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Researchers have conducted in-depth investigations into lithium-ion battery models. However, a notable limi-
tation of existing models lies in the assumption of infinitely conductive current collectors, which compromises
simulation accuracy. Herein, we present a model that explicitly accounts for current collector resistance,
employing Kirchhoff’s circuit laws and a suitable discretization method to characterize the associated current
density and SoC distribution in all-solid-state thin-film batteries. Simulation results demonstrate that the highest
SoC occurs near the charging tab, leading to preferential full-charge in this region. Intriguingly, when charging is
interrupted at this stage, the battery enters a self-balancing state: the state of charge SoC near the tab gradually
decreases. At the same time, SoC in other regions increases, culminating in a homogeneous SoC across the entire
battery. This phenomenon reflects the underlying process of lithium-ion redistribution. Additionally, a larger
resistance disparity between cathodic and anodic current collectors creates an inhomogeneous current density
distribution, thereby accelerating localized battery aging. The approach adopted by our model exhibits broad
generality and can be readily adapted to other battery types.

1. Introduction

With the extensive use of fossil fuels such as coal, oil, natural gas, and
nuclear fission, the degree of modernization in human society and the
level of the global economy have been remarkably enhanced. However,
environmental degradation induced by excessive energy exploitation
has become increasingly severe [1,2]. Lithium-ion batteries are
increasingly favored as promising electrochemical energy storage sys-
tems due to their high energy density and environmental friendliness.
Nevertheless, the stable temperature range of organic electrolytes used
in conventional lithium-ion batteries is relatively narrow and thus prone
to safety accidents [3,4]. A promising approach is the production of all-
solid-state batteries (ASSBs), where flammable liquid electrolytes are
replaced by a solid electrolyte, thereby eliminating such issues. That
could potentially offer better electrochemical performance and avoid
hazardous electrolyte leakage [5-8]. Therefore, ASSBs are appropriate
for industry applications, such as electric vehicles and medical implants,

which are generating increasing research interest in academia at the
same time.

Modeling ASSBs is beneficial for further understanding and
improving the performance of batteries, which has drawn considerable
attention from researchers. Nevertheless, a critical limitation of pre-
vailing models, such as Neumann-type or Nernst-Planck-type models
[9-12], lies in the assumption of infinitely conductive current collectors.
The electronic part in current collectors was not simulated explicitly
[11,13-16]. In fact, the current collector’s resistance leads to significant
voltage drops in ASSBs [17-20]. Paradoxically, despite this known ef-
fect, the influence of current collector resistance on current density and
state of charge (SoC) distribution in ASSBs remains underexplored.
Existing studies have primarily focused on electrical constriction resis-
tance in liquid-based batteries [21-24], with only sporadic in-
vestigations into ASSB systems. It is worth noting that the
inhomogeneous current density and SoC distribution of ASSBs trigger
partial overcharge or over-discharge, insufficient use of the electrodes,
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and degradation of the electrodes, thus affecting the durability and
safety of batteries [22,23,25]. Additionally, investigating them via
experimental or conventional modeling is relatively cumbersome and
complex, demanding substantial resources.

Herein, the resistance of current collectors was taken into account.
The current density and SoC distribution of all-solid-state thin-film
batteries have been modeled using Kirchhoff’s circuit laws and a facile
discretization method. The influence of varying current collector re-
sistances on current density and SoC profiles is systematically investi-
gated. The proposed modeling approach exhibits remarkable generality
and computational efficiency, enabling its direct application to other
battery types. More significantly, this framework serves as a critical
enhancement for improving the predictive accuracy of existing lithium-
ion battery models.

2. Model development

The spatial-temporal distributions of electronic currents, ionic cur-
rents, and battery SoC during the charging process are numerically
simulated using a discretization method under the assumption of
Kirchhoff’s circuit law. The discretization approach involves partition-
ing the entire battery into a finite number of sub-cells, enabling detailed
simulations of electrochemical behaviors within each sub-cell. Fig. 1
shows the schematic diagram of an all-solid-state thin-film battery. The
tabs for charging and discharging are located at the lower left (I;;) and
lower right (I,,) of the battery, respectively, on different layers. The red
dashed lines indicate it is divided into four sub-cells, and each rectangle
represents a sub-cell. In the first step, it is divided into 2 x 2 models, and
the electrochemical state of all sub-cells determines the distribution of
the whole battery. Eventually, the discretization process will become
more refined, and the distribution should become more accurate, as
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all-solid-state thin-film batteries with a capacity of 0.7 mAh were used
for this model. The EMF data and the internal resistance of the battery
can be obtained and calculated from reference [13].

