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Developing Electrophoretic Deposition (EPD) for Composite Structural Batteries (CSBs) could revolutionise en-
ergy storage technology. CSBs offer an innovative solution by seamlessly integrating batteries into structures and
effectively reducing weight and space constraints. Despite its successful implementation across various fields,
EPD method still lacks comprehensive understanding of the underlying physical and chemical processes due to
the number of variables involved. In this study the effects of key parameters associated with the process are
investigated with a coupled FEM and analytical approach to find correlations with the deposition process. A
Taguchi Design of Experiment with five parameters, namely voltage, concentration, relative weight ratio of
LiFePO4 — carbon black particles, length and perimeter of the electrodes is implemented to identify the corre-
lations with mass deposited, thickness of the coating and yield rate when LiFePO4 and Carbon Black particles in
ethanol suspension are used. In order to capture the variation over time, each parameter is studied at six different
time of deposition. A concentration that optimises yield rate resulting in thickness and mass deposition is
identified. The resistivity of the suspension dictates the yield rate dynamics, allowing it to be designed within a
specific range to meet requirements of different applications.

1. Introduction

The manufacturing of structural batteries typically involves a
configuration comprising a sealed pouch bag containing carbon fibres
(CF) as the anode, a coated aluminium foil as the cathode, and a bi-
continuous polymer electrolyte. Feasible manufacturing processes for
the deposition of the active material can be categorised into two main
techniques: direct and indirect methods. Direct methods focus on
creating cathode materials directly on the structural support. Indirect
methods primarily involve depositing cathode materials onto structural
supports. Among these methods, electrophoretic deposition (EPD) is an
economical technique which uses water or aqueous suspensions and an
electric field to deposit charged particles onto a substrate. While these
solvents provide advantages like high solid loadings and environmental
benefits, they can trigger undesired electrochemical reactions at elec-
trode surfaces. Consequently, organic media are becoming more fav-
oured to mitigate these issues.

EPD emerges as a highly promising manufacturing method for
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composite structural battery cathodes, overcoming the challenges
associated with integrating components within the main structure.

The optimisation of EPD revolves around achieving desired out-
comes in terms of uniformity of deposit, density/packing, thickness, and
adhesion to the substrate. This optimisation aims at stabilising the
particle dispersion, a condition influenced by several parameters
including particle size, value of zeta potential, fluid dielectric constant,
viscosity and conductivity of the dispersion [1]. Collectively, these pa-
rameters govern the dynamics of charged particles, ensuring their uni-
form dispersion, charge repulsion, and responsiveness to the applied
electric field. These parameters dictate the forces that operate among the
particles, and between the particles and the surrounding fluid, preser-
ving a thermodynamically metastable state within the solution [2,3].

The mechanisms associated with the deposition were first studied by
Hamaker in 1939 [4]. His study included the EPD of different suspen-
sions, mainly using organic solvents such as acetone, ethanol, and
methanol [4]. Hirata et al. [5] derived a new linear equation from
Faraday’s law of electrophoresis from which, considering a fixed
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experimental setup, one can conclude that the weight of the deposit is
directly proportional to the concentration of solids in suspension, the
time of deposition and the applied electric field [1]. The problem with
these models is that the deposited weight is in a linear relationship with
time, and therefore, assumes that the other parameters remain constant
throughout the process. This is verified only for short periods of time, or
for constant current and constant concentration [1,6,7].

When EPD is performed at constant-voltage and variable-
concentration conditions current drops, due to the increased resistance
of the deposited material compared to the bulk of the dispersion, are
observed. In literature, several EPD experiments with constant voltage
and variable concentration conditions have been reported.

Zhang et al. [8], derived an equation to estimate the yield based on
the mass conservation law. This was validated performing EPD of SiC
whiskers and t-ZrO, particles in a mixed solution of methanol and 2-
propanol. The electric field during the deposition process was moni-
tored, observing a decrease in the values of current measured during the
process. In the same experiments, it was demonstrated the linear cor-
relation between the electric field drop and the thickness of the depos-
ited material.

