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Introduction

The solid-solid interface is a critical obstacle to limit the
performance of all-solid-state lithium-ion thin film battery.
Therefore, to deeper the understanding of the solid-solid
interface is urgent. Moreover, the intrinsic equilibrium state,
important for the exchange current calculation and the interface
resistance analysis is hardly addressed. For the first time, we
introduce an advanced MPNP-FBV model which takes the
electrical double layer (EDL) structure and the unoccupied
regular lattice sites (vacancies) into account to illustrate the
fundamental phenomena at the equilibrium state. This general
model is verified from the chemical perspective and the
interface experimental results in our previous investigations,
which indicates that the model is able to calculate the exchange
current and the charge transfer resistance from fundamental
material properties.

Methods

The modified Planck-Nernst-Poisson (MPNP) model is employed
to simulate the concentration migration and the electrostatic
potential distribution in an all-solid-state thin film battery.
Moreover, the Frumkin-Butler-Volmer (FBV) equation is used to
describe lithium-ion kinetic reaction at the solid/solid interface.
The unoccupied regular lattice sites are considered in this new
model, and shows a great influence on the concentration
distribution. In the standard BV equation, the kinetic reaction
driving force is the total electrostatic potential drop across the
entire EDL. Nevertheless, in the FBV equation, the electrostatic
potential drop across the Stern layer and the diffuse layer are
considered separately. By using the MPNP-FBV model, lithium-
ion concentration distribution and the exchange current at the

printed 08. Jul 2026 - 11:44 https://www.hkhlir.de/projects/2200 page 1 of 3

JUSTUS-LIEBIG- - - X

g TECHNISCHE UNIKASSEL Phil

== UNIVERSITAT -:"5?5 UNIVERSITAT VERSITRAT SRR
\ 1/ GIESSEN T DARMSTADT

!‘-. Universitat
75 Marburg



https://www.hkhlr.de/projects/2200

intrinsic equilibrium state are shown below.

Discussion

In this work. we discuss the role of the vacancies in all-solid-
state batteries. In our advanced MPNP-FBV model, the interface
vacancy effect is additionally taken into account in the charge
transfer reaction. The equilibrium concentration with the two
models and the intrinsic shortcoming of the PNP model are
clearly shown in Figs. 1a and 1b. The concentration of lithium
ions and electrons at the cathode/electrolyte interface equals to
6, which overtakes the maximum value in the real material. The
underlying reason for this phenomenon is the unoccupied
regular lattice sites for lithium-ions near the interface region.
Lithium-ions transfer in the solid-state electrolyte is determined
simultaneously by the diffusion coefficient and the available
lattice sites amount. However, the vacancy sites limitation is
ignored in the PNP model and the transferring rate is much
higher than the reality. Due to this reason, lithium-ions easily
exceed the maximum concentration near the interface region. In
the MPNP model, lithium ions could transfer in the solid-state
electrolyte only when the bulk vacancy sites are available, so
the concentration is well constrained as expected. Figs. 2a and
2b show lithium-ions and electrons accumulate near the
LiCoO,/LiPON interface region with different time steps, which
forms the electric double layer and the length of the diffuse
layer is approximately 1 nm. The space charge layer formation is
also observed at the LiCoO,/LiPON interface. The concentrations
of electrons and lithium ions in the cathode and the electrolyte
bulk are ¢, = 0.497, &, = 0.503 separately. The results show no
charge separation and the electrostatic potential gradient in the
bulk. The electrostatic potential difference at x = 0 is the
electrostatic potential drop across the Stern layer. The driving
force compensates the activation energy difference and alters
the overall kinetic flux, so A®, increases with time steps until the
system reaches the equilibrium state and the total electrostatic
potential drop is 0.3 V. In the previous investigations, the
electrostatic potential gradient at the LiCoO,/LiPON interface is
measured using photoelectron spectroscopy and the value is 0.3
V. Because of lithium-ions transfer to the electrolyte during the
charge transfer reaction, the cathode shows polarity, while the
electrolyte with the positive polarization. The comparable
electrochemical potential profiles at different time steps are
shown in Fig. 2e. In the MPNP-FBV model, the dimensionless
electrochemical potential is calculated by the concentration and
the standard chemical potential. During the reaction, lithium-
ions move from the cathode to the neighboring electrolyte,
which increase the electrostatic potential difference. Due to the
concentration and the electrostatic potential variation in the
cathode and the electrolyte, the system reaches the equilibrium
state eventually.
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Figure 1: (a, d), (b, e) Concentration of lithium-ions and electrons and (c),
(f) electrochemical potential profiles at the equilibrium state with
different models and interface conditions.
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Figure 2: (a), (b) Concentration of lithium-ions and electrons, (c)
electrostatic potential, (d) charge density, (e) electrochemical potential
and (f) reaction current profiles with different time steps.
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