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Spatial distributions in current, temperature, state-of-charge and degradation across the plane of large format lithium-ion battery
pouch cells can significantly impact their performance, especially at high C-rates. In this paper, a method to smooth out these
spatial distributions by grading the electrode microstructure in-the-plane is proposed. A mathematical model of a large format
pouch cell is developed and validated against both temperature and voltage experimental data. An analytical solution for the
optimal graded electrode that achieves a uniform current distribution across the pouch cell is then derived. The model predicts that
the graded electrodes could significantly reduce the likelihood of lithium plating in large format pouch cells, with grading
increasing the C-rate at which plating occurs from 2.4C to 4.3C. These results indicate the potential of designing spatially varying
electrode architectures to homogenise the response of large format pouch cells and improve their high rate performance.
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Lithium-ion battery electrodes are complex non-linear dynamical
systems reacting non-uniformly in space and time, especially when
subject to high C-rate currents. Phenomena such as travelling wave
fronts in LiFePO4 (LFP) cathodes during charging'? and localised
lithium-plating in graphite anodes’ are just some examples of the
diverse range of non-linear behaviours that have been observed in
battery electrodes, and it is these localised behaviours that often
govern cell performance. To protect against these spatially localised
electrochemical behaviours, the use of graded electrode structures
(as in those with controlled spatial variations in electrode micro-
structure) has been proposed with the idea being that introducing
heterogeneity into the electrode microstructure can reduce the
heterogeneity in the electrochemical response.

Recently, experimental data have provided support for the use of
graded electrodes in practical cells.* A common theme is the
potential of graded electrodes to increase both the capacity at high
C-rates>® and the cycle life of thick electrodes,”® with other benefits
including a reduction in electrode tortuosity.” Data for both standard
electrodes, such as LFP cathodes,7’8 and non-standard electrodes,
such as anodes arranged in a layered structure composed of high
power LisTisO;, and high capacity SnO,,'" have shown similar
benefits. However, care has to be taken when designing graded
electrodes, as structuring the electrode incorrectly can deteriorate
performance.®'' To prevent this, mathematical models have been
developed to predict the electrochemical response of graded
electrodes so as to quickly and cost-effectively optimize their
designs. Several different models have now been developed cov-
ering a range of length scales (including micro-structural'>'® and
Doyle-Fuller-Newman-type models>'*) and performance metrics
(such as fast charging capacitance® and electrical impedance').
These results highlight the growing maturity of battery modelling
and parameterisation, which in turn, is making it increasingly
straightforward to embed modelling pro-actively in the battery
design process.'® An example of this battery co-design process are
the trapezoidal electrodes’ that were developed using insights'> on
how the distribution of carbon and binder affects the conductivity of
the LiFePO, electrodes.

“E-mail: ross.drummond @sheffield.ac.uk

The focus of most existing studies on graded electrodes for
lithium-ion batteries has been on controlling the through-thickness
local electrode microstructure,'>'” including bilayer cathodes®
composed of discrete layers of both 7D1 Li[Nig¢Cop,Mng,]O,
(NMC622) and LFP. Focusing on the through-thickness electrode
structure (with experiments typically only involving coin cells’) is
justified by the fact that it is charge mobility through the electrode
thickness between the anode and cathode that governs coin cell
performance. However, in recent years, there has been a general
trend in commercial cells toward larger cell formats (demonstrated,
for example, by the introduction of the larger 4680 cylindrical
cells'®). The idea being that larger cell formats increase the specific
energy density, as the ratio of active material to superfluous
materials such as casings and control circuits is increased. Large
format cells have their own problems compared to coin cells; in
particular, they experience new forms of spatial heterogeneities,
which emerge at the macro-scale (as in across their width and
length). In particular, heterogenous state-of-charge,'® thermal hot
2021 and  spatially localised distributions of electrode
degradation,”>* lithium é)lating,zs and currents in-the-plane of
large-format pouch cells?®*’ have been identified as impacting
performance, especially in high rate applications.

The significance of in-the-plane spatial heterogeneities on the
performance of large format pouch cells is becoming increasingly
apparent, and has driven efforts to understand how these hetero-
geneities develop using mathematical models. Through these
models, predictions for chemical reaction”® and current distributions
along the plane of the current collectors® (and how these distribu-
tions evolve with changes in the cell’s design, e.g. its current
collector thickness® and tapering®') have been developed, with
analytical solutions even being proposed.>? The push to understand
the planar dynamics of pouch cells has meant that the number of
spatial dimensions in these models has increased, with 2D and
3D?!3438 effects often included, as opposed to the through-thick-
ness models of, for example, the DFN model and single particle
models.***® One of the main drawbacks of large format battery
models is their complexity, which is a consequence of their multi-
dimensional spatial domains. This model complexity leads to several
challenges including long simulation times and difficulties in model
parameterisation, as discussed in the electro-thermal modelling
studies.’®*! These challenges demonstrate a need for easily
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parameterised and computationally efficient pouch cell models able
to capture the spatial distributions seen in experimental data. This
problem is considered with the model introduced in Section
Mathematical Model.

