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strategies have been applied for cathode 
optimization, including materials selec-
tion and architecture design.[6,7] In the 
framework of higher energy density, the 
increase in cathode thickness in a com-
posite electrode structure has been the 
most common approach.[8,9] This design 
exploits the theory of porous electrode in 
order to decrease the internal resistance 
inside the cathode.[10–12] More recently, 
thick and dense all-electrochemically-
active cathodes with controlled orienta-
tion and continuous architecture have 
been considered as one of the most prom-
ising options for the next battery genera-
tion.[13–16] This configuration pushes the 
cathode capacity to its theoretical limits, 
by elimination of binders and other addi-
tives. Moreover, it ensures, in the case of 
monolithic cathode, the suppression of 

grains boundary, which has been shown to be the main limi-
tation in solid state composite electrode.[16,17] Additionally, the 
lithium metal has been considered to be the best solution for 
decades, but in the last years the anode-free solution gained in 
popularity. In fact, the lithium the cathode can intercalate is 
already present in the active material itself, that is to say, the 
lithium which is actually used during the charge/discharge pro-
cess is only the lithium inside the active material and not the 
lithium of the anode layer. The latter acts only as a substrate for 
the plating and stripping of the native lithium, and is used to 
compensate any loss of lithium element due to irreversible reac-
tions. By suppressing this lithium layer, anode-free cells achieve 
unrivalled energy density.[18–20] Notwithstanding, the absence of 
any lithium backup to compensate for irreversible loss is also a 
risk factor. In particular, the anode free technology suffers from 
a poor cycling performance when compared to the lithium-
metal counterpart.[19] Two main mechanisms are responsible 
for the poor cyclability: irreversible reaction during the crea-
tion of the solid-electrolyte interface (SEI) and the formation of 
voids during the stripping/plating process of lithium.[18,21,22] In 
the present work, we won’t address the long term cyclability.

To the best of our knowledge, combining both anode-free 
and all-electrochemically-active cathode, in one single solid-
state battery, has not been reported in literature. In this work, 
we propose a model system using transition metal dioxide, 
typified by LiCoO2 (LCO),[23] a solid inorganic glass LiPON elec-
trolyte and a titanium current collector to study the correlation 
between intrinsic electrodes properties and cell electrochem-
ical performance. We also develop a physical model to under-
stand the governing phenomena based on weak form  partial 

The coupling of thick and dense cathodes with anode-free lithium metal 
configuration is a promising path to enable the next generation of high 
energy density solid-state batteries. In this work, LiCoO2 (30 µm)/LiPON/Ti is 
considered as a model system to study the correlation between fundamental 
electrode properties and cell electrochemical performance, and a physical 
model is proposed to understand the governing phenomena. The first cycle 
loss is demonstrated to be constant and independent of both cathode thick-
ness and anode configuration, and only ascribed to the diffusion coefficient’s 
abrupt fall at high lithium contents. Subsequent cycles achieve close to 100% 
coulombic efficiency. The examination of the effect of cathode thickness demon-
strate a nearly linear correlation with areal specific capacity for sub-100 µm 
LiCoO2 and 0.1 mA cm−2 current density. These findings bring new insights to 
better understand the energy density limiting factors and to suggest potential 
optimization approaches.
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1. Introduction

