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Abstract

The effect of coating parameters of NMC622 cathodes and graphite anodes on their physical structure and half-cell electro-
chemical performance is evaluated by design of experiments. Coating parameters include the coater comma bar gap, coat-
ing ratio and web speed. The electrochemical properties studied are gravimetric and volumetric capacity, rate performance,
areal specific impedance (ASI) and C-rate. Differences in the manufacturing effects on the electrode physical structure and
electrochemical performance are observed between the electrodes and are modelled by linear regression. The effect of cell
coating weight and porosity on half-coin cell electrochemical performance is also evaluated by linear regression. The cathode
performance at high gravimetric and volumetric C-rates is mainly influenced by coating weight, whereas porosity is the only
explanatory variable for volumetric C-rates of 1C and below. For anode, correlations are only found for the C/20 and 5C
gravimetric and volumetric capacities and are related to coating weight. An inverse relationship between ASI and coating
weight is observed for cathode, but in general the cell physical characteristics cannot completely explain the observed ASI
for both electrodes. The obtained models are useful for the design and robust manufacturing of electrodes since present a
quantitative relationship between the coating parameters, cell characteristics and final cell electrochemical performance.

Keyword Lithium-ion batteries - Electrode coating - Design of experiments - Capacity - Areal specific impedance - Anode -
Cathode

Introduction

Lithium-ion batteries (LIBs) are currently the main technol-
ogy underpinning the development of electric vehicles (EVs)
due to their higher power density, higher gravimetric and
volumetric energy and longer service life compared with
other secondary batteries [1, 2]. Still, the market share of
EVs is just a fraction of the whole market still dominated
by internal combustion vehicles [3]. To increase the uptake
of EVs by a wider population, the cost of the battery pack,
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the most expensive component in an EV, has to decrease
considerably from its current estimated price of $200 per
kWh [4]. LIBs’ manufacturing costs can be substantially
lessened by a proper understanding of the effect of process
parameters on electrode physical structure and ultimately on
the cell electrochemical performance [5, 6]. However, such
an understanding is challenging due to the complex LIB’s
manufacturing chain involving several subprocesses (slurry
preparation, coating, drying, calendering, cell assembly and
testing) [7-9] and hundreds of process variables [6]. Some
of the process variables may have an immediate effect on
intermediate product properties, but some may only influ-
ence the final product. Knowledge of the effect of the key
cell physical characteristics on the cell electrochemical per-
formance is important from the design point of view. From
the manufacturing perspective, the determination of the key
operating variables and the link to the key cell physical char-
acteristics is arguably more important.

A few works can be found in the literature directed
at understanding the effect of manufacturing operating
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parameters on intermediate products or final cell perfor-
mance by different techniques [8, 10-19]. Mixing operating
parameters such as mixing sequence and mixing temperature
and their effect on cycling stability and C-rate performance
have been reported by some authors [10—12, 17]. Calender-
ing parameters such as pressure, roll temperature and elec-
trode composition and their influence on electrode mechani-
cal and electrochemical properties have been researched by
different groups [8, 13, 14]. The cathode coating-drying pro-
cess was studied by Roméan-Ramirez et al. [15] by a screen-
ing design of experiments (DoE) method to identify and
model the relationship between the critical process variables
and cell electrochemical performance. The models obtained,
however, were restricted to linear models since the experi-
mental design chosen, the Plackett—-Burman design, was only
aimed at identifying main effects [15].