Sarkar & Nicholson [6] studied the kinetics of the EPD process

substrate
Table 1 Cylindrical Cylindrical
Experimental values of Zeta Potential, Electrophoretic Mobility and Electrical Electrode Electrode
Resistivity of suspension at different particle concentration (C) levels and of pure
ethanol.
Relative Weight Ratio LiFePO4/ 30/70 70/30 85/15
CB
Zeta Potential (mV) —-23.575 + —24.508 + —26.433 +
1.068 1.792 0.915
Electrophoretic Mobility (cm?/ 4.612 £ 5.165 + 5.599 +
Vs)*10™° 0.208 0.351 0.178
Resistivity (€2 cm) at C = 0.005 1703 22,915 26,353
g/cm3
Resistivity (2 cm) at C = 37,875 49,525 36,666
0.0002 g/cm®
Resistivity (2 cm) at C = 68,893 42,953 79,937
0.00005 g/cm®
Resistivity (22 cm) at C = 69,006 101,265 94,287
0.0000125 g/cm®
Resistivity (2 cm) at C = N/A 156,909 89,846
0.000003 g/cm’®
Resistivity (€2 cm) of Ethanol 206,228 206,228 206,228
Beaker
Fig. 3. 3D model of Geometry setup.
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Fig. 2. Resistivity-Concentration plots. a) Data and fitting for LiFePO4/CB = 30/70. b) Data and fitting for LiFePO,/CB = 70/30. c) Data and fitting for LiFePO,/CB

= 85/15.
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Fig. 4. Top view of the beaker with the electrodes and the substrates highlighting the domain used for the simulation on the right.

assuming constant-current and constant-voltage conditions. Biesheuvel
and Verweij [9], combining Laplace equation with continuity in the
suspension phase, provided a correction of the Hamaker’s equation
introducing concentration as a function of time. Gonzalez-Cuenca et al.
[10] derived an equation for constant-voltage EPD in a stirred suspen-
sion assuming a net zero charge in the system, The rate of cast growth is
correlated with particle mass balance, Laplace equation, and the effec-
tive permittivity of the particle-liquid system. They [10] also criticised
the conclusions drawn by other authors (e.g., [6,8]) who have used the
increased resistance of the deposit as a justification for the electric field
drops. Instead, the relative permittivity of deposit and suspension is
assumed to be the root cause, in contrast with the work of other authors
[6,17-20]. This observation highlights the ongoing challenge of
achieving a robust understanding of the chemical and physical processes
underlying EPD.

Anné et al. [11], using an equivalent electric circuit (Fig. 1), derived
an equation for EPD based on Biesheuvel and Verweij’s equation [9] that
included the drop of the electric field due to increasing resistance of the
deposit. They validated the equation experimentally through constant-
voltage EPD at 300V of Al;O3 in methylethylketone with n-butylamine
and ethanol.

The overall potential drop during EPD was described with Eq. (1).

U= AU, + (dlrdep + (d - dl )rsusp )I + AU, (1)

Where AU; and AU, are the potential drops across the electrodes, while
Ty and Ty are the resistance of the deposit and suspension respec-
tively, that can be calculated knowing the resistivity and the thickness of
the deposit and the interelectrode distance d; and d respectively.
Ferrari and Moreno in 2006 [12,13] further developed the model

proposed by Anné et al. to describe a linear relationship between vari-
ation of resistivity and concentration proposing the linear relationship in
Eq. (2).

P =P~ (P~ P0) — 2

Co
Where p, is the initial resistivity of the suspension and p_ is the re-
sistivity of the suspension when all the material is deposited (c=0). From
Eq. (2) the EPD yield is derived (Eq. (3)).

1
wt)=wo|1— 3
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©

When p, = p = constant Eq. (3) becomes Sarkar and Nicholson’s model,

and it becomes Hamaker’s equation when t<<%.

In 2019, A. Lavrov [14] modelled EPD via Discrete Element Method
for small Debye length systems. Instead of relying on one of the different
empirical formulas available in literature, the author built the model by
analysing all the different forces acting on particles in an EPD system.
The author includes the following forces in his model:

- Hydrodynamic forces,

- Electric forces due to the applied electric field,

- Attractive van der Waals interparticle forces,

- Repulsive interparticle forces due to the electrical double layer,
- Gravity and buoyancy forces.

More recently, Salazar de Troya et al. [15] studied the EPD of
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functionally graded materials using Finite Element Method. The work is
based on the hypothesis that by actively shifting from an EPD bath to
another, the graded material is deposited.