The development of high energy density solid state batteries 
(SSBs) is critical to meet the ever-growing energy demand for 
a wide range of applications.[1,2] Both consumer electronics and 
electric vehicles (EV) producers crave for the deployment of 
this new technology, as a key factor to dominate the upcoming 
markets.[3–5] SSBs present distinctive features compared to the 
liquid counterpart, namely improved safety, higher energy den-
sity, lower self-discharge and higher cycle life. Up to now, alto-
gether with a focus on high conductive electrolyte, researchers’ 
efforts have focused on the increasing of energy per volume 
at the positive and negative electrodes in order to make SSBs 
affordable and competitive for targeted applications. Multiple 
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 differential equations (PDE)  for lithium drift and diffusion, 
implemented and solved in COMSOL Multiphysics. The model 
is developed starting from a 1D drift/diffusion model for solid-
state batteries.[24–27] Implementation details are reported in the 
dedicated section. The anode-free configuration is validated 
as an alternative to lithium metal, and the cyclability of the 
full-stack is demonstrated. The maximum discharge capacity 
achieved reaches 1.2 mA h cm−2, the highest reported for a  
30 µm thick cathode in a solid state anode-free device. By cou-
pling anode-free with 100% active cathode, the cells can achieve 
the stunning volumetric capacity of 1400 W h L−1. Multiple 
cathode thickness devices are reported, and the physical model 
is validated experimentally up to 30 µm thick LCO, showing 
a linear correlation between cathode thickness and delivered 
capacity for current densities up to 2 mA cm−2. Furthermore, 
electrochemical performance are analyzed from a physical 
point of view and the ability of monolithic LCO to sustain high 
current density, without major capacity loss, is demonstrated. 
The developed model has been used to explain the first-cycle 
loss in LCO, showing the capacity loss proportionality with the 
cathode thickness and the link with the semiconductor-to-metal 
transition of LCO at high intercalation fraction. Diffusion limi-
tation appears for states of charge (SOC) below 50%. As long 
as the battery charge is >50%, no limitation comes from the 
cathode and thicker electrode design is even beneficial, with a 
total available capacity increasing with thickness. In the con-
cluding sections, we present prospective results for cathode 
thickness up to 100 µm, which are the highest proposed so 
far.[16,28] Moreover, starting from the insight on the interface 
accumulation obtained by means of physical simulation, we 
review the main strategy reported in literature to suppress 
it. Our results can be extended to other cell configurations: 
for example, to estimate performance of a single particle of 
given diameter, which serves to tailor optimal grain size and 
decouple effects related to grain boundaries and binder/addi-
tive in composite electrodes. Moreover, control over lithium 
transport may prove useful to design battery management sys-
tems capable of avoiding strong accumulation and completely 
exploiting the available capacity.

2. Results

2.1. Physical Characterization of the Cell

The device under test (Figure 1a) was realized on a 8’’ Si/SiO2 
substrate. The active stack consists in: Pt current collector, 
LCO cathode, LiPON solid electrolyte, and Ti negative (cur-
rent) electrode. A polymer encapsulation protects the device 
from the atmosphere, and a redistribution layer enables the 
negative electrode polarization. Details about the fabrication 
are reported elsewhere.[29] When describing this system by 
means of 1D equations  along deposition direction (x-axis), we 
are assuming spatial homogeneity on the y-z plane at any x 
position. Moreover, in the present case, we assume the physical 
properties to be a function of the lithium concentration only. 
The model assumption is a homogeneity of the physical prop-
erties along the three spatial coordinates. In order to validate 
this hypothesis, an extensive physical characterization has been 

carried out. Once the spatial homogeneity has been proven, the 
model can be applied to different cell architectures (i.e., LCO 
thickness), without any modification of the physical param-
eters. From literature,[30–32] it is known that, after physical 
vapour deposition, LCO is present in the (003) crystalline ori-
entation only, corresponding (Figure 1b) to a c axis (cx) perpen-
dicular to the deposition surface and leading to a slow lithium 
diffusion.[32–36] The component of the normalized c vector 
along x (cx  = cos(0), cx  = cos(π)) is equal to ±1. After crystalli-
zation at high temperature, the observed preferential orienta-
tion is reported to be (101)[32,36,37] (Figure  1b), which presents 
the c axis oriented at ≈73° with respect to the deposition plane, 
with a cx component of ±0.3. The (101) is a favorable orientation 
due to the quasi-parallel orientation of the diffusion channels 
and the film growth axis. Another observable phase is the (104), 
which presents a 40° angle between the diffusion channels and 
the deposition plane (Figure  1b), corresponding to a value of 
cx around ±0.6. Figure  1c depicts a 20µ m thick transmission 
electron microscopy (TEM) lamella and the corresponding 
crystalline orientation mapping obtained by precession elec-
tron diffraction (PED). In particular, the bottom side refers 
to the Pt/LCO interface, while the top side refers to the LCO/
LiPON. The central zone is the bulk of the electrode. The (003) 
phase is mapped in light (–451) and dark (+1) yellow. The (101) 
is mapped with two colors due to a wide distribution: in green 
between 0.4 and 0.3 and in pink from 0.3 to 0.2. Both (101) and 
a small residual of the (003) orientation is visible in the his-
togram reported in Figure  1c for each color. The (101) present 
a Gaussian-like distribution with a mean value of 0.3. Phase 
(104), in orange, is present in negligible amount in the sample. 
Concluding, we can easily compare the three histograms at 
different cathode film depth, noting that LCO crystalline ori-
entation distribution is almost constant. This is paramount 
information in order to support the relevance of the measured 
diffusion coefficient for 5 µm–30 µm cathode thickness. Addi-
tional support can be drawn from scanning electron micro-
scopy (SEM) observation and mean deposition rate (Figure 1d). 
LCO presents a typical columnar structure with few voids. A 
constant deposition rate is observed, which substantiates a con-
stant LCO density and corroborates the hypothesis of a com-
parable all-electrochemically-active cathode material within the 
interval 5–30 µm. By means of Raman spectroscopy, it is pos-
sible to delve into the local chemical structure and LCO stoichi-
ometry. Raman spectroscopy is performed on 30 µm thick LCO 
cross section. The characteristics peak positions A1g (598 cm−1) 
and Eg (487 cm−1)[38–40] are mapped in Figure  1f,g. Peak posi-
tions are in line with the reported literature for the major part 
of the analyzed surface. Some isolated spots (in green) present 
a slight red shift of ≈5 cm−1 for both peaks. The shift is accom-
panied by a minor decrease of the Eg peak intensity, as reported 
in Figure  1e, where two spectra are presented. These zones 
should correspond to a slight (x  > 0.95) delithiation: below 
this lithium concentration a semiconductor to metal transition 
is expected, which theoretically corresponds to a strong weak-
ening of the Raman peaks,[39,41,42] not observed in the present 
measurement. We consider the difference between the bulk of 
the observed sample and the localized delithiated zone to be of 
minor impact, due to almost identical spectra provided by the 
two species. The shift seems to correlate with local defects of 
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the LCO structure, likely caused by deposition inhomogeneity 
(Figure S9, Supporting Information).