The formation of spatial heterogeneities across pouch cells
indicates that it may be possible to grade the local electrode
microstructure in-the-plane to mitigate their effect, similar to what
has been achieved with through-thickness grading.'”*' The graded
electrode problem is illustrated in Fig. 1, with Fig. 1a indicating the
planar and through-thickness directions of the pouch cell, Fig. 1b
shows the simplification of the model to a 2D problem with RC
circuits distributed across the plane, and Fig. 1c illustrates the 2D
model domain. Fig. la is approximated with Figs. 1b and lc. The
model is a combination of Figs. 1b and lc.

Contributions: In this paper, the problem of modelling and
optimising graded electrode microstructures for large format pouch
cells with controlled variations in resistance in-the-plane is con-
sidered. The following contributions are obtained:

1. A model for a large format pouch cells is described and
validated against experimental data.?'

2. An analytical solution for the distribution of carbon black in the
electrode plane that achieves a flat current distribution across the
pouch cell is derived.

3. Compared to uniform electrodes, it is predicted that graded
electrodes can increase the charging rate at which lithium
plating occurs from 2.4C to 4.3C.

It is proposed that a primary advantage of these graded pouch cells is
to mitigate the impact of lithium plating (see Section Results: Plating
Reduction with Graded Electrodes), as the flatter current distribu-
tions reduce the likelihood of negative anode overpotentials. The
results highlight the importance of in-the-plane effects when
characterising lithium plating in large format cells. By contrast, it
is shown that the high thermal/electronic conductivity of the current
collectors means that only minimal benefits of grading are observed
when considering the thermal and voltage response; Section Results:
Dynamic response of graded pouch cells shows that the graded cells
only delivered a 1.2% increase in stored capacitance for 4C charging
compared to the uniform electrodes, a conclusion in agreement with
Hosseinzadeh et al., 2018.*' These validated modelling results
indicate the potential of grading to improve the cycle-life and
high-rate performance of large format pouch cells. More broadly,
they indicate how improvements in battery design and

10393[[0)) JUD.

(a) Representation of  elec-
trode/separator sandwich of the
pouch cell. A left handed co-ordinate
system is used.

(b) Model simplification for large for-
mat pouch cells with the electrode
thickness being significantly thinner
than the width and length. Circuit pa-

manufacturing could reduce the performance gap observed between
coin cells constructed in laboratories and the large format cells used
in commercial high-rate applications.*?

Mathematical Model

In this section, a mathematical model of a large format pouch cell is
introduced. Specific focus is given to a comparison between the model
and experimental data,>’ with the presented model being simpler in
form (specifically, here, circuit dynamics are used to capture the
through-thickness electrical response, whereas a simple electrochemical
model is used in Lin et al., 2022*") whilst still being able to accurately
capture the in-plane spatial distributions seen in the experimental data
(see Section Comparison to experimental data). Keeping the model
formulation relatively simple while retaining the important physics-
based mechanisms, allows analytical solutions to the optimal graded
electrode design problem to be obtained (explored in Section In-the-
plane electrode grading), which is the focus of this work.

Model formulation.—Figure 1 presents a schematic for the
model's formulation and spatial domain. The model parameters
and variables are defined in Tables A-1 and A-2. The following
assumptions are made:

Al: The thicknesses of the current collectors are much thinner than
their width and height.

A2: The circuit models of Fig. 1b describe the electrical dynamics at
each point in the plane of the pouch cell.

A3: The multi-la;ler pouch cell can be modelled as an effective
single layer.”*?' A1 is justified because large format pouch
cells are considered (with typical current collector thicknesses
being ~ 10um and their planar dimensions being ~ 15cm x
20cm). Defining i(y, z,f) as the current density through the
electrode, and I, x(x, y, z, t) as the current density flowing in the
x-direction through current collector k, then, under this thin
plate assumption, the current density gradient in the x-direction
through the current collectors can be approximated by

O,y 2.0 (3,2, 1)

ox Lck

, ke {n p}, [1]

following the ideas of Taheri et al., 2014.>> A2 is a simplification of
the electrode electrical dynamics, but, even so, the resulting model is
able to capture the spatial distributions seen in the experimental data

W _ L |
A
1% 1
L4 'y
.-
a | _
| =0
a7 i —w

AV=

av
0z .-y

(c) Spatial domain of the 2D pouch
cell model.

rameters are found in Table A2.

Figure 1. Schematic of the 2D model for a lithium-ion battery pouch cell, Fig. 1a is approximated with Figs. 1b and lc. The model is a combination of Figs. 1b

and lc.
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(see Section Comparison to experimental data) while being simple
enough to generate an analytical solution to the optimal electrode
design problem (see Section Grading manufacturing). A3 is justified
under the assumption that each layer has a similar composition and
so reacts similarly.