Different research studies have highlighted the significance of
employing Design of Experiments (DoE) methodologies to investigate
the relevance and impact of various parameters on electrophoretic
deposition processes. In a study conducted by Datta S. [16], a 28
factorial design DoE was employed for the optimisation of glass—ceramic
coating on a metal substrate via EPD in aqueous suspension. The

Relative Weight
Ratio

Conductivity p(t)

Electrophoretic |
Mobility p(t) | 1

| :
- Solid Loading M(t) +—
S
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parameters scrutinised were concentration of solids in suspension, cur-
rent and time. The deposition rate was linked to the selected parameters
via Hamaker’s equation and analysed via linear regression analysis.
Similarly, Abbas R.A. et al. [17], used a L9 Taguchi orthogonal array to
assess the influence of applied voltage, deposition time, and suspension
concentration on thickness of yttria stabilised zirconia coatings depos-
ited through EPD. The microstructure of the coatings was analysed for
different combinations of the parameters to find the optimum balance
between thickness and morphology. Mohanty G. et al. [18], employed a
2* full factorial DoE to analyse the effects of concentration, electrode
separation, voltage, and time on the yield deposited. Steel substrates
were coated with alumina in a suspension of isopropanol via constant
voltage EPD. The concentration of the suspension emerged as the
dominant factor influencing the yield of the deposition. Moreover,
Taguchi design method has been used to study different manufacturing
methods. Sivapragash M. et al. [19] employed an L18 Taguchi orthog-
onal array to examine the effects of three parameters for Physical
Vapour Deposition (PVD) in order to optimise the micro hardness and
minimise the wear rate of a ZrN coating on AZ91D magnesium alloy.
Through regression analysis and Analysis of Variance (ANOVA), the
optimal configuration was identified and experimentally validated.
Amir B. et al. [20] studied the effect of laser powder bed fusion, an
additive manufacturing technique, on the dynamic properties of an
AlSi10Mg alloy. An L27 Taguchi orthogonal array was employed to
correlate the effects of six parameters to six results. Regression analysis
and ANOVA were used to investigate the response.

This work investigates, for the first time, the effects of various
electrochemical and geometrical parameters on the performance of the
EPD process. Using MATLAB’s Electromagnetic Partial Differential
Equation Toolbox in conjunction with EPD equations, this study models
the deposition process. The correlations developed here enable highly
controlled and uniform deposition of active materials onto electrode

Table 2
Taguchi Design of Experiment parameters, model name and levels.
Model name Levels
1 2 3
Vin (V) 30 70 120
Y%wt 30 70 85
P (cm) 1 2 3
Lq (cm) 0.996 1.996 2.996
C (g/cm®) 0.0005 0.00275 0.005

( EPD Model \

Mass Deposition
m(t)

Concentration
C(t)

Fig. 6. Block scheme of MATLAB numerical model.
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Table 3
Taguchi L27 orthogonal array.
Run Vin (V) %wt (%) P (cm) Lq (cm) C (g/cm®)
1 30 30 1 0.996 0.00050
2 30 30 1 0.996 0.00275
3 30 30 1 0.996 0.00500
4 30 70 2 1.996 0.00050
5 30 70 2 1.996 0.00275
6 30 70 2 1.996 0.00500
7 30 85 3 2.996 0.00050
8 30 85 3 2.996 0.00275
9 30 85 3 2.996 0.00500
10 70 30 2 2.996 0.00050
11 70 30 2 2.996 0.00275
12 70 30 2 2.996 0.00500
13 70 70 3 0.996 0.00050
14 70 70 3 0.996 0.00275
15 70 70 3 0.996 0.00500
16 70 85 1 1.996 0.00050
17 70 85 1 1.996 0.00275
18 70 85 1 1.996 0.00500
19 120 30 3 1.996 0.00050
20 120 30 3 1.996 0.00275
21 120 30 3 1.996 0.00500
22 120 70 1 2.996 0.00050
23 120 70 1 2.996 0.00275
24 120 70 1 2.996 0.00500
25 120 85 2 0.996 0.00050
26 120 85 2 0.996 0.00275
27 120 85 2 0.996 0.00500

substrates with complex geometries. The results produced in this study
are crucial for selecting optimal parameters for active material deposi-
tion with EPD.

Moreover, the electrochemical performance of EPD-processed elec-
trodes is influenced by the porosity and composition of the deposited
layer, which are directly linked to the deposition current and rate (as
faster deposition may lead to increased porosity). This work provides
correlations to guide deposition conditions, thereby controlling depo-
sition rate and ultimately electrode morphology. These insights are
essential for creating high-quality electrodes in lithium-ion and other
advanced batteries, enhancing charge/discharge efficiency and cycle
life.

Materials & Design 247 (2024) 113446
2. Materials and methods

2.1. Experimental identification of zeta potential and electrical
conductivity

The numerical model adopted to simulate the EPD relies on the

identification of zeta potential, electrophoretic mobility and electrical
conductivity for the system composed by the solvent and the particles.