In the present paper, the previously identified main
coating-drying process parameters for cathode in [15] are
studied further by a response surface methodology (RSM)
approach. Additionally, the anode coating-drying parameters
are also studied. RSM is a statistical tool used for model
development and optimisation by evaluating simultaneous
changes in several independent variables (factors) and their
influence on a dependent variable or response [20]. To the
best of the author’s knowledge, this is the first application
of an RSM design to the study of the LIB’s coating manu-
facturing step. The first objective of the study is to quantify
the effects of manufacturing conditions on the electrodes’
and cell’s physical characteristics and their electrochemical
performance and to determine potential optimum settings.
The physical characteristics studied are: mass loadings dry
and wet, pre-calendered and calendered thickness, pre-cal-
endered and calendered porosity, cell thickness, cell coating
weight and cell porosity. A second objective is to analyse
the effect of cell physical characteristics (thickness, coating
weight and porosity) on cell electrochemical performance.
Performance measurements include the gravimetric capac-
ity, volumetric capacity, rate performance and areal specific
impedance (ASI).

Materials and methods
Design of experiments

Based on the previous results reported by Roméan-Ramirez,
et al. [15, 21], an inscribed central composite design (ICCD)
was chosen in the present study as part of the RSM. In a
CCD, each factor contains 5 settings or levels, belonging to
axial points, factorial points and the centre points [20]. A
generic plot of the experimental points distribution for an
ICCD for two factors is shown in Figure S1 in the support-
ing information.
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The relationship between the k number of factors (x;) and
the response (y) was expressed by a second-order polyno-
mial of the form shown in Eq. (1).
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The first term in Eq. (1) is the intercept, the second term
corresponds to the main effects contributions, the third term
denotes two-way factor interactions, and the fourth term are
the quadratic contributions. The § s in Eq. (1) are the model
coefficients estimated from linear regression [22], € is the
random error, and 4 is a transformation parameter required
for normalising a non-normal distribution [23]. The regres-
sion analysis was done considering coded factors, i.e. the
factors’ ranges were rescaled to+ 1 and -1.

Non-statistically significant terms in Eq. (1) were
removed according to a p-value criterion of 0.1. Model fit
statistics included the coefficient of multiple determination

(R?), the adjusted R* (R? ;) and the predicted R? (Rire D

Materials

The cathode formulation for electrode manufacture consisted
of 96 wt% LiNi, (Mn, ,Co,,0, (NMC622, BASF) active
material (AM), 2 wt% C65 (Imerys) conductive additive
(CA) and 2 wt% polyvinylidene difluoride (PVDF 5130,
Solvay) as binder (B). 1-methyl-2-pyrrolidinone (NMP,
ACROS Organics) was used as the solvent.

The anode formulation consisted of 95.25 wt% S360-E3
graphite (BTR) AM, 1 wt% C45 (Imerys) CA, 1.5 wt%
BVHS8 CMC (Ashland) as binder 1, and 2.25 wt% BM-451B
SBR (Zeon) as binder 2. Deionised water was used as the
solvent.

Electrode and coin cell manufacture
Mixing

For each electrode, the corresponding solid components
were initially dry mixed followed by a kneading process
in a 1 L intensive mixer (EL1, Eirich). A fraction of the
solvent was added to the mix, and the components were
continuously stirred until reaching an assumed homogene-
ous slurry. The rest of the corresponding solvent was added
in the dilution stage to reach solid contents of 66.5% and
46.3% for cathode and anode, respectively. For both elec-
trodes, the rotor speeds were set to 15 m/s during the dry
mixing and to 10 m/s during the kneading stage. The mix-
ing pan speeds were kept constant at 0.7 m/s. The slurries
were then degassed to remove any bubbles formed during
the mixing stage.
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Coating and drying

Coating and drying took place in a pilot-plant Megtec Sys-
tems convective coater conformed of three drying zones.
Details about the equipment configuration and its operation
can be found in a previous publication [15].

The studied parameters and ranges of the cathode coating
and drying process were comma bar gap (80 um—140 um),
web speed (0.5 m/min—1.5 m/min) and coating ratio
(110%—150%). The set of experiments (design matrix) given
by the ICCD after randomisation are shown in Table 1. The
design considers 8 factorial points, 6 centre points and 6
axial points. Air speed and drying temperature have been
identified as parameters not significantly affecting cathode
performance under a certain range of conditions stated in
[15] and were thus kept constant in the present work. Air
speed was set to 15 m/s, whereas the three oven drying sec-
tions were kept at 85 °C, 110 °C and 95 °C, respectively.
The cathode slurries were coated onto a 15-um thickness
aluminium foil current collector.