Firstly, the lithium-ion battery was divided into four sub-cells using
the discretization method. Fig. 2 illustrates the equivalent circuit dia-
gram of the 2 x 2 model. Four sub-cells were marked as (1), (1, 2), (1, 2),
and (2). Corresponding to the actual situation in the all-solid-state thin-
film battery of Fig. 1, there is an input current at the sub-cell (1) in the
lower left corner. All currents supplied to the cells via wires were uti-
lized in the main storage reactions of four-component sub-cells. The
output current is located at the sub-cell (1, 2) in the lower right corner of
the other layer. It can be observed that this equivalent circuit diagram
includes the equilibrium voltages of the sub-cell, the internal resistance,
electronic currents, and ionic currents. The arrows represent the
assumed direction of currents. All nomenclatures are explained in Fig. 2.
Unlike most existing models, the resistance of the current collector is not
ignored in this model. Specifically, the blue rectangles in the diagram
represent the resistance of the platinum current collector for the
cathodic part, and the red rectangles represent the resistance of the
copper current collector for the anodic part. The primary objective is to
obtain the distribution of electronic currents, ionic currents, and battery
SoC during the charging process.

Kirchhoff’s current law and voltage law are applied to each node and
loop of the circuit:

—in12Ri112 — E12 — j12Riz + 1331,R 15 +juR1i1 + E11 =0

—i1121R1121 — E21 — jo1Ro1 + 1139 R1101 +J11R11 + E11 =0

—i9120R0120 — Eop — j2oRoo + Uy199Ro190 +J21Ro1 + Ea1 = 0

—i1222R1222 — E22 — j2aRoo + 11999 R 900 + j12R12 + E12 =0
Iin —f1121 —fi112 —jin =0

i1112 7]-12 - i1222 =0

illustrated in Fig. 1 (b). . . T 2)
The general approach to battery modeling encompasses both the 1.1121 7],21 - 121,22 =0
thermodynamic and dynamic aspects. The thermodynamic part deter- f122 +hiazp = o2 = 0
mined the electromotive force (EMF) or equilibrium voltage, while the Ju =g — 1y, =0
dynamic part is related to the overpotential, shown as Jar +ipgy — iy =0
7= B _E™F & LR, a di,2122 +Aj22 +Mf1222 =0
f11p +J12 = f900 = Lo
where 7 represents the overpotential, F*%is the battery voltage, EFMF is Eq. (2) can be written in the matrix form AX = B, where
Ri1 —Ri2 O 0 —Ruiz O 0 0 Ry, O 0 0
0 O Ry Ry O —Rysm O 0O 0 Rpp, 0 0
Ri O Ry 0 0 0 —Ruym O O O Ry O
0 R, 0 —Rp O O O —Rgm O 0 0 Ry
-1 0 0 0 -1 0 -1 0 0 0 0 0
Ao o -1 0 0 1 0 0 -1 0 0 0 0 7 3)
o o0 -1 o0 0 -1 1 0 0 0 0 0
0 0 0o -1 0 1 0 1 0 0 0 0
1 0 0 0 0 0 0 0 -1 0 -1 O
0o 1 0 0 0 0 0 0 1 0 0o -1
0 O 1 0 0 0 0 0 o -1 1 0
0 O 0 1 0 0 0 0 0 1 0 1

the equilibrium voltage, and R;,: denotes the internal resistance. This
proposed model is simple and only contains EMF as well as internal
resistance, which involves the electronic part of the battery. Commercial
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The input current is 1C and will be interrupted immediately when
one of the sub-cells is fully charged, allowing for the observation of the
SoC of all sub-cells and their evolution over time. The evolution of SoC is
shown in Eq. (6)

jat

(Qome/ (NVD)) ©

SoC(t + At) = SoC(t) +

where Qnqx indicates the maximum capacity of the battery and NM is the
number of sub-cells. Therefore, the majority of parameters, such as EMF,
electronic currents, ionic currents, and SoC, will become dependent on
time. Assuming all sub-cells have the same initial process, the linear egs.
(2) could be solved.