Model equations.—The following equations characterize the
proposed mathematical model for large-format pouch cells, with
the models domain described in Fig. 1c. Regarding the notation,
each model variable in Eq. (3) is defined in the (y, z)-plane of the
pouch cell, as illustrated in Fig. 1c, and may also evolve in time ¢.
This (y, z, t) dependency of the variables is dropped in the model Eq.
(3) to ease readability. V(y,z,¢) is the voltage (defined as the
potential of the current collector at the cathode minus that of the
anode) at each point in the plane, 7(y, z, t) is the cell temperature,
i.(y, z, 1) is the local through-thickness current density, R(y, z) is the
local resistance of the two electrodes and the separator that is
constant with time, while SoC(y, z, 7) is the local state of charge in
the plane. Table A-1 summarises the model's variables, while
Table A-2 gives its parameters. For the graded cell, the only
parameter varying in (y, z) is R(y, z), with the rest being constants.

. . 0 | o .
Using the notation Af = > +t o2 and defining

L L cp Ocn  Ocp

Oefi(Len + L cp) = [2]

s
OenLen + (TCpL cp

then

. V—=U(SoCT) —vi—n

iy [3a]
RA cell

AV = b

——F , on Q,
6eff(Lcn + ch)

t>0, [3b]

aT .
v Aetr AT + [R Acen ix® = hgees (T — Tiep)l, o0 Q, >0,

7 x Miayers
[3¢]
950C _ Awll; on @, 1> 0, [3d]
ot Ccell
% - _ Vi + Acell iX’ [36]
ot R C C
oav v Acell .
ove - _ 2 cell i, [3ﬂ
ot R, Cy C,

where =10, L,] x [0,L;] is the projection of the cell onto the
(¥, 2)-plane and L, and L, are the cell width and height, respectively.
The physical meaning of Eqgs. (3e)—(3f) is as follows. Equation (3a) is
obtained from the circuit models*® distributed across the plane of the
pouch cell in Fig. 1b. Equation (3a) defines the through-thickness
current density (as in the current density flowing across the electrodes
charging the active material particles). Equation (3b) is adapted from
Taheri et al.,** to account for the circuit dynamics and defines the
distribution of the voltage in the (y, z) plane, given the current density
i, through the cell at each point. Equation (3c) defines the localised
temperature dynamics of the cell and is adapted from Lin et al.,*' with
Joule heating defined from Eq. (3a) instead of electrochemical
potentials.>’ Using the circuit model of Fig. 1b to describe the
electrical dynamics at each point (y,z) in the plane (with the
derivations of these dynamics discussed in Plett*), Eq. (3d) describes
the state-of-charge and Egs. (3e)—(3f) are the relaxation dynamics
associated with Fig. 1b's RC pairs.

Boundary conditions.—Using the notation of n, as the two-
dimensional unitary vector normal to the boundary and
V T(y, z, 1) = [0T/dy, 0T/9z]", then the model's boundary conditions
are:

n-VT = —L(T — Tref), on 0Qqy, >0, [4a]
/1eff
ﬂJ_'VT = —ht—ab(T — Tref), on 6me, t>0, [4b]
eff
I
WV o on 0Qus, k€ (n p) >0, [4c]
dz =L, Ok A b

n-VV =0, on 0Q., t>0, [4d]
where 0, and 0, are the negative and positive tabs,
Qb = 0Qeapn U 0Qp p, 02 is the external boundary region and
00 1s the external boundary region without the tabs,
0y = 082\ 0 yp.

Numerical solution procedure.—To simulate the model, the
partial-differential-algebraic equations of Egs. (3) and (4) were discre-
tised in space using Chebyshev spectral collocation** and solved using
“odel5s” in MATLAB® 2022b* On average, a 5C charge of a
uniform cell took 12.7 s (with 24x24 nodes) when run on a desktop
Macintosh (MacBook Pro, Monterey, v 12.4, M1 2020, 16GB, 256GB,
64 bit). The unknown model parameters were found by fitting to 4C
square-wave-excitation experiments starting at 30% SOC.>' The open-
source code for the pouch cell model simulations can be found at: https://
github.com/Eloise Tredenick/2DBatteryTemperatureGradedModel.

Comparison to existing models: The main differences between
the large-format pouch cell model of (3) and existing models®'*
are: i) the inclusion of the spatially-varying resistance, R(y, z), in (3),
ii) the model's relative simplicity, with no DFN-type through
thickness electrochemical modelling being used; instead, the circuit
of Fig. 1b is distributed in the plane. The relative simplicity of the
model is a deliberate design choice as it significantly simplifies the
model parameterisation problem, which is crucial for capturing the
experimental data.

It is also noted that graded planar cells were also investigated in
Hosseinzadeh et al., 2018,*' where a DFN-type model with grading
both in-the-plane and through-the-thickness of the electrodes was
developed. The two main differences between this paper and
Hosseinzadeh et al., 2018*' are: i) an analytical solution for planar
graded electrodes to achieve a uniform current distribution is
obtained here (see Eq. (7)), ii) in this paper the model predictions
are validated against experimental data from Lin et al., 2022,%' iii) it
is proposed that the benefits of in-the-plane grading are to reduce
electrode degradation (especially plating), whereas voltage and
thermal considerations were considered in Ref. 41.

Comparison to experimental data.—The experimental data from
Lin et al., 2022%' is used to validate the lithium-ion battery pouch
cell model of (3). Briefly, the data is obtained from square-wave-
excitation cycling experiments starting at 30% state of charge (SoC),
using 20 Ah pouch cells from A123 Systems with LFP positive
electrodes and graphite negative electrodes, which were cycled at 4C
(at currents =80 A) for 100 seconds. A thermal imaging camera was
then used to capture thermograms of the cell surface and to visualise
the cell's temperature distribution across the plane during the
cycling.