For the anode, the studied parameters and ranges
were comma bar gap (100 pm—190 um) and coating ratio
(100%-150%). Preliminary experimental work showed that
web speed, air speed and drying temperature were not sta-
tistically significant factors. The design matrix for anode is
shown in Table 1. The design considers 4 factorial points,

5 centre points and 4 axial points. The web speed was set
to 1 m/min, air speed to 15 m/s, whereas the three oven
drying sections at 45 °C, 60 °C and 60 °C, respectively.
The anode slurries were coated onto a 10-um-thickness
copper foil current collector.

The electrodes were cut into strips and were placed in
a vacuum oven at 120 °C for 12 h to ensure the complete
removal of the solvents.

Calendering and cutting

The dried electrodes were calendered in a small research
and development calendered (Innovative Machine Cor-
poration) at 0.5 m/s line speed. The rolls were heated to
85 °C for cathode, whereas for anode they were kept at
room temperature. The targeted calendered porosity was
30% for both electrodes; however, since the calendering
was done on 9 cm X 15 cm sheets using the average thick-
ness and coating weight values with the target porosity
at the local level where the coin cells were cut, the final
porosities ranged from 33.93 to 37.67 for anode and 28.63
and 32.48 for cathode.

Cathode discs of 14.8 mm diameter and anode discs of
15 mm were punched by EL-Cell electrode cutters for coin
cell fabrication.

Table 1 Experimental design

matrices for cathode and anode Cathode Anode

according to the inscribed Experiment Comma bar Coating Web speed Experiment Comma bar Coating

central composite design gap (um) ratio (%) (m/min) gap (um) ratio

(%)

1 128 142 0.7 1 145 130
2 110 130 1.0 2 145 150
3 80 130 1.0 3 113 144
4 110 130 1.5 4 145 110
5 110 110 1.0 5 145 130
6 128 118 0.7 6 190 130
7 92 142 1.3 7 145 130
8 92 142 0.7 8 177 116
9 110 130 1.0 9 113 116
10 92 118 0.7 10 145 130
11 110 130 1.0 11 177 144
12 140 130 1.0 12 145 130
13 110 130 1.0 13 100 130
14 92 118 1.3
15 110 150 1.0
16 110 130 1.0
17 128 118 1.3
18 110 130 0.5
19 128 142 1.3
20 110 130 1.0

]
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Half-coin cell assembly

To study the electrochemical performance of the cathode
and anode electrodes separately, the electrodes were inves-
tigated in anode half-cells and cathode half-cells. Three coin
cells were fabricated for each of the experimental conditions
given in Table 1.

Coin cell assembly was carried out in a glove box under
argon atmosphere with less than 0.5 ppm of oxygen and
water. 2032-type coin cell half cells were fabricated with
single-sided coated electrodes discs. Lithium discs were
used as the counter electrodes. A polypropylene/polyethyl-
ene/polypropylene microporous trilayer membrane (H1609,
Celgard) was used as the separator. The anode half cells
also contained a layer of glass fibre separator (GF/A), to
improve the uniformity of the current distribution. The coin
cells included a wave spring and 1-mm-thick stainless-steel
spacer, for adequate pressure and sealing.

The cathode cells were filled with 60 pl of RD281 elec-
trolyte (1 M LiPF, in ethylene carbonate/ethyl methyl car-
bonate (EC/EMC)=3:7 (v/v)+ 1wt% vinylene carbonate
(VC), SoulBrain). The anode cells were filled with 60 ul of
a lower viscosity electrolyte (1 M LiFSI in ethylene carbon-
ate/dimethyl carbonate (EC/DMC)=1:9 (v/v)+ 1wt% LiPF,
Solvionics).