For this reason, samples for zeta potential measurements were prepared
by dispersing 5 mg of particles in 25 mL of ethanol. The samples were
ultrasonicated for 20 min and then 760 uL of dispersion were injected
into the capillary zeta cell for the zeta potential measurements. For each
of the three relative weight ratios between LiFePO4 and Carbon Black, a
minimum of 6 different measurements were performed. In literature the
use of dispersants including poly(4-styrene sulfonic acid) (PSSA), poly
(ammonium acrylate) (PAA-NH4) and poly(acrylic acid-co-maleic acid)
(PAMA) as well as the using of carbon coating of LiFePO4 particles has
been studied [21,22] to describe the effect on the value of zeta potential.
It is well reported that the zeta potential can significantly increase as the
thickness of the carbon coating layer increases whilst the use of dis-
persants can become detrimental over certain concentration. For the
purpose of this study, the effectiveness of the approach is not influenced
by the use of any additive in the solution as the only modification
required would be to perform the measurements of the zeta potential.

The conductivity of the suspension with different concentrations of
LiFePO4 and carbon black has been assessed using a standard three-
electrode cell comprising a gold foil working electrode, a platinum
coil counter electrode, and a reversible hydrogen electrode as the
reference electrode.

The values used in the numerical model for both zeta potential,
electrophoretic mobility, and resistivity at different concentrations are
shown in Table 1.

The materials used for the characterisation are Lithium Iron (II)
Phosphate (LiFePO4) powder in <5 pm particle size is supplied from
Sigma Aldrich (Gillingham, UK). Carbon Black (CB), 100% compressed,
in particles, is purchased from Fisher Scientific (Loughborough, UK).
Particles are immersed in 95% pure ethanol (Sigma Aldrich, Gillingham,
UK). The materials are used as received from the supplier. Zeta potential
and electrophoretic mobility of the particles in suspension are deter-
mined using a Zetasizer Nano ZS ZEN3600 (Malvern Instruments Ltd.,
Malvern, UK) across varying particle concentrations and weight ratios

Main Effects Plot for SN ratios: Time of complete deposition
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Fig. 7. S/N ratios main effect plot for Time of complete deposition.
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Fig. 9. Mass-time deposition curves for runs 3,12,21.

between LiFePO4 and carbon black.

The resistivity of the solutions was measured at different values of
particles concentration in solutions and grouped for different LiFePO4/
CB ratios. Fig. 2 shows different trends observed for the resistivity of the
suspension as a function of the concentration. The experimental data-
point have been fitted with a power law, instead of the linear correlation
suggested by Ferrari and Moreno [13], and the functions have been used

in the numerical model implemented in MATLAB to describe the vari-
ation in concentration during the deposition process. The weight ratio
for LiFePO,4/CB ranges from 30/70 to 85/15 in order to have a very wide
range to identify the effects on the evolution of current and rate of
deposition and also identify the optimum conditions for the EPD.

2.2. Implementation of the EPD model in MATLAB

The numerical model is represented by a cylindrical beaker having a
capacity of 300 mL, inner diameter of 87 mm and height of 132 mm.
Two cylindrical electrodes having diameter of 3 mm and length of 200
mm are made of stainless steel and positioned at a distance of 20 mm
from the flat 20 pm aluminium substrate (Fig. 3). It is assumed that the
distribution of particles in the suspension is uniform, and the electrical
properties are the same in every point of the suspension.

Assuming that the electric field is constant throughout the depth of
the beaker and there is no interaction between the layers at different
depths, a 2D section of the beaker is modelled (Fig. 4) and because of the
symmetry in the geometry and electric field, half of the section is
considered. The effects associated with the variation in temperature that
will produce change in viscosity and electrical conductivity [23] are not
considered and the simulations are assumed at constant ambient tem-
perature. However, the temperature increase due to Joule effect can be
implemented in this model through the instantaneous values of re-
sistivity and current at every timestep. The dependant parameters,
including electrophoretic mobility and resistivity, will need to be
defined as a function of temperature and the validity of the numerical
model is not affected.

The numerical model is implemented in MATLAB release R2022b,
version 9.13.0 using the PDE Electromagnetics Toolbox to estimate the
electric field, electric potential, and the current density by means of the
Laplace Eq. (4) [9,10]:

Ve (6VV)=0 @
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Fig. 11. Yield Rate and Current on working electrode against time for runs 14
and 20.

Where ¢ is the conductivity and V is the electric potential.
Neumann boundary conditions are applied to the external edges of
the semi-circular domain, having form of:

ov
- 0 )
where 1 is the outward-pointing unit vector normal to the boundary of
the domain.