Model validation.—Figures 2 and 3 compares the model
simulations against the experimental data®' for cycling using the
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(a) Comparison between the average voltages of the exper-
imental data and the model of (3) during cycling at 4C.
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(b) Comparison of the minimum, average, and maximum
temperatures across the plane of the pouch cell between
the experimental data and the model of (3) at 4C.

Figure 2. Comparison between the pouch cell temperature and voltage responses of the mathematical model of (3) and the experimental data of Lin et al.,

2022°",

parameters from Table A-2. The parameters were estimated using a
combination of fitting and a comparison to values from the literature,
with the notation R, for the resistance of the uniform cell. Model
agreement was observed in both the electrical and thermal response,
as shown in Figs. 2a and 2b.

Figure 2b shows that the model was able to capture the evolution
of the maximum, minimum, and average values of the cell
temperature across the plane of the pouch cell during the cycling.
A main discrepancy between the results of the model and the
experimental data is that the results for the model are much
smoother. The increased variability of the data is to be expected,
as the sensing noise and the inherent randomness in the micro-
structure introduced by manufacturing limitations are not captured
by Eq. (3). However, the model is still able to capture the general
trends of the data, with the time constants and steady-state values of
the first-order responses seen in the temperature dynamics being
captured.

Figure 3 compares snapshots in the plane of the temperature
distribution of the model and the experimental data,21 where the
snapshots were taken at = 100s, 500s, 1000s, and 2500s. Even
though the underlying model of Eq. (3) is simple, strong agreement
was made with the experimental thermal data from Lin et al., 202221,
In particular, the formation of a thermal hot spot as well as the
general shape of the temperature contours were captured by the
model, although, again, the model's diffusion dynamics resulted in
smoother contours than those seen in the data. We note that Lin
et al., 2022*' presented a 3D model solved in COMSOL for the same
data and a similar fit to that of Fig. 3 was achieved. Therefore, even
though the model of Eq. (3) is arguably simpler than that of Lin
et al., 20222! (see Section Numerical solution procedure for details),
a similar level of model accuracy could be achieved.

Figure 4 illustrates how the validated model can be used to infer
the impact of design changes in the pouch cell on the degree of
spatial heterogeneity across the plane. Defining the variation in the
current density as the difference between the maximum and
minimum current density across the plane, Fig. 4a shows how this
variation changes with resistance (as in, with R(y, z) = Ry), Fig. 4b
shows how it changes with pouch cell length, and Fig. 4c shows how
it changes with current collector thickness. The Fig. identifies some
near linear relationships between these cell parameters and the
variation in current density (Fig. 4 b), or its inverse (Figs. 4a and 4c),
with explicit characterisations for these expressions obtainable from
the analytical solution of Taheri et al., 2014.>% As could be expected,
the Fig. indicates that the variation of the current distribution across
the pouch cell increases as: i) the cell resistance decreases, ii) the
aspect ratio increases, and iii) the current collectors get thinner.

Notably, Fig. 4a suggests that as the cell ages, and so as its resistance
increases, the variation in current distribution across the cell is likely
to decrease, as more current is encouraged to flow along the current
collectors rather than through the thickness of the cell.

In-the-plane Electrode Grading

The spatial distributions seen in the response of the pouch cell,
for example in the temperature data of Fig. 3, presents an
opportunity to apply electrode grading to create a more uniform
electrochemical response. In this section, an analytical solution for
the resistance distribution across the plane of the pouch cell, R(y, z),
to achieve a uniform current distribution is described.

Grading manufacturing.—It is assumed that the electrode
resistance R(y, z) can be controlled locally in space. The reasons
for focusing on the resistance distribution are: i) following Egs. (3a)
and (3b), the electrode resistance R(y, z) directly influences the
current distribution across the pouch cell (and it is variations in the
current which are targeted to be smoothed out by the optimally
graded electrode), ii) existing results on through-thickness electrode
grading have demonstrated how this resistance grading can be
achieved, e.g. by controlling the relative mass fraction of carbon
black in LEP cathodes using spray printing techniques.'> Achieving
in-plane grading of electrodes using conventional techniques can be
challenging. However, innovative methods such as spray printing
show promise for creating a gradient across the thickness of
electrodes. This technique can also effectively apply grading across
the plane of the electrode. While spray printing has potential, it is
currently limited to small-scale applications. In contrast, traditional
methods like slurry casting can be creatively adapted to achieve
partial in-plane grading.”® In future research, we will present
experimental data on in-plane graded LFP electrodes fabricated
using both spray printing and modified slurry casting techniques.