2.2. PDE Model Development

Within this context, a 1D path for lithium ions diffusion is con-
sidered between the two electrodes as depicted in Figure  2a. 
The axis origin is set at the interface between the positive 
current collector and the LCO layer. xLCO and xLiPON are the 
cathode and electrolyte thickness, respectively. c, c2 and M, M2 
are the normalized lithium concentration inside the two mate-
rials and the corresponding mobility, respectively. Assuming 
the cathode material to be homogeneous, i.e., all parameters 
depend exclusively on the local concentration of lithium ions 

and not on the distance from the origin, we cast the diffusion 
equation for each domain:

c

t x
Mc c c

x
x x

�1
(1 ) for 00 LCO

µ∂
∂

= −
∂

− ∂
∂





 < <  (1)

c

t x
M c c c

x
x x x x

�1
(1 ) for2

2 02 2 2
2

LCO LCO LiPON
µ∂

∂
= −

∂
− ∂

∂




 < < +  (2)

All constants are listed in Table  1. It should be noted here 
that both equations  differ slightly from the standard drift-
diffusion equation  found in literature.[43] The LCO model will 
be discussed in details later, while here we propose to analyze 
the LiPON related Equation  (2). In particular, considering the 
mathematical amenities that lead to the standard drift-diffusion 
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Figure 1. LiCoO2 spatial homogeneity analysis. a) 3D schematic illustration and cross-sectional view of the device under test. b) Principal crystalline 
orientations with respect to the PVD deposition substrate; lithium diffusion channel are perpendicular to the c-axis, i.e., high angles correspond to 
higher diffusion dynamics. c) SEM view of the TEM lamella and crystalline orientations mapping obtained by PED; histograms confirm homogeneous 
distribution with a predominance of the (101) phase in green between the three acquisition zone: near the deposition substrate (bottom), in the bulk 
(center), and near the LiPON/LCO interface (top). d) Deposition rate and SEM cross-section of batteries with 5–30 µm LCO cathodes. Linear behavior 
testifies a constant deposition rate over time for all samples. Black spots correspond to voids in the LCO columnar structure. e) Raman spectra of LCO 
and 2D mapping of 30 µm LCO cross section for peaks f) Eg and g) A1g.
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equation  for an electrolyte, we recall the Nernst–Plank flux 
equation

2 2
2j c M

x

�µ= − ∂
∂

 (3)

Where M is the mobility and 2�µ  the chemical potential o lithium 
inside LiPON. Usually, for liquid electrolytes, one assumes  
i) the mobility to be constant with respect to the lithium  
concentration, ii) the chemical potential to be equal to