Next, consider the continuity equation and normalization. Fig. 3
shows a diagram of the inflow and outflow currents. The coordinates of
the battery are shown in the figure, along with the height Az. The bal-
ance between fluxes should be written out. The electronic current is
divided into two components, i.e., iy and i,. Taking the midpoint as a
base, the incoming flux is subtracted from the outgoing flux and
multiplied by the surface area. The surface area on the x component is
AzAy, while on the y component is AzAx. What comes out (in minus)
should be equal to what had been generated inside, i.e., the ionic current

uﬁt Iiﬂ | ’

out

=

Fig. 1. Layout of discretization for an all-solid-state thin-film battery.
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density times the volume of the battery, as written in Eq. (7).

y

[ix<x+Ax,y+A?y> —ix<x,y+%)]~AyAz

. Ax . Ax . Ax A
+[ly(x+7,y+Ay> - ly(x+7,y> } -AxAz _]<x+3,y+?y)AxAyAz.
@)
Then everything is divided by AxAyAz, and the result is shown in Eq.

(8).

[ix(x+Ax,y+% 7ix(x,y+%’)] N [iy(x+%x,y+4y) 7iy(x+A?x,y)]

Ax Ay

A Ax Ay
:]<x+?,y+?).

(8
In the limit where Ax and Ay tend to 0 (Ax—0and Ay—0), the
equation can be simplified to Eq. (9) and Eq. (10). This equation can also
be written in the form of the integral shown in Eq. (11). The currents in
the horizontal direction should be divided by Ax. In contrast, the cur-
rents in the vertical direction should be divided by Ay so that the

normalization is completed.

dix | Oy _j(x,y)

x oy Az 9
div(?) - Aiz, (10
#ids = fjdv. an

According to Maxwell’s equations, Kirchhoff’s voltage law can be
obtained from the equation

7 12)

where 7 indicates the normal vector and L represents a short piece along
the path.

-
In addition, i is defined as the electronic current density in the

bottom current collector and i as the electronic current density in the
upper current collector. Its components are shown in Eq. (13)

—

= (i)

- . . . | 3

io=(ix iy )-
T represents the position, and its components are shown in Eq. (14)
T =(xy). 14

Applying Kirchhoff’s law to the model with current collectors, as
described in Eq. (2), it can be concluded that the voltage drop across the
two current collectors is related to the voltage of the sub-cell. The bat-
tery voltage here is the summation of the EMF and the overvoltage. It
seems that we have a directional derivative. The total voltage across the
battery is position-dependent. Thus, Eq. (15) could be obtained.

OE 2iy — pi
l)_ - x — Pl

o as)
a—y = p'iy — piy.

where p and p’ represent the specific resistance of the cathodic current
collector and the anodic current collector, respectively. On the right
side, the only possibility is specific resistance times current density,
because when specific resistance is multiplied by current density, the
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result is voltage per meter. This formula can also be written in the form
of a limit, as indicated by Eq. (16).

E(x + Ax) — E(x)

Al)i(I—H)T = ﬂ’ (x)ixv(x) - ﬂ(x)ix(x)r
E(y +4y) —E(y) ' e
};%T =p iy o) — POy ).

The equation related to the voltage over the battery should be dis-
cretized according to

E(x,y) = EMF(x,y) +n(x,y)

= EMF(x,y) + jion (%, ¥)Rion (X, )

jtxy) a7
AxAy [Rion (x,y)AxAy |

= EMF(JC,_)’) +Ji0ﬂ(xv.y)/)iun(x7y)ﬂ

= EMF(x,y) +

where ji, andR;,, indicate the ionic current and internal resistance,
respectively. Jio, is the ionic current density. The previous equations, as
well as the matrix, are to be normalized by Ax and Ay. The difference in
currents from Kirchhoff’s current law depends on the direction (hori-
zontal or vertical) in which the difference is made. Moreover, the input
current Ij, should also be normalized by

In = / jds. as)

Generalizing the descriptions above, the matrix equation of arbitrary
dimension and corresponding SoC/current distribution of an arbitrary
model can be derived. All derivations have been verified via MATLAB.
The battery can be divided into finer dimensions to obtain a more ac-
curate SoC/current density distribution.

3. Experimental

Thin-film current collectors with tailored thicknesses were fabricated
via physical vapor deposition PVD machine (Kurt J. Lesker, UK) using
silicon wafers as substrates. Platinum (Pt) current collectors were
deposited onto Si substrates through direct-current (DC) magnetron
sputtering of Pt targets. The distance between the substrate and the
target material is fixed at 15 cm. The sputtering process is conducted in

in \
\

\

/Ei_ h

\

N 4
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an Ar atmosphere at a chamber pressure of 5 mTorr, with a sputtering
power of 70 W. In contrast, copper (Cu) current collectors were ther-
mally evaporated at a deposition rate of 1 A-s™!. The substrates were
maintained at a rotational speed of 20 rpm to ensure homogeneous film
deposition. Following fabrication, current collectors with nominal
thicknesses of 100 nm and 200 nm were obtained. The thickness of the
samples was verified using a surface profilometer (Bruker, USA), and the
resistance of the current collectors was characterized using a four-point
probe device (Ossila, UK).