Resistance distribution for homogeneous current.—The pro-
blem of distributing the resistance (achieved by controlling the
weight fraction of active carbon in the electrode microstructure) to
achieve homogeneous current distribution across the pouch cell is
considered. This targeted flat current distribution is equal to the
average current density, with

. Lapp (1)
(2, 1) = 220 (5]

Equation (3) implies that, under isothermal conditions of the open-
circuit voltage, if a uniform current distribution is achieved at t = 0,
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Figure 3. Temperature distributions across the plane of the pouch cell. Comparison between the model of (3) and the experimental data. Snapshots at r = 100s,
500s, 1000s and 2500s are shown.

then vy, v, and the SoC, will evolve uniformly in space as well. The of (3a) and (3b), which may not hold exactly in practice as local
implication is that if the current distribution is uniform at r = 0, it will current spikes might emerge caused by the variability in the local
remain uniform during the simulation, following the model equation electrode composition. However, this can be used to simplify the
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graded electrode design optimisation problem, and smooth out current
and temperature gradients across the pouch cells. Specifically, it
converts a dynamic optimisation problem into a static one, in the
sense that it changes the optimisation from one of determining how
the resistance should be distributed to achieve a uniform current
distribution during the whole charge to one that only has to consider
the distribution at the start of the charge. A consequence of this
problem formulation is that it allows an analytical solution to the
graded electrode design optimisation to be derived (see Eq. (7)).

Problem formulation.—The desired uniform current distribution
of Eq. (5) is substituted into Egs. (3a) and (3b) to give, after
simplifying,

1
Acen 0 efi (Len + ch)

AR —

=0, on Q, [6a]

which is a non-homogeneous Laplace equation in the spatial variable
R(y, 7). Using the same approach, the boundary conditions for the
voltages from Egs. (4c) and (4d) can be translated into boundary
conditions for the resistance to achieve a uniform current density, as in

OR 1
—|..;, = ——, on 0Qupx, k € {n, p}, 6b
0z o=t OckA tab,k bk . P} [6b]

n-VR =0, on 0Q .. [6c]

Solution.—The solution to Eq. (6) is
R(y,2) = unad(z) + Rhyper(y’ 2) [7a]

composed of a quadratic part, Rqu.a(y,2), and a hyperbolic part,
Rhyper(y, 2), Satisfying

Rquaa(2) = do + diz + dr2%, [7b]
Rhyper(y, 7) = ’E) Cp COS (”lLﬂ;y) cosh (Vlglj) [7c]
The coefficients of this solution are
d =0, [7d]
d> ! (7]

- 2Acen oot (Len + ch)’

2 Ly nmy
Cn =N / h(y)cos (— dy, [71]
: nxl; 0 L.
nz sinh (—) ¥
LV
with
I © S co oL
Acell 0 eff (Len + Locp) y exts = L,
1 L, B
h(y) = e Aub1  Acenoet(Len +Lop) Y E Qubi1, 2=0Lg
1 L,
- 3 € Qo =1L,
6c2Auby  AcellGett(Lon +Lp) y tab,2 z 2

[7g]

and the constant d, being a free variable setting the average value of
the resistance. This resistance distribution defines the graded
electrodes of the following analysis. To evaluate Eq. (7c), the
infinite sum has to be truncated after a finite number of terms. It was
found that a truncation of the order of 20 terms was sufficient to
achieve a stable and accurate solution.

The solution of Eq. (7) shows that the resistance should roughly
decrease away from the tabs in order to flatten the current
distribution. The physical meaning of decreasing the resistance
away from the tabs is to encourage current to flow down the length
of the current collectors, instead of going directly through the
electrodes as it enters one of the tabs and leaves the other. In the
particular setup of Fig. 1 and Table A-2, where the cell has a
relatively high aspect ratio, the variation of the resistance is much
larger in the z-direction rather than the y-direction, but, following
Eq. (7), this may change for wider cell formats or for different tab
configurations.

Results: Flat current distribution across pouch cells.—Figure 5
compares the current and resistance distributions achieved with both
uniform and graded pouch cells (with the resistance of the graded
cells following the solution derived in Eq. (7)). For this analysis,
both pouch cells had equal average resistances of 1.5 x 107°Q to
ensure a fair comparison. Significant variation was seen in the
current density distribution of the uniform cell (with a maximum
value of 3925 A m~2 at the tabs and a minimum value of
2138 A m™2 at the opposite end where z = 0). By contrast, the
graded cell achieved a constant current density of 2667 A m™*
across the plane, as predicted.

Regarding whether the optimised resistance distributions of
Fig. 5 could be realised in practice, consider the maximum change
in resistance that could be achieved by changing the local weight

26 — 1000 HE
— B |
g =
L 5 = = — 5 L
7 = 800} T
24 £ 4t
3 £ e00| 8
= 3f g = 37
g g g
g 5 400t g
; S 2ol
2 200f ERY
= < =]
5 g z
= 0 - - - 0 . . . ) . . . |
— 0 0.005 0.01 0.015 0 0.5 1 1.5 2— 0 0.5 1 1.5 2 25
Resistance [Q] Pouch cell length L. [m)] Current collector thickness [m] 1o

(a) Current variation with resistance.

(b) Current variation with length.

(c) Current variation with current collec-
tor thickness.

