion

To summarize, the effects of limited Li+ conduction on the
capacity utilization of the cathodes in ASSTFLBs were investigated
via experimentation and simulation. One of the highest area
capacities of ASSTFLBs (T 298 k, 1.18 mAh/cm2) was achieved
via increasing the thickness of cathode thin films, but its capacity
utilization ratio was far below expectations. The simulations
demonstrated that Li+ in the cathode of ASSTFLBs cannot be
readily transported to the cathode–electrolyte interface during
charging, even though the Li+ diffusivity was assumed to be one
to two orders of magnitude higher than the typical value of pristine
LiCoO2. Specifically, the capacity utilization ratio of the cathode in
ASSTFLBs was always lower than 85%, while the practically
available capacity increased considerably as its thickness
increased if the Li+ diffusivity reached 1 × 10−13 m2/s and the

FIGURE 4
Thickness-dependent capacities and CU of LiCoO2 thin films in
ASSTFLBs.
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thickness did not exceed 20 μm. These results emphasize the
demand for enhancing the kinetics of charge transport for the
following cathode materials studies. Although it remains a
challenge to break the bottleneck of Li+ conduction in the
cathodes of ASSLBs, this study provides feasible analysis methods
and quantitative guiding data for future efforts.
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