Small 2023, 2207657

Figure 2. LCO Model development. a) Schematic illustration of the lithium path during charge process in a LCO/LiPON/Li stack. b) Electrochemical 
impedance spectroscopy measurement and fitting for a Pt/LiPON(4 µm)/Ti structure. c) Measured OCV and its derivative variation with intercala-
tion fraction x (variable c in the model equations); minimum in the derivative correspond to x = 0.5 order–disorder transition. d) Diffusion coefficient 
extracted by mean of GITT for 10 µm thick LCO. e) Comparison of the effect of constant and variable diffusion coefficient on the rate performance 
of a 30 µm thick LCO thin-film solid state battery, and f) corresponding lithium profile inside LCO for charge and discharge at constant and variable 
diffusion coefficient: variable diffusion only accounts for sudden lithium accumulation at the interface during discharge.
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ln2 02 2 0k T c qb�µ µ γ φ= + +  (4)

With µ02 the standard chemical potential, γ the ions activity 
(equal to unity) and φ the electrical potential, we obtain

2
2

2 0 2j D
c

x
M q c E= − ∂

∂
+  (5)

Where

E
x

φ= − ∂
∂

 (6)

And

2 bD M k T=  (7)

In order to obtain the presented equation  here, let’s recon-
sider the definition of the chemical potential in Equation  (4). 
This equation  was developed for ions transport in liquid elec-
trolyte, where the spatial accumulation of ions is restricted by 
electrostatic repulsion only. LiPON is not a liquid electrolyte, 
the transference number of the mobile specie (Li+) is 1, and the 
available spatial sites for lithium ions are finite. As a matter of 
fact, the maximum lithium concentration is bounded. In order 
to take into account this aspect, the chemical potential and the 
mobility can be rewritten[44,45] as:

ln
1

2 02
2

2
0k T

c

c
qb�µ µ γ φ= +

−
+  (8)

(1 )2 02 2M M c= −  (9)

For a non-interacting particles system. Inserted back in Equa-
tion  (3), the LiPON drift-diffusion equation  is obtained, as 
reported in Equation  (2). In order to obtain the electrostatic 

potential φ, from the lithium concentration c2, the Poisson 
equation is used:

2

2

2 2eq

c 0 r

d

dx

c c

F

φ
ε ε

= −
 (10)

Where c2eq is the equilibrium concentration of mobile lithium 
of LiPON. In order to solve the system of differential equations, 
the following boundary conditions are applied:

dc

dt
x0 for 0= =  (11)

dc

dt

dc

dt

I

AF
x xfor2 c

c
LCO= − = =  (12)

x x x0 for LCO Liponφ = = +  (13)

E
d

dx

q

A
x xforc

elec 0 r
LCO

φ
ε ε

= − = =  (14)

dc

dt

I

AF
x x xfor2 A

c
LCO Lipon= = +  (15)

E
d

dx

q

A
x x xforA

elec 0 r
LCO Lipon

φ
ε ε

= − = = +  (16)

The charge accumulated on the anode and the cathode, qA, qC 
are the integral of the difference between the injected current 
Iapp and the reaction current at each electrode

( )A

0

app Aq dt I I
T

∫= −  (17)

( )C

0

app Cq dt I I
T

∫= −  (18)

IA and IC, defined by the Buttler-Volmer equation as:

(1 ) (1 )
(1 )

C 01C 2
c

g
02C 2

c

g

I i c c exp
F

R T
i c c exp

F

R T

α η α η= −








− − − −







  (19)

And

c (1 )exp
(1 )

A 01 2
c

g
02A 2

c

g

I i exp
F

R T
i c

F

R T
A

α η α η=








− − − −







  (20)

The overpotential η is the potential drop between the two 
electrodes and is equal to the difference between the cathode 
voltage (φLCO) and the relaxation voltage (φOCV)

OCVLCOη φ φ= −  (21)

In the case of the anode current IA the lithium metal anode 
is considered ideal, i.e., the interface concentration of lithium 
inside the electrode and its activity are assumed to be constant 
and are not included into the equation, as in the cathode case. 
The presented model implements the constant current opera-
tion of the cell by imposing a fixed value of Iapp. The current 
sign is positive during charge and negative during discharge. 
If a voltage φapp is imposed, the corresponding current is cal-
culated by an integral control which converts the potential dif-
ferent to a current by means of a constant Rs:

app

0

app LCO

s

I dt
R

T

∫ φ φ= −
 (22)
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Table 1. Model parameters.