The density of the LiFePO4 (prirepo4) and carbon black (pcp) is
assumed to be 3.6 g/cm® and 2.2 g/cm® [24] respectively. The electrical
conductivity of the LiFePOy4 (o1irepo4) is taken from literature as 2.2*1 0°
(S/cm) [25], as well as the one for the carbon black (c¢p) as 10 (S/cm)
[26].

The domain defined by the edges of the beaker, the substrate and the
cylindrical electrode (Fig. 5) is meshed using 2D quadratic triangular
elements with an average size of 0.15 mm.

The mesh is generated placing a number of nodes for edge 1 and edge
3 (Fig. 4) ranging from 66 to 200, depending on the dimensions of the
substrate. The simulations are performed applying a constant voltage

between the cylindrical electrode and the substrate. The values of
electric field and current density are used to estimate the amount of
material deposited using Eq. (3). Assuming that the deposited material
and the suspension are two resistances in series and neglecting the in-
terfaces, the Electromagnetics PDE Toolbox uses an equivalent re-
sistivity estimated at every timestep using the resistivity of the solution
from the power law in Fig. 2 and the resistance of the material deposited
on the substrate with the actual thickness value. The concentration of
the solution is updated at every timestep to account for the decrease in
concentration due to the material deposited and the corresponding in-
crease in thickness of the material on the substrate. The equivalent re-
sistivity is assigned to every point of the domain (Fig. 5) together with
the electrophoretic mobility derived from the measurements and re-
ported in Table 1. The flow chart with the steps is shown in Fig. 6.

The approach adopted in this work is to model the electric field at
macroscopic level neglecting the effects of the interfaces between the
layer of deposited material and the substrate. For this reason, even if the
substrate is discontinuous, like carbon fibres, the model is applicable to
describe the macroscopic behaviour and study the deposition process.
The difference will be in the distribution of the electric field in the
surrounding of the fibres and it will resolve in few carbon fibre
diameters.

3. Scenarios simulated with the numerical model implemented
in MATLAB

Minitab Statistical Software (Minitab, LLC) was used to develop an
L27 orthogonal array with five parameters at three levels to conduct
statistical analysis on the results obtained from the simulations. The
parameters considered in the DOE are: voltage (Vi) in Volts, the relative
weight ratio between LiFePO4 and Carbon Black (%wt), the perimeter of
the electrode (P) in cm, the length of the working electrode Lq in cm and
the concentration of particles in suspension (C) expressed in g/cms. The
range of values selected to set the levels of the DOE is shown in Table 2.

Table 3 shows the setup of the orthogonal array, and the scenarios
used in the numerical simulations for each of the 27 runs. The responses
obtained from the simulations performed as part of the Taguchi DoE are:

e Yield, defined as the amount of mass deposited at a given time (g),

e Thickness, defined as the thickness of the material deposited on the
substrate at a given time (cm),

e Yield Rate, defined as the mass deposited per unit time (g/s)

e Total time, defined as the time needed to fully deposit the material in
the solution.

The numerical simulations provide every condition of the system at
each time step (set at 1 s) from the start to the termination time, defined
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as the time needed to deposit 99% of the mass in solution. The responses
are then analysed only at specific instant of time, namely 5 s, 1 min, 6
min, 20 min, 40 min, and 1 h. The analysis employs Taguchi method-
ology alongside ANOVA and regression techniques.

Taguchi S/N ratio is selected for larger-the-better conditions, which
follows the equation:

S I 1

Where Y represents the responses corresponding to the specific combi-
nation of factor levels, while n denotes the total number of responses
within the said combination of factor levels.

3.1. Taguchi response analysis

Taguchi S/N responses is analysed for Yield, Thickness, and Yield
Rate across six distinct time intervals, and for time of complete depo-
sition. The main effects plots for Yield, Thickness and Yield Rate are

shown in Fig.S1.

C and Vj, are the influential parameters in relation to Yield in the first
5 s. Between 60 and 360 s the influence of Ly and %wt become impor-
tant. During the time frames of 1200 and 2400 s, while C and Vj, remain
important, the influence of Ly and %wt decreases. At 3600 s, C emerges
as the most influential parameter for Yield, while P appears to be of
negligible influence throughout.