Figure 4. Variation of the current distribution (difference between its maximum and minimum) with pouch cell resistance, length, and current collector

thickness.
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Figure 5. Distributions in resistance and current density of the graded and uniform cells after a 4C charge. The uniform cell has a constant resistance, but a
spatially varying current distribution. The graded cell has a spatially varying resistance, but a constant current distribution.

fraction of carbon black in the LFP cathodes. The characterization of
electronic conductivity of LFP cathodes in terms of the weight
fraction of carbon black, w, from Drummond et al.,'® is assumed.
The resistance of the LFP cathode, Ry pp, is approximated'> by

¢
Rurp = - [8]
M layers Acell Oco Wb

where 0., =4.01 S m™', b = 1.7, and the electrode thickness is
¢ =100 pum. Define Ry pp as the maximum resistance in Fig. 5 (with
a weight fraction of carbon black of W, ) and Rypp as the minimum
resistance (with a weight fraction of carbon black of w ). Note that
We, > W since carbon black increases the conductivity of the LFP
electrode. The difference between the maximum and minimum
resistances of the graded design is Rypp — Ripp = 1.2 X 1073 Q.
Therefore, the differences between the two weight fractions satisfies

_ Mayers Acell 0o (RLFp — Ripp)

b
cb Web ¢

(9]

3|

If the weight fraction of carbon black in the LFP cathode at the point
with minimum resistance is w, = 0.06, then Eq. 9 implies that the
weight fraction at the point with maximum resistance should be
Wep = 0.0471. This is a modest difference and readily achievable in
practice. Subtle changes in the electrode microstructure, for example in
the distribution of carbon black in LFP cathodes, can therefore
significantly influence how heterogeneities emerge across pouch cells.

Results: Dynamic response of graded pouch cells.—Figure 6
compares the optimised graded electrode cell following Eq. (7) and

the uniform cell for a full 4C charge at I,,, = 80A. Figure 6 provides
justification for the design choice of Section Grading manufacturing,
which optimises the spatial resistance of the pouch cells to achieve a
uniform initial current distribution in space, as Fig. 6a implies that
this uniformity in the current was retained during the whole charge.
By contrast, the current distribution in the uniform cell is more
variable. Initially, large current gradients exist across the plane of the
uniform cell, as shown in Fig. 6a, with the maximum current density
3925 A/m~2 at the tabs and the minimum current 2138 A/m ™~ at the
opposite end. The non-uniform current distribution then causes the
voltage to vary, following Egs. (3d)—(3f). Simultaneously, there is a
negative feedback effect acting on the voltages from Eqs. (3a) and
(3b) that smooths this variation. The interactions between these two
modes causes the spatial distribution of the current to evolve in both
space and time. In particular, Fig. 6a shows that the current does not
change significantly during 100s <7< 450s when the OCV curve is
flat (since the smoothing effect of U in Eq. (3a) is not active). It is
this smoothing effect that causes the region near the tabs to charge
first, but then, when it is fully charged, the majority of the current
then flows through the bottom half of the cell.

Figure 7 shows snapshots of the current distribution across the
current collectors of the pouch cell with uniform electrodes at t = 1s,
200s, 500s and 600s during the 4C charge. At the start of the
simulation, the peak current was at the tabs, with this peak moving
down the cell during the charge. It is noted that the maximum
variation in the current distribution in the plane was recorded near
the end of the charge, which is also the time when lithium-plating is
most likely to occur.

Whilst Fig. 6a implies that there would be large differences
between the current distributions of the uniform and graded cells,
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Figure 6. Spatial-heterogeneity of the model’s variables, including state-of-charge, temperature, voltage and current density during a 4C charge. The difference

between these variables at the tabs and opposite the tab is shown.

Figs. 6b and 6d indicate that the impact of these differences on the
variable internal to the current collectors would actually be quite
limited. Specifically, Fig. 6b compares the temperatures, Fig. 6¢ the
voltages, and Fig. 6d the state-of-charges. Although there are some
differences between the uniform and graded electrodes, it is
relatively limited compared to the large variations seen in the
current distributions. In particular, even though the profiles of the
two voltage curves in Fig. 6c are different, they reach the cutoff
voltage of 3.85 V at approximately the same time (607s for the
graded cell and 600s for the uniform one). As such, the capacitance
improvement of the graded cell over the uniform one is only 1.2%.
These limited gains in the capacitance are a result of the large
thermal and electrical conductivities of the current collectors (see
Table A-2), which smooth out the variations in the electrodes
responses across the plane. Similarly, for the current, Appendix
Figure A-1 compares the modelled 4C cycling results for the graded
and uniform cells. The current density of the graded cell is close to
1()/Acen, while the uniform cell has large variations both in time and
across the plane. By contrast, the maximum temperature is slightly
reduced by 0. 3 °C for the graded cell.

When only variables defined internally to the current collectors
(such as temperature and voltage) are used to assess the value of graded
pouch cells, their benefits may be lost. This observation agrees with the
conclusions of Hosseinzadeh et al., 2018*' that porosity distribution
through the electrode thickness has the potential to produce superior
battery performance instead of when the porosity is varied along the
electrode height. However, in this paper, it is proposed that to unlock

the benefits of graded pouch cells, a performance metric that focuses on
through-thickness effects should instead be considered. This observation
motivates the analysis of the following Section on the potential benefits
of graded electrodes to mitigate lithium plating.