Constant Value Unit Description

kb 1.38*e(-23) J/K Boltzman constant

T 310.5 K Temperature

q0 1.6e(-19) C Electron charge

Fc 9.65e4 C/mol Faraday’s constant

ε0 8.85e(-12) F/m Vacuum permittivity

εr 220 1 Lipon dielectric constant

M01 3.7e(-14) m2/s Li mobility in LCO

Rs 10 omega Series resistance

Aelec 4.7e(-7) m2 Electrode surface

c0 5.6e4 mol/m3 LCO maximum lithium concentration

α 0.5 1 Symmetry coefficient

Rg 8.314 J/(Kmol ) Gas constant

c02 100 mol/m3 LiPON maximum lithium concentration

c2eq 50 mol/m3 LiPON equilibrium lithium concentration

M02 8.6e(-11) m2/s Li mobility in LiPON

i01c 1.17e6 A/m2 LCO-LiPON cathodic exchange current

i02c 1.17e6 A/m2 LCO-LiPON anodic exchange current

i01a 1.17e6 A/m2 Li-LiPON cathodic exchange current

i02a 1.17e6 A/m2 Li-LiPON anodic exchange current
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2.3. Model Parameters Extractions

We can now come back to the Equation  1 and develop it 
according to the theory.[45] In particular, we can write the rela-
tion between the chemical potential and the equilibrium open 
circuit voltage (OCV) φOCV for the LCO cathode:

( )
1

( )
1

OCV
0

anode
0

c
q q
� � �φ µ µ µ= − − = −  (23)

Where anode�µ  is the OCV for the lithium anode, assumed to 
be constant and equal to 0V, according to the aforementioned 
hypothesis of ideal interface. We can re-write Equation 1 as:

1
(1 )

1
01 0

c

t x
M c c c

c

x c x
D

c

x

�µ∂
∂

= −
∂

− ∂
∂

∂
∂







 = −

∂
∂
∂







  (24)

Where D, the diffusion coefficient, has been defined as:

(1 )
(1 )

01 0
01 0

0

OCVD M c c
c

M c c

q c

�µ φ= − ∂
∂

= − − ∂
∂

 (25)

The model depends now on the two parameters φOCV(c) and 
M01, and their dependence with respect to the intercalation frac-
tion c; both being experimentally measured by means of the 
galvanostatic-intermittent-titration technique(GITT).[46–50] In 
the present work, GITT is performed on a 10 µm LCO device 
at 25°C. The temperature does not impact the LCO diffusion, 
due to the high activation energy (Figure S3, Supporting Infor-
mation). Data has been treated as exposed in the methods sec-
tion  (Figures S5–S7, Supporting Information). The obtained 
OCV and diffusion coefficient D are shown in Figure 2c,d. An 
important feature of the OCV is the order–disorder transition at 
≈0.5,[51–54] which is exploited to set the half-intercalation point 
(c=0.5) of the material. The OCV and the diffusion coefficient 
extracted in the present work are both in good agreement with 
literature[33,55–58] for (101)-(104) oriented LCO crystal.[30] As show 
in Figure  2c,d, the low SOC state (high intercalation fraction) 
corresponds to the voltage plateau at 3.9 V and a very low diffu-
sion coefficient. Following, the OCV starts rising and the diffu-
sion coefficient, stabilizes around 5× 10−14 m2 s−1 after a sharp 
increase. Concurrently with the voltage plateau, the LCO with-
stand a semiconductor-to-metal transition which determines 
a localization/delocalization of electrons cloud (Mott transi-
tion)[59–63] altogether with a c axis stretching.[51] This transition 
is pointed out to be the main cause of the diffusion coefficient 
variation[54,62–65] and it is known that the capacity delivered in 
this region can be exploited only at minuscule current density. 
It is possible to divide the LCO into two regions with respect to 
state-of-charge (SOC): from 0 to 30% the LCO solid diffusion 
is very low, and the capacity can be exploited only at very low 
current. For SOC > 30% the diffusion coefficient is as high as 
1× 10−13 m2 s−1 and the capacity can be delivered even at high 
current density.