Thickness shows similar trends compared to Yield, however between
60 and 360 s the influence of %wt diverges. Between 1200 and 2400 s,
the trends for Thickness look similar to those of Yield. Between these
time steps %wt at its highest level (85) maximises Yield, the same level
does not result in a maximisation of Thickness, which is instead achieved
through the intermediate level of %wt (70). This disparity may be
explained by assumptions inherent in the MATLAB model, wherein de-
posit thickness is computed by dividing the mass deposited by density
and the ratio of surface to depositing electrode length. Density is
calculated from the rule of mixtures considering the relative weight ratio
of the particles. Consequently, variations in density, with the deposited
mass constant, result in distinct thickness outcomes. Thickness between
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Fig. 14. Extended concentration study including runs 10,11,12. a) Thickness against time curves. b) Thickness against Concentration curves at different time steps. c)
Yield Rate against time curves. d) Yield Rate against Concentration at different time steps.

2400 and 3600 s agrees with earlier trends, emphasising the significance
of C, Vip, and L4, while reinforcing the prementioned interrelationship
between %wt and the response variables. Yield Rate closely mirrors
Yield trends until 1200 s. However, C reaches peak S/N values in the
latter times analysed, eclipsing the influence of other parameters. Con-
trasting trends between P in Yield and Yield Rate are observed, indi-
cating a reciprocal relationship, wherein a smaller counter electrode
perimeter minimally affects Yield but maximises Yield Rate. Moreover,
inverted trends in Vj, suggest that optimal Yield Rate at 3600 s is ach-
ieved through voltage reduction. This aligns with findings by Askari
et al. [27], who showed that lower voltage correlates with diminished
current drop, particularly during extended deposition durations.
Consequently, relatively higher currents translate to higher Yield Rates,
as per implications drawn from the Ferrari and Moreno model [12,13].

The Taguchi S/N ratio response for time of complete deposition is
shown in Fig. 7. Here, larger the better condition for S/N was selected.
The S/N ratio effect plot shows that the significant parameters are C, Vi,
and Lyq. Maximising of time of deposition is obtained through application
of minimum level of Vj,, maximum C and maximum Lg.

3.2. Regression and analysis of Variance

Assuming a normal distribution of data, the significance level,
denoted as a, is conventionally set at 5%. From the ANOVA tables and
regression analysis (Table S5), Fig. 8a,b,c illustrate the cumulative
contributions of parameters to each response (Yield, Thickness, and
Yield Rate, respectively) over the time frames examined in this study.
Results are normalised with respect to the R? of the regression analysis
and displayed in a stacked format.

ANOVA reveals a consistent trend across the three responses, namely
Yield, Thickness, and Yield Rate. Initially, during the onset of EPD, the
primary contributor is C, followed by Vi, between 60 s and 360 s. During
the later stages, particularly visible in Fig. 8c after 2400 s, Yield Rate is

predominantly influenced by C, with Vi, playing a minor role, while
other parameters exhibit negligible effects. For Yield and Thickness
(Fig. 8a and b), the parameter Ly is statistically significant for the
timesteps after 60 s, while for Yield Rate (Fig. 8c), the same parameter is
significant only between 60 and 1200 s. %wt shows significance for
Yield in Fig. 8a between 5 and 2400 s, for Yield Rate in Fig. 8c between 5
s and 1200 s, while it is never significant for Thickness (Fig. 8b) in these
analyses.

The significance of Vi, diminishes over time, peaking at approxi-
mately 40% during the 360 s Thickness interval (Fig. 8b), declining to a
minimum of almost 5% for the 3600 s Yield Rate (Fig. 8c). On average,
there is a decrease of nearly 10% in significance for both Yield (Fig. 7a)
and Thickness (Fig. 8b) over time, whereas this reduction amounts to
circa 20% for Yield Rate (Fig. 8c). %wt shows peaks of over 10%
contribution for both Yield and Yield Rate, while its influence on
Thickness remains below approximately 5%. Ly demonstrates an initial
increase in contribution during the early stages of EPD, followed by a
gradual decline over time, although it remains statistically significant
for most analyses after the first 60 s, especially for Yield (Fig. 8a) and
Yield Rate (Fig. 8c). In contrast, C consistently retains statistical sig-
nificance, exhibiting an inverse trend compared to other parameters,
with its importance increasing over time. C shows a peak of approxi-
mately 75% of contribution in the 3600 s Yield Rate (Fig. 8c), where the
interplay between Vj, and C is apparent. Both factors emerge as highly
influential, with their normalised contributions at 5 s accounting for
approximately 90% in all responses. As the deposited coating accumu-
lates, resistance builds up, leading to a decrease in the significance of Vj,
and C. Simultaneously, other parameters such as %wt and L4 gain
prominence. In the later timesteps, the impact of Vi, decreases due to the
increasing resistance of the coating, resulting in a decline in current.
Consequently, C assumes greater overall significance during this phase.
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Fig. 15. Extended concentration study including runs 1,2,3. a) Thickness against time curves. b) Thickness against concentration curves at different time steps. c)
Yield Rate against time curves. d) Yield Rate against Concentration at different time steps.