Results: Plating Reduction with Graded Electrodes

The potential of graded electrodes to mitigate lithium plating in
large format cells is explored in this section. As discussed in relation
to Figs. 6b—6d and in the results of Hosseinzadeh et al., 2018,41 it was
observed that the high conductivity of the current collectors limits the
apparent value of electrode grading in-the-plane when only variables
found “internally” to the current collectors (with internal variables
being understood as those, such as voltage and temperature, that are
smoothed out when flowing in the plane of the current collectors) are
used to assess performance, as opposed to variables flowing through
the electrodes (such as the current distributions of Figs. 7 and 6a).
However, as lithium plating is a localised degradation phenomenon
dependent upon the charging current and electrochemical state of the
electrode at a given point, it is shown in this Section that plating may
be effectively mitigated by in-the-plane electrode grading. The focus
toward mitigating lithium plating is also motivated by experimental
studies” which show significant spatial variations in plating across
graphite anodes. Controlling the distribution of active carbon in the
electrode microstructure to mitigate the spatial distribution in plating
is proposed as a means to reduce the accelerated degradation of large
format pouch cells in high-rate applications.



Journal of The Electrochemical Society, 2025 172 010518

02 00—
3800
—g—

——— 3400 =

0.15

y [m]

(a) Current density: t = 1s.

07 =
—
=i

0.15

'g' s ———— M
S 01
N
0.05
0
0 0.05 0.1 0.15
y [m]

(c) Current density: t = 500s.

e g

0.05

0 0.05
y [m]

(b) Current density: ¢ = 200s.

0.1

v [m] 0.1

(d) Current density: ¢ = 600s.

Figure 7. Current density distributions in the plane of the uniform pouch cell using the model of Eq. (3) during a constant current charge at 4C. Contour lines
indicate current density values in A m~2 going through the electrode sandwich. The location of maximum current travels from the tabs to opposite them during

the charge.

—— Uniform
- - .Graded

100 1

[0}
o
T

o2}
o
T

N
o
:

N
o
T

o

Percentage of pouch cell area plating [%]

Charging C-rate
(a) C-rate dependency of plating.

(2}

Percentage of pouch cell area plating [%]

100

80

60

40

20

o

—— Uniform
||~ - Graded
0 100 200 300 400
Time [s]

(b) Plating onset during 5C charging.
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A mathematical modelling approach was used to compare the
extent of lithium plating between the graded and uniform cells.
However, modelling lithium plating is known to be challenging, with
existing models typically being additions to complex electrochemical

models, with example models discussed in Ref. 46, 47. By contrast, in
this paper, a simpler, control-orientated model adapted from*® was
used, with this model based off of the earlier results of.** For the state-
constrained control problem considered in Ref., 48 the following
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Figure 9. Distribution of plating across the plane at the end of a 5C charge
of the uniform cell. The gray region has experienced plating and the white
region is free of plating.

condition for lithium plating was developed, with the anode regarded
as experiencing plating if the following inequality is satisfied

ayp log(by, SoC(y, z, 1) + cp + dipi(y, 2, 1) > 0. [10]

The plating inequality*® of Eq. (10) was determined by fitting a
curve when the anode over-potential in a DFN model went negative.
Here, aj, = 1.74, by, =9.32, ¢}, = — 4.46, following,”® and d, =
0.0055.

Figure 8 compares the onset of lithium-ion plating for both the
uniform and graded pouch cells using Eq. (10). The purpose of this
Fig. is to illustrate the spatial, temporal and C-rate dependence of
plating, and how modelling can capture the heterogeneity of pouch
cell degradation. For this simulation, the temperature dependency of
the onset of lithium plating was neglected as it was assumed that the
temperature of the cell was approximately constant. This assumption
could be relaxed using more complex plating models than Eq. (10),
such as those discussed in Reniers et al.,*’ as the likelihood of
plating is known to increase as the cell temperature decreases,
especially for sub zero temperatures.’® Figure 8a shows the areal
percentage of the pouch cell experiencing plating during charging at
different C-rates. The uniform pouch cell sees a gradual increase in
the area of the pouch cell experiencing plating when the C-rate is
increased beyond 2.4C, with 100% of the pouch cell experiencing
plating at 5.1C. By contrast, the graded pouch cell experiences no
plating until 4.3C. The differences between these two curves is due
to variation in the current distribution of the uniform cell; this
variation leads to higher current spikes and so a greater likelihood of
plating. By contrast, the model predicts that the flatter current
distribution of the graded pouch cell can delay the onset of plating
until a critical point is reached, and, at that point, the flat
distributions cause the whole plane to plate. The predicted critical
predicted C-rates for lithium plating are broadly consistent with the
experimental literature; for example, Burns et al.,”' detected plating
in 220 mAh Li[Ni;3Mn,3Co;,3]0,/graphite 402035-size pouch cells
at approximately 1C and 30 °C. The significance of Fig. 8a is that it
suggests grading pouch cells could increase the maximum charging
C-rate for which plating can be avoided. In other words, grading in
the plane could increase the operating envelope of pouch cells such
that they could be fast charged without suffering from plating.