To conclude the model development, lithium mobility in 
LiPON[50,66,67] and charge transfer coefficient are still missing. 
Electrochemical impedance spectroscopy (EIS) can provide the 
required information to complete the picture. In Figure 2b, an 
example of EIS data, altogether with the PDE based fitting, is 
reported (Figures S2 and S8, Supporting Information). The 
measurement setup is a two electrode test, and it is not pos-
sible to decouple the anode and cathode contributions. For this 

reason, anode and cathode charge transfer currents are then 
assumed equal.

2.4. Model Results

The simulation results for lithium distribution in LCO are 
reported hereafter. Figure 2e depicts the discharge capacity as a 
function of the current rate, for a constant diffusion model and 
a variable diffusion model. The comparison between the vari-
ations of the delivered capacity for the two models shows how 
the variable diffusion is capable of simultaneously accounting 
for a large loss at low current and a good stability at high cur-
rent density. The constant diffusion model, instead, can capture 
only one aspect at a time, depending on the chosen mobility. 
A comparison between constant and variable diffusion coeffi-
cient simulations is proposed also for predicting lithium con-
centration inside the LCO upon charge and discharge process 
(Figure  2f). Concerning the constant voltage (CV) charge at  
4.2 V, the effect of the variable diffusion is a charge carrier accu-
mulation in the bulk for high intercalation fractions. Overall, 
both show a proper final profile and a homogeneous charging 
profile. During constant current (CC) discharge with constant 
diffusion, the accumulation at the interface is constant during 
the whole process and increases with increasing current rate. 
Furthermore, the variable diffusion coefficient confers a pecu-
liar shape to the lithium concentration profile: the discharge 
proceeds smoothly until the low diffusion coefficient region 
and then, an abrupt increase determines the end of the dis-
charge. The delivered capacity, after the abrupt loss at very low 
current rate, stabilizes ≈40%–50% of the charged capacity, thus 
resulting in the capacity asymptote observed in Figure 2e.

2.5. Discharge Capacity Variation with Thickness and Current 
Density, and Model Validation

Figure 3a,b shows the CV charge and CC discharge curve fit-
ting. The model and measurements account for a first charge 
with a theoretical (x  = 0.5) capacity of 685 mA h cm−3 for all 
four considered thicknesses. The discharge for all four stacks 
present the characteristic loss of 30% capacity both in the meas-
ured and simulated curves. In Figure 3c-f, the charge/discharge 
behavior, over 10 cycles of the four realized stacks (5, 10, 20, and 
30 µm LCO cells), is presented. The result substantiates that 
the capacity loss is limited to the first cycle and all subsequent 
charge-discharge are performed at ≈100% coulombic efficiency 
(ratio between discharge capacity and charge capacity near 1). 
The results not only validate the model with the use of a vari-
able diffusion coefficient, but also provide an excellent dem-
onstration of the cycling possibility of thick LCO cathode. The 
most important feature remains that the model is capable of 
explaining the 30% capacity loss exhibited during the first cycle. 
Particularly, this loss is associated with the low diffusion coef-
ficient at low SOC measured in the previous section. The loss is 
intrinsic to the LCO material and independent of cathode thick-
ness, electrolyte (liquid or solid) or anode (lithium-metal or lith-
ium-free) configuration (Figure  S1, Supporting Information). 
We would expect a proper cycling capability at high thickness 
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Figure 3. Experimental results and model validation. a,b) Simulated and measured CV charge (CV @ 4.3V down to 1 × 10−2 mA cm−2) and CC discharge 
(CC @ 1 mA cm−2 down to 3 V) curve for 5, 10, 20, and 30 µm thick LCO at 37 °C. c–f) Capacity delivered versus cycle number at 100% DOD (same 
protocol as (a) and (b)) for 5, 10, 20, and 30 µm thick LCO. Capacity loss (–30%) between first charge and first discharge is observed for all thick-
nesses. g) Cycling results for 30 µm thick LCO at 60% DOD. h) Simulated (in red) and measured (black points) delivered capacity as a function of the 
current density for 20 µm thick LCO cathode at 37 °C. i) Simulated and measured delivered capacity as a function of the current density: comparison 
between 5, 10, 20, 30 µm thick LCO at 37 °C.
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and no additional loss of capacity during the first cycle: the loss 
is actually proportional to the initial charge hence, the available 
capacity is predicted to increase linearly with increasing LCO 
thickness. In addition, in order to demonstrate a good cycle life, 
in Figure  3g, the cycling at 60% depth-of-discharge (DOD) of 
a 30 µm battery is reported for 100 cycles. To the best of our 
knowledge, this is the highest recorded performance, in terms 
of delivered capacity and cycling stability, for a 30 µm thick 
cathode in an all-solid-state lithium free configuration reported 
so far. Figure  3h depicts the delivered capacity versus current 
density for a 20 µm thick LCO cathode and 6µm thick LiPON 
electrolyte cell at 37 °C. Figure 3i shows the simulation vs meas-
urement comparison extended to all tested cathode thicknesses. 
The agreement between the model and the measurements is 
optimal (mean error between measurement and simulation 
≈2% over the total capacity, between 0 and 3 mA cm−2) and the 
measurements show a small standard deviation (4%). At higher 
current density, the increase in measurement standard devia-
tion (up to 40%) can be attributed to the amplification effect 
on the uncertainty of internal resistance, near the voltage pla-
teau (Figure S4, Supporting Information). From the presented 
results, it is possible to split the device behavior in three oper-
ating regimes:

1. The first region (green in Figure  3c) corresponds to a fast 
decrease in the available capacity with increasing current 
density. We can correlate this first behavior to the effect of the 
small diffusion coefficient between 0 and 30% SOC.

2. The second region (blue in Figure 3c) highlights a steady de-
crease in the available capacity, which resemble the behavior 
of the constant diffusion case, as previously shown in Fig-
ure 2e. This behavior is consistent with an almost constant 
diffusion coefficient at low intercalation fraction. The slope is 
cathode thickness-dependent, as clearly shown in Figure 3g. 
This dependence can be easily understood, recalling once 
again Figure 2. In particular, Figure 2f (in the case of con-
stant diffusion discharge at high current) presents a typical 

concentration profile, as we may expect inside the LCO. We 
can then observe that the 10 micrometers near the LiPON are 
far more discharged than the 10 micrometers closer to the 
current collector. We deduce that, at iso-current, the 10 µm 
stack will deliver, in proportion, more capacity than the  
30 µm, hence the different slopes in Figure 3i.

3. In the third region (red in Figure 3c), a new phenomenon 
takes place: the ohmic drop. Up to this point, we disregarded 
the effect of the internal resistance on the delivered capacity, 
due to its minor impact with respect to the diffusion limita-
tion in LCO. In particular, the ohmic drop results in a shift of 
the discharge curve towards lower potential (Figure S4, Sup-
porting Information). At low current density, this shift has 
minor impact due to the particular shape of the discharge 
curve between 4.2 and 3 V. As soon as the shift approached 
900 mV, the voltage plateau of LCO approaches the 3 V cut-off 
potential. From this point on, a fast capacity loss is observed 
down to zero delivered capacity above 3 V. The transition is 
quite fast, due to the LCO voltage profile flatness. In order 
to improve this part, the electrolyte resistance has to be de-
creased, by means of thinner layer or the selection of a mate-
rial with a higher ionic conductivity.

3. Discussion

Figure 4a reports a comparison for all-solid-state thin-film bat-
teries between the results of current work and other studies 
reported in literature. Most of the literature results are in line 
with our model prediction. At the same time, Figure 4a clearly 
highlights the superior performance of the present work for the 
considered current density range. After validating our 1D model 
using experimental data, it is possible to push the simulation 
results forward and consider higher cathode thickness, in order 
to estimate both the maximum capacity and power, deliverable 
for an optimal cell design. In Figure 4b, we report the evolution 