3.3. Mass-time deposition curves analyses

This section of the study investigates mass-time deposition curves
derived from simulation runs. Several curves exhibit the characteristic S-
shape as discussed by Ferrari and Moreno [13], particularly evident in
higher concentrations such as in runs 3, 12, and 21, depicted in Fig. 9.

However, S-shaped curves are observed only when the ’;;: > 200,

while it is in the order of tens for the others. The remaining curves
predominantly align with the typical saturation curve for constant
voltage and variable concentration outlined by Sarkar & Nicholson [6].
The design of the Taguchi orthogonal array dictates voltage varia-
tions across the simulation runs: the first nine employ 30 V, the next nine
70 V, and the final nine 120 V. In particular, visible in Fig. 10a, the
fastest deposition times are shown by runs 25 and 19, both at 120 V.
Despite differing in electrode geometry and relative weight ratios of
LiFePO4/CB, these mass-time curves largely overlap. Run 13 achieves
the third fastest deposition time at 70 V, deviating from the premen-
tioned curves in terms of relative weight ratio and electrode geometry.
In Fig. 10b runs 26, 20 and 14 are the first three to complete depo-
sition with a concentration of 0.00275 g/cm®. Run 14 demonstrates a
faster initial deposition rate compared to run 20, despite the former
having a lower voltage of 70 V compared to 120 V. This difference is due
to the higher yield rate observed in run 14 compared to 20, which is also
linked to the sharper decrease in current observed in run 20 compared to
14. The trends for current and yield rate for both runs 14 and 20 are
illustrated in Fig. 11. Run 20 begins with an initial current that is about
four times higher than that of run 14, resulting in a greater amount of
deposit formation, and subsequently increased resistance. This leads to a
relatively more pronounced decrease in current compared to run 14.
In Fig. 9, run 3 and 12 overlap, despite run 3 being at 30 V and run 12
using 70 V. The consistent relative weight ratio in runs 3 and 12 (70/30),
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indicate the possible influence of combined geometric factors on the
curves. As the depositing electrode changes from approximately 1 cm to
3 cm and the counter electrode’s perimeter shifts from 1 cm to 2 cm,
these geometrical changes likely contribute to the observed similarities
in the mass-time curves. Fig. 12a and b present the contour plots of
current density for both runs 3 and 12, respectively. Despite the differ-
ence in voltage levels, the values of current density estimated in both
cases are very similar. This also suggests that there is a combined in-
fluence of geometrical parameters on the current density.

Mass-time curves for runs 10, 11, and 12 are shown in Fig. 13a, while
the corresponding yield rate-time curves are presented in Fig. 13b. As
shown in Table 3, these runs differ solely in concentration values.

Run 12 exhibits an S-shaped trend in the mass-time curves, while
runs 10 and 11 follow a saturation curve configuration. Moreover, the
trajectory of the yield rate highlights distinct behaviours: for instance,
the rate sharply ascends to its peak in run 10, maintains a similar tra-
jectory in run 11 with a slight increase after the peak, whereas in run 12,
the peak of the yield rate occurs approximately at 10k seconds.

3.4. Concentration effects

The observations discussed earlier prompted a deeper investigation
into the influence of concentration on deposition curve trends. To
explore this, consistent experimental conditions for three sets of runs are
maintained, while varying particle concentration across a range of
levels. Starting with the initial concentration values of 0.0005 g/cm?,
0.00275 g/cm®, and 0.005 g/cm® an additional five intervals were
introduced, resulting in a total of eight concentrations: 0.0005 g/cm?,
0.001 g/cm®, 0.00175 g/cm®, 0.00275 g/cm®, 0.00325 g/cm®, 0.004 g/
cm?, 0.0045 g/cm3, and 0.005 g/cm?>,

Results for thickness against time and thickness again concentration
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Fig. 16. Extended concentration study including runs 19,20,21. a) Thickness against time curves. b) Thickness against concentration curves at different time steps. c)
Yield Rate against time curves. d) Yield Rate against Concentration at different time steps.

at a given time are shown in Fig. 14a and b, respectively. Despite its
counterintuitive nature, a distinct trend emerges indicating a significant
influence of concentration on the shape of the deposition curve over
time (i.e., influence on yield rate). Simply increasing concentration does
not necessarily lead to a proportional increase in material deposition or
coating thickness. Instead, there appears to be an optimal concentration
level that maximises or minimises (depending on application re-
quirements) yield, coating thickness and yield rate in EPD. Fig. 14a
shows how lower concentrations follow a typical saturation curve,
where concentration increments elevate the saturation line until
reaching a threshold value, here observed at 0.00275 g/cm®. Beyond
this approximate threshold, further concentration increases result in a
shift to an S-shaped curve, with only the initial portion shown in Fig. 14.
These curves above the threshold exhibit a concave upward shape,
clearly contrasting with the curves below it.