Characterisations
Electrode physical measurements

Pre-calendered and calendered electrode thicknesses were
determined by a digital thickness gauge (Mitutoyo) with a
I um precision. The values are the mean of 10 measure-
ments taken on different locations on a 9 cm X 15 cm elec-
trode strip. The thickness of the electrode discs used in the
coin assembly was also measured by the digital gauge. The
mass of the electrode discs was measured in a digital bal-
ance (Sartorius). The reported values of the cell thickness
and mass are the mean of three coin cells. The mean values
and standard deviations of the measurements taken on the
strips and the coin cells can be found in the Online resource.

Mass loadings wet and dry were recorded by the scan-
ning MeSys Systems machine. The data were processed as
described in a previous communication [21]. The final val-
ues of the mass loadings and their standard deviations can
be found in the Online resource.

The pre-calendered, calendered and cell porosities were
computed from the thicknesses according to Eq. (2), where
P (%) is the porosity, p,, (g/cm3) is the coating effective
density, and p, (g/cm?) is the approximation of the bulk coat-
ing density at 0% porosity. The coating mass loading, m (g/
m?), and coating thickness, ¢, (um), are used to define the
coating density.

* @ Springer
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Electrochemical measurements

The electrochemical performance of the half-cells was meas-
ured in a multi-channel potentiostat (BCS-805, BioLogic)
ata 25 °C room temperature. The testing protocol involved
upper and lower cut-off voltages of 4.2 V and 2.5 V, respec-
tively. Formation cycle was performed at C/20 rate, followed
by five conditioning cycles at C/5. Discharge C-rate capaci-
ties were measured at C/20, C/5, C/2, 1C, 2C, 5C and 10C,
with all charging cycles done at C/5 constant current—con-
stant voltage. Areal specific impedance (ASI), an important
parameter to assess power of a cell or electrode [24], was
measured using 10 s pulses at nine assumed SoC from 90 to
10%, for 2 s pulses at 50% SoC, and for 30 s pulses at 20%
SoC. These ASI parameters were based on the data required
by the BatPac model for different battery applications [25].
For each test, a 1.8C discharge pulse was followed by a
1.2C charge pulse. Gravimetric capacities, Gc (mAh/g), and
volumetric capacities, Ve (mAh/cm?), were computed from
Egs. (3) and (4), respectively, where C., is the cell capacity
(mAbh); m, and m; are the mass of the electrode and the foil
(g), respectively; AM is the amount of active material (Wt%);
A_is the cell area (cmz), and ¢, and 1; are the total thickness
and foil thickness (cm), respectively.' All the electrochemical
measurements were taken on three coin cells made from the
same electrode strip and used to compute the mean values
and standard deviations. The electrochemical data can be
found in the Online resource.

C
Ge= ———¢
¢ (m, —m;)(AM) &)
Ve = L
A1) @

Results and discussion

The coded coefficients of the statistically significant terms
and the R?, R? 4 and Rim , for each of the responses for both
electrodes are shown in Tables S1 to S4 in the Supporting
Information. The RZ Ji values are plotted in Fig. 1 for visual
examination of the model performances. The results are
divided according to the input variables used for the statisti-
cal analysis, i.e. either the operating parameters or the cell
physical properties as the factors, and are discussed in the
following sections.



International Journal of Energy and Environmental Engineering

Pre-calendered coating thickness

A

Cell porosity

Mass loading wet

Cell coating weight

Mass loading dry

Cell thickness Pre-calendered porosity

Calendered porosity Calendered coating thickness

c120
20 %, 30 s pulse 5
1.0 Cr2
50 %, 2 s pulse

10 %, 10 s pulse

Gravimetric capacity

20 %, 10's pulse
30 %, 10's pulse
AS|

40 %, 10 s pulse

50 %, 10 s pulse

60 %, 10 s pulse

70 %, 10 s pulse

80 %, 10 s pulse

90 %, 10's pulse

Rate performance 5C:C/5

20 %, 30 spulse  C/20 cr5

50 %, 2 s pulse 1.0 Cr2

Gravimetric capacity
10 %, 10 s pulse C

20 %, 10 s pulse 2C

30 %, 10 s pulse 5C

AsI

40 %, 10's pulse 10C
50 %, 10's pulse

60 %, 10 s pulse

70 %, 10 s pulse
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R2, Cathode RZ; Anode|