4. Results and discussion

The 2 x 2 model is initially simulated as the starting point. The SoCs
of all sub-cells over time are shown in Fig. 4 (a). The battery will be fully
charged after approximately 1 h, as the magnitude of the input current is
1C. At this time, the input current is interrupted. It can be concluded that
the sub-cell (1) closest to the charging tab is the first to be fully charged.
The sub-cell (2) located away from the charging tab is the slowest to
charge due to the different path of the currents. Fig. 4 (b) illustrates the
enlarged section showing the changes in SoC after the interruption.
Interestingly, all sub-cells enter a self-balancing process. The SoC of sub-
cell (1) is decreasing, while others are increasing, until the SoC of the
entire battery becomes equal. That is essentially due to the redistribu-
tion of lithium ions. This process occurs because of the differences in the
voltage among the discretized sub-cells, which correspond to their SoC
levels. When charging stops, sub-cells with higher SoC (e.g., those near
the tab) possess a higher voltage. This voltage potential difference drives

y

p g (x+Ax,y+4y)

«

| Az
() ’

X

Fig. 3. Schematic diagram of incoming and outgoing currents for a sub-battery.
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\
equilibrium voltage of the cell ij )
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lonic current of the cell ij

11112
Electronic current from sub-cell 11 to 12

24
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’
R 1112
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N |

Fig. 2. Equivalent circuit diagram of the 2 x 2 model. The arrows represent the assumed direction of currents.
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Fig. 4. (a) The change of SoC of all sub-cells over time, (b) the magnified part of SoC over time after the input current is interrupted, and (c) - (d) corresponding trend

after increasing the resistance of the cathodic current collector.

an internal current flow from high-SoC regions to low-SoC regions
through the network of electronic and ionic resistances that connect the
sub-cells. This internal current flow continues until the voltage, and
therefore the SoC, is equalized across all sub-cells, reaching an equi-
librium state. This macroscopic current flow is the model’s representa-
tion of the physical redistribution of lithium ions. It is worth noting that
the resistance of cathodic and anodic current collectors should differ, as
shown in Fig. 2, because platinum and copper have different re-
sistivities. More importantly, their resistance affects the current density
and SoC distribution.

Fig. 4 (c)-(d) demonstrate the spatiotemporal evolution of SoC for all
sub-cells when the thickness of the Pt current collector is reduced from
200 nm to 100 nm. This observation correlates with the increased
electrical resistance of the Pt current collector and the amplified resis-
tance discrepancy between the Pt and Cu current collectors. Notably, the
SoC discrepancies among sub-cells are significantly amplified, thereby
reflecting the reduced homogeneity in current density and SoC distri-
bution across the entire battery. As observed, sub-cell (1) exhibits a
higher charge accumulation compared to all other sub-cells. That phe-
nomenon can be attributed to the increased resistance encountered by
electronic transport pathways, particularly the (1)— (1, 2) and (1)- (1,
2) transitions. The resulting impedance forces the system of governing
equations to redistribute current flow preferentially through lower-
resistance pathways. Specifically, current diverts from sub-cell (1)
through ionic conduction channels, followed by diffusion from sub-cell
(1',1) to the entire second layer, where resistive losses are minimized.
That hypothesis is further validated by increasing the resistance even
more, which accentuates the preferential current redistribution effect. In

the asymptotic regime where the resistance of the bottom layer ap-
proaches infinity, the current distribution converges to a degenerate
state wherein charge accumulation occurs exclusively within sub-cell
).

Furthermore, the discretization becomes more refined to obtain an
accurate SoC distribution of the entire battery. Fig. 5 illustrates the SoC
distribution for the 15 x 15 model. As shown in Fig. 5 (a), an inhomo-
geneous distribution is observed. The area near the charging tab is fully
charged first, while the SoC value is lower for the part away from the
charging tab, owing to the different paths of the currents. After an hour
of the self-balancing process, the SoC near the charging tab begins to
decrease, while the rest of the area starts to increase, as illustrated in
Fig. 5 (b). It can be inferred that after a period, the entire distribution
map will become a horizontal plane, suggesting that the SoC value of the
entire battery will be equal, and the current density distribution will
become uniform. That is the redistribution process of lithium ions within
the battery, unaffected by external factors. When the discretization
reaches a satisfactory resolution, the SoC distribution across the entire
battery becomes directly observable with intuitive clarity.