Fig. 14c displays the yield rate plotted against time. Curves repre-
senting concentrations exceeding 0.00275 g/cm® show a consistent in-
crease in yield rate. Conversely, those corresponding to concentrations
at or below 0.00275 g/cm® exhibit a pronounced peak during initial
deposition steps, followed by a gradual decline afterwards.

Fig. 14d illustrates the relationship between yield rate and concen-
tration across various time frames. The peak thickness is confirmed to be
achieved at a concentration between 0.00275 g/cm® and 0.00325 g/
em?®, a finding corroborated by the sustained, quasi-constant yield rate
observed at these specific concentration levels.

Simulations are repeated with extended concentration range for runs
1, 2, and 3, for 30 V conditions, and runs 19, 20, and 21, for 120 V, to
allow a deeper understanding of optimal concentration level at different
applied voltages. The results are shown in Fig. 15 for runs 1, 2, and 3,
and Fig. 16 for runs 19, 20, and 21. Results for 30 V (Fig. 15) show strong
similarities with results for 70 V (Fig. 14), with a semi-constant yield
rate at a concentration level of 0.00275 g/cm?® (Fig. 15¢), resulting in a
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quasi-linear growth of thickness as displayed in Fig. 15a. Fig. 15b shows
that the maximum thickness after 1200 s is obtained via concentrations
ranging from 0.00275 g/cm® and 0.00325 g/cm®, while the impact of
concentration variations is less visible from deposition times including
and below 360 s. Fig. 15d, shows a concentration region between
0.00275 g/cm® and 0.00325 g/cm>, where yield rate is quasi-constant.
The decrease in yield rate in concentrations exceeding this range is
particularly visible in the lowest concentration value of 0.0005 g/cm?>.
Upon application of 120 V, the optimal concentration for maximum
thickness is obtained with concentration levels between 0.004 g/cm®
and 0.0045 g/cm?®, as shown in Fig. 16a. Fig. 16b shows that after a
deposition time of 2400s, the optimal concentration switched from
values between 0.00275 g/cm® and 0.00325 g/cm?, to 0.004 g/cm® and
0.0045 g/cm?, confirmed by the trends of thickness-time curves. Fig. 16¢
shows that a quasi-linear yield rate over time is not obtained within the
studied concentration range. In Fig. 16d the yield rate for all concen-
tration at different time steps shows that compared to previous analyses,
yield rate fluctuations over time are ampler overall, where the least
variations are observed at a concentration level of 0.0045 g/cm®.

4. Conclusion

Using a numerical model in MATLAB, a combined FEM and analyt-
ical approach was developed to investigate LiFePO4 deposition using
electrophoretic deposition (EPD). Concentration is shown to be a critical
factor in the deposition process, influencing the mass deposited, coating
thickness, and yield rate. For different voltages, an optimal concentra-
tion level was identified to maximise thickness and yield rate, demon-
strating that voltage and concentration contribute non-linearly to the
outcomes.

The relative weight ratio between particles significantly affects the
density of the coating and the resistivity of the suspension, as
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demonstrated by ANOVA over time intervals of 1 min and 40 min.
However, this weight ratio showed no impact when analysed against
complete deposition time, highlighting the importance of resistivity and
density in altering the deposition curve and, consequently, the yield
rate.

The length of the depositing electrode also emerged as an important
factor, particularly after 1 min of deposition. Mass-time curves and
current distribution patterns further suggest combined effects from both
the length of the depositing electrode and the perimeter of the counter
electrode. Although the Taguchi design framework does not account for
these combined effects, it also does not rule out the impact of varying
current density distributions on the morphology of the coating.

Electrophoretic deposition (EPD) enhances the design of composite
structural battery through the simultaneous deposition of structural and
active materials, which unifies load-bearing and energy storage func-
tions. The control of the thickness and microstructure allows for opti-
mised energy density without the need for binders, which increases the
active material content. Moreover, this approach enables deposition on
complex geometries providing scalable, lightweight and efficient de-
signs essential for applications in automotive.
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