Fig.1 Adjusted coefficient of multiple determination (R§ dj) for the
regression analysis of the following correlations: A operating vari-
ables—electrode and cell physical characteristics, B operating vari-
ables—electrochemical properties, and C cell physical properties—
electrochemical properties

Influence of operating parameters
Physical characteristics

The influence of comma bar gap and coating ratio, as main
factors, on the cathode and cell structural properties

(thickness, porosity, coating weight or mass loading) was
assessed in a previous investigation [15]. It was shown that
the linear models (main effects terms) can successfully
predict the structural properties variations. The ICCD in
this work corroborates that the previous linear models
obtained are sufficient to correlate most of the cell and
electrode physical properties as functions only of comma
bar gap and coating ratio. The Ri i and R127re , were higher
than 0.80 in both cases (Fig. 1 and Table S1).

Squared terms for web speed and/or coating ratio are
necessary for the pre-calendered porosity, calendered
thickness and calendered porosity. However, the correla-
tions for the porosities are rather poor (Rz 4 < 0.30). In the
case of the pre-calendered porosity, the model is not suit-
able for predictions as indicated by the negative Rlzmd
(Table S1) even with the squared term for the coating ratio.

Although the results reported in [15] show a strong
relationship (R?>=0.84) of pre-calendered porosity with
the operating parameters and a lack of correlation of the
calendered porosity with any of the parameters, the results
in this study show a lower correlation for the pre-calen-
dered porosity (R?=0.32) and a weak correlation for the
calendered porosity (R*>=0.37). The discrepancies may
be explained by the fact that the porosities are determined
from the manual measurements of the thickness at various
locations of the produced electrodes and that it may be
difficult to get consistent determinations. However, both
studies suggest that other operating variables not consid-
ered in the experimental designs are the more influenc-
ing parameters for both types of porosities. A substantial
contribution of comma bar gap, web speed and coating
ratio on the calendered porosities should not be expected
since research has shown that porosity is mainly affected
by the calendering process [8, 9, 26]. The present results
essentially demonstrate what can be inferred intuitively,
that the porosities are partially influenced by the amount
of material coated. The contribution of RSM is the pos-
sibility to quantify the influence of the different operating
parameters through the empirical models.

For the case of anode, the selected operating variables,
comma bar gap and coating ratio, are sufficient to explain
the thicknesses variation at the electrode and cell level,
and the mass loadings and coating weights. The models
show that factor interactions are important in this case,
resulting in R? 4 and R;re , values close to unity, as can be
seen in Fig. 1 and Table S3. Similar to the cathode results,
the porosities have the poorest correlations, but in this case
not even a weak relationship between the calendered
porosities and the coating parameters is found. Figure 2
shows a few examples of the good agreement between the
experimental data and the modelling results for the mass

"
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Fig.2 Modelling surfaces for anode cell coating weight and cell thickness obtained from the coefficients in Table S3. Figures are experimental

points with their standard deviations

loading dry, cell thickness and coating weight for anode
as a function of operating parameters.

The obtained results agree with the multi-level model
approach findings of Schmidt, et al. [26] who concluded that
the uncertainties in the cathode coating step are responsible
for the main uncertainties in the thickness and mass load-
ings. However, the study of [26] only involved variations
in the wet coating thickness as the controllable parameter,
and not coating operating parameters. The present work,
on the other hand, establishes a direct relationship between
the coating operating parameters and the electrode physical
structures. The models developed in the present work are
also simpler and easier to modify compared with multi-level
models when changes in the parameter ranges are needed or
when new variables are involved. In such cases, the ICCD
can simply be extended to include the new conditions.