To further investigate the impact of current collector resistance on
the SoC distribution, the resistance disparity between Pt and Cu current
collectors is enlarged by reducing their thickness to 100 nm. As depicted
in Fig. 5 (c), when a portion of the battery reaches full charge, the
minimum SoC of the entire battery remains at approximately 0.93. This
observation leads to a critical conclusion: a more pronounced resistance
difference between cathodic and anodic current collectors exacerbates
the inhomogeneity in SoC and current density distributions. Such in-
homogeneity results in underutilization of electrode materials and
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Fig. 5. (a) SoC distribution of a 15 x 15 model of the battery when one sub-cell is fully charged, and (b) after an hour of the self-balancing process. (c¢) SoC dis-
tribution after increasing the resistance difference between Pt and Cu current collectors.
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Fig. 6. SoC distribution at (a) 30:2 and (b) 50:2 aspect ratios of the battery.

localized over(dis)charge phenomena, thereby posing significant chal-
lenges to device durability and safety. Notably, the resistance variation
is inherently linked to the geometric dimensions of the current collec-
tors, offering valuable guidance for optimizing their structural design
parameters.

In addition, the geometric proportions of current collectors of ASSBs
are systematically varied to explore their influence on the current den-
sity distribution. As shown in Fig. 6, increasing the aspect ratio exac-
erbates the inhomogeneity of the SoC distribution. Specifically, the
minimum SoC of the battery decreases from 0.83 to 0.75 after the aspect
ratio changes from 30:2 to 50:2 when some areas have been fully
charged. That indicates that current collectors with elongated strip ge-
ometries induce the most pronounced inhomogeneity of current density
distribution, highlighting the critical role of aspect ratio in modulating
charge distribution dynamics within ASSB architectures. Therefore, the
battery manufacturers should pay attention to the aspect ratio or the

tabbing design to optimize this issue.

During model development, the sparsity of matrix A used for
parameter calculation is also investigated. Fig. 7 illustrates the sparsity
patterns of the 2 x 2 model, 15 x 15 model, 30 x 2 and 50 x 2 model
configurations, respectively, where each point in the chart denotes the
location of a non-zero array element. When the system of linear equa-
tions is arranged in a certain order, the elements of matrix A occupy
some diagonals, see Fig. 7 (a), (b). That makes the system easy to solve.
Even when considering the battery with a long-band layout, the diago-
nal arrangement of matrix sparsity remains, as shown in Figs. 7 (¢) and 7
(d). Certainly, the number of matrix elements has changed when tran-
sitioning from 30:2 to 50:2, but the overall arrangement remains concise
and clear. The matrix elements, corresponding to a closed-loop set of
Kirchhoff equations, have positive and negative values. The red dots in
the plot represent positive values, and the blue dots represent negative
values. Fig. 7 illustrates the high sparsity of the matrix in this model.
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Fig. 7. Sparsity of matrix A of (a) 2 x 2 model, (b) 15 x 15 model, (c) 30 x 2 model and (d) 50 x 2 model, respectively.

Therefore, the proposed model can reduce storage requirements and
mitigate the cumulative impact of calculation errors, thereby enhancing
overall solving efficiency [26]. Additionally, the sparse matrix formu-
lation directly maps to the topological architecture of the circuits,
thereby enhancing model fidelity by preserving connections with com-
mon physics [27].

5. Conclusion

The influence of current collector resistance on the SoC and current
density distribution within lithium-ion batteries was systematically
investigated using Kirchhoff’s circuit laws with a simple discretization.
That approach offers notable advantages in terms of computational
simplicity and resource efficiency. Simulation results indicate that an
increasing resistance disparity between cathodic and anodic current
collectors exacerbates the inhomogeneity of SoC distribution. Further-
more, the geometric dimensions of current collectors significantly
modulate this distributional behavior. Inhomogeneous current density

and SoC profiles induce uneven utilization of electrode materials,
thereby accelerating localized aging mechanisms in lithium-ion batte-
ries. The proposed model can be synergistically integrated with existing
models that neglect current collector effects to achieve enhanced
simulation accuracy. Its methodological framework exhibits generality
across diverse battery chemistries and configurations, offering a novel
analytical lens for evaluating the impact of design parameters and
operational conditions on critical electrochemical distributions, which
contributes to the rational design of next-generation batteries charac-
terized by improved energy density, safety, and longevity.
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