Small 2023, 2207657

Figure 4. Model prediction and state-of-art comparison. a) Model prediction up to 100 µm thick LCO with main literature results;[3,16,32,75,76] this work 
presents the highest areal capacity among all-solid state, 100%-active anode-free batteries. b) Volumetric energy density comparison between all avail-
able LCO based battery technologies (thin-film, composite all solid-state and slurry). The total volume is calculated assuming 50 µm of overhead on 
top of the cathode and the energy density assuming 4 V of average discharge potential for all references.[15,32,55,68]
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of the delivered volumetric energy according to the simulation 
results (in red), at different current densities. In order to estimate 
the volume of the device as a whole, we added 50 µm of non-
active material (overhead) assuming an average voltage of 4 V  
during the discharge. It is observed that the relation between 
the cathode thickness and the volumetric energy density varies 
with applied current (no expected gain above 100 and 50 µm 
thick LCO for 0.5 and 2 mA cm−2, respectively). In the same 
figure, a comparison between different technologies reported 
in literature is proposed. In particular, the classic slurry elec-
trode[55] shows comparable performance with respect to 
thin-film at moderate electrode thickness (50 µm). Porous elec-
trode[68], in contrast, shows even better performance than thin-
film batteries at extremely high current density (20 mA cm−2) 
and thicknesses (200 µm) thanks to high conductive liquid elec-
trolyte percolation, at the cost of a reduction in capacity at lower 
current rating. 100 µm LCO/carbon-nanofibers (CNFs)[15] struc-
ture shows the potentiality of this solution in order to keep a 
constant energy density for almost two decades of current den-
sities; the cost is a drastic reduction of the volumetric energy 
density linked with the void between CNFs, as observed in the 
porous-electrode design. The reported thin-film battery exam-
ples[15,32] are, on the other hand, aligned with the model predic-
tions. Hence, an optimal design will reach unexpected capacity 
density, at high current, with respect to results reported in litera-
ture for all-solid-state batteries. Notwithstanding, the limitation 
introduced by the drop in the diffusion coefficient is expected 
to be still present. In order to further enhance the performance, 
it would be necessary to act at the cathode material level. This 
additional boost is possible through LCO doping, which results 
in a suppression of the semiconductor-to-metal transition and 
a parallel increase in diffusion coefficient. The different solu-
tions proposed so far seems to be successful, at the expense 
of a slight decrease in the available capacity.[69–73] While, opti-
mizations of the electrode design and/or at the material level 
are limited by the available technologies, an additional degree 
of freedom is enabled through the charge–discharge protocol 
optimization, in particular by considering a cascaded discharge 
approach.[74]

4. Experimental Section
Precession Electron Diffraction Measurement: PED patterns for the 

analysis of LCO crystal orientation were obtained using a JEOL 2010 FEG 
TEM equipped with a NanoMegas ASTAR. All patterns were obtained 
using a precession angle of 0.96°.

Scanning Electron Microscopy: LCO crystal structure observation by 
means of secondary electron scanning electron microscopy were carried 
out on a Hitachi S-5500 SEM equipment. SEM samples were manually 
cut by means of a diamond scribe pen.

Scanning Micro-Raman Spectroscopy: Chemical analysis by means of 
scanning Raman spectroscopy were carried out on a Renishaw InVia 
Reflex micro-Raman spectrometer equipped with a 100X (N.A. 0.85) 
LEICA objective. The laser source was a 532 nm Renishaw RL532C100 
laser with a power of 10 µW. Samples were manually cut by means of a 
diamond scribe pen. Therefore, the LCO surface was not perfectly flat, 
and even if an optimal zone is chosen by mean of optical observation, a 
certain topography is expected on the analyzed surface.

Scanning Micro-Raman Spectroscopy Data Processing: Raman 
spectra were corrected by fitting the baseline with a linear function 

and subtracting it to the signal (Figure  S10, Supporting Information). 
Then the measured data were fitted by a sum of Laurentian functions 
as explained in details in Supporting Information (Figures S11 and S12, 
Supporting Information).

Electrochemical Measurements: All electrochemical measurements 
were performed on a Biologic VMP3 Multichannel Potentiostat. The 
measurements were carried out in a Cascade SUMMIT200 Probe Station 
in dry air environment. Impedance spectroscopy measurement was 
performed between 1 MHz and 100 mHz. The cell was stimulated with 
a 10 mV sinusoidal voltage and the current response was measured. 
Each measurement was averaged 5 times for each frequency. Charge 
protocol was a Constant Potential (CV) stimulation of the cell at 4.3 V. 
The current was monitored and the charge stopped when 5% of the 
initial current was reached. Discharge protocol was a Constant Current 
(CC) stimulation. The discharge was stopped when the cell potential 
reaches 3 V.

Galvanostatic Intermittent Titration Technique (GITT): GITT 
measurement was performed using a Biologic VMP3 Multichannel 
Potentiostat under argon atmosphere (Figure  S5, Supporting 
Information).

Galvanostatic Intermittent Titration Technique (GITT) Data Processing: 
GITT measurement data are treated as reported in Supporting 
Information (Figures S6 and S7, Supporting Information).

PDE Simulation: The physical model was solved by means of 
finite element methods in COMSOL multiphysics. All equations  are 
implemented by means of the Weak Form PDE interface.
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