Figure 8b shows the time when plating is initiated during a 5C
charge. During this charge, the graded cell does not plate whereas
the uniform electrodes experiences plating at the end of charge. The
propensity of plating to occur in uniform cells at the end of charge is
one of the main reasons why og)timal fast charging currents are often
tapered at the end of charge.’>>*

Figure 9 illustrates the spatial distribution of plating across the
plane of the uniform pouch cell at the end of the 5C charge. The gray
area indicates a region where plating is predicted to occur. The Fig.
suggests that, for these cells, most of the plating occurs opposite the
tabs with the plating then progressing up the plane. This effect is in
response to the current distribution being highest at the tabs at the
start of the charge, causing the active particles in this region to be
charged first. When these particles become fully charged, they
hinder further charging in this region and so cause current to flow
down toward the bottom of the pouch cell later on during the charge.
By restricting the area where the current can flow through, the local
current densities in this region at the bottom of the cell are increased
(see also Fig. 6a), causing a higher likelihood of plating.

Conclusions

A model for large format lithium-ion battery pouch cells with
spatial grading across the plane was developed and validated against
experimental data. An analytical solution for the optimal electrical
resistance distribution across the plane of large format pouch cells to
achieve a flat current distribution was derived. The main benefit of
graded electrodes identified was to increase the allowable charging
C-rate from which lithium plating could be avoided; the graded
electrodes increased the safe charging rate from 2.4C to 4.3C. By
contrast, only a 1.2% increase in charging capacity was achieved for
4C charging. These results indicate the potential of in-the-plane
graded electrode microstructures for enabling fast charging of large
format pouch cells that by limiting the spatial heterogeneities. Future
work will focus on experiments to fabricate graded electrodes for
LFP pouch cells and validate the results of this modelling work.
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Appendix
The open circuit voltage (OCV) function for the LFP cells*'>* at
0.02 C is modelled by:
Table A-1. Variables of the model.
Variable Description Unit
iy Current density through electrode thickness Am?
1 Current density in the current collector Am?
Lipp Applied current A
Lsign Sign of the current
Cell series resistance Q

SoC Local state of charge —
T Temperature K
t Time s
U Open circuit voltage (OCV) v
Vv Voltage v
vy Voltage across RC-pair \%
vy Voltage across RC-pair v
X Direction through cell m

Direction along cell width m
z Direction along cell height m


https://github.com/EloiseTredenick/2DBatteryTemperatureGradedModel
https://github.com/EloiseTredenick/2DBatteryTemperatureGradedModel
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Table A-2. Model parameters. Experimental values obtained from>' for an 80Ah capacity cell.

Parameter Description Units Value Source
Ab Area of a tab m? 1.56 x 1074 Experiment
Acernl Cell area (L, x L;) m? 30 x 1073 Experiment
Mayers Number of electrode layers in cell 42 Experiment
Ceenl Capacity of cell (20 Ah) per cell area As 20 x 3600 Experiment
C Capacitance of RC-pair F 279 x 10* Fitting
C, Capacitance of RC-pair F 8.89 x 10° Fitting
h Heat transfer coefficient Wm 2K 13.2 Fitting
heap Heat transfer coefficient of tabs Wm2K! 51.58 Fitting
Rfaces Effective heat transfer coefficient of current collector faces Wm2K! 210 x L, Fitting
L., Thickness of negative current collector in x direction pm 25 Experiment
L, Thickness of positive current collector in x direction pm 25 Experiment
Ly Electrode thickness m 110 x 107 Experiment
L, Height of battery m 0.2 Experiment
L, Width of battery m 0.15 Experiment
Ry Series resistance of Uniform cell Q 1.5x 1073 Fitting
R, Resistance of RC-pair Q 1.10 x 1073 Fitting
R, Resistance of RC-pair Q 225 %107 Fitting
Tret Constant absolute reference temperature K 298.15 (25°C) Experiment
Aeff Effective thermal conductivity Wm 'K 4.5 Fitting
p Volumetric heat capacity JK'm™ 1.35 x 10° Fitting
Ocn Electronic conductivity of copper negative current collector Sm! 5.96 x 10’ Experiment
Ocp Electronic conductivity of aluminum positive current collector Sm™! 3.77 x 107 Experiment
U(SoC. T) = Z_? (T = Tg) + 0.0027 T Iy The initial conditions for the simulations are:

+3.382 + 0.0047 SoC + 1.627 exp(—81.163 SoC !-0138) SoC(0) =SoCp, on Q and 02, [A-2a]

+ 7.6445 x 1078 exp(25.36 SoC24%%) — 8.441 x 1078

X exp(25.262 SoC2478) — 3.3852 + 3.2585, U(0)=Uy = U(SoCy), on Q and 09, [A-2b]

[A1]
V(y,2,00=Vy=Uy+ Ro I, on Q and 0€Q, [A-2c]

where dU/dT = — 107%,
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vi(y, z, 0) =0, on Q and 0Q, [A-2d]
v2(y, 2, 0) =0, on Q and 0Q, [A-2e]
T(y, z, 0) =Tt = Ty, on Q and 0Q. [A-2f]
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