Because coating weights are linked to areal capacities, if
the capacity of the active material is known, the settings of
the coating parameters to achieve a targeted electrode areal
capacity can easily be computed from the obtained models.

Electrochemical performance

As noted from Fig. 1, the studied operating parameters can-
not explain all the C-rate variations of the electrodes. The
cathode gravimetric and volumetric capacities are mainly
related to comma bar gap and coating ratio main effects
terms only, except for the 10C volumetric capacity, for which
factor interactions and squared terms are required to repre-
sent the capacities (see Table S1). The best correlations are
obtained at 5C discharge capacity resulting in Ri s 0.87.In
line with previous findings [15], web speed did not have a
significant influence on the capacities. Nevertheless, in

* @ Springer

contrast to [15], no correlation with any of the operating
parameters was found for the C/5 volumetric capacity. This
can be attributed to electrochemical testing variations
between the two studies. Figure 3 shows the modelling
results for the 5C and 10C gravimetric capacities and the 5C
volumetric capacity as examples.

For the case of anode, all C-rates (for both the gravimetric
and volumetric capacities) but 10C, show a correlation with
the operating variables (Fig. 1), albeit weak values of
R 4 <0.68 are obtained (see Table S3). The R;re ,1s consider-
ably low (< 0.46), indicating that the models are not suitable
for predictions. The results show that comma bar gap and
coating ratio partially explain the observed capacities.

The cathode rate performance is also explained by the
main effects of comma bar gap and coating ratio only, which
is expected since the 5C capacities are influenced only by
these two operating variables. Compared with previous find-
ings [15], the results for cathode in this work demonstrate
that the effect of air speed can be neglected from the model
and still be able to get satisfactory correlations (R*=0.90
when air speed is omitted vs R>=0.93 when the term is
included). The anode rate performance, on the other hand,
is partially explained by comma bar gap and its quadratic
contribution, resulting in a considerably low Rz " (0.11).

As shown in Table S1, the cathode ASIs require the inclu-
sion of main effect terms as well as factor interactions to
explain the variations. For the cases at 20% SoC and 10%
SoC at 10 s pulse, the quadratic term for comma bar gap is
also significant. The effect of coating ratio and the comma
bar gap—web speed interactions on the ASI can be appreci-
ated, for instance, in the ASI at 20% SoC 10 s pulse plotted
in Fig. 4 using the coefficients reported in Table S3. The ASI
is a convex function of comma bar gap which decreases with
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Fig.4 Cathode ASI modelling results at 20% SoC (left) at two different web speeds, and anode AST modelling at 80% SoC (right) as a function
of comma bar gap and coating ratio only. Figures are experimental points with their standard deviations

the increase in coating ratio. Higher web speeds result, in
general, in lower ASI as can be appreciated by the surfaces
at 0.7 m/min and 1.3 m/min; however, at the lowest comma
bar gap and coating ratio (80 um and 110%, respectively)
the ASI is higher at 1.3 m/min compared with the values
at 0.7 m/min. The graphical representation also helps to
identify optimum settings of the operating parameters that
minimise the ASI. In this instance, the lowest ASI would
be given by setting the web speed, the coating ratio and the
comma bar gap to their highest value.
Although correlations between the ASI and the operating
variables were found for all SoC, the correlations are rather
poor in most cases (Ri 5 < 0.56). Nevertheless, the models

and the graphical represéntations aid in the identification of

the important parameters and their settings to minimise the
ASI at the different SoC.

The anode ASI, on the other hand, mainly requires the
quadratic terms in addition to the main effects terms to
explain the variations. Compared to cathode, the correlations
are weaker (average RZ 5= 0.4), and negative RIZW , appears
in a few cases indicating a better prediction by the mean.
Contrary to cathode, the anode ASI is a convex function of
coating ratio and decreases as comma bar gap increases,
reaching a minimum around 130% coating ratio (see Fig. 4
for the example of ASI at 80%).

It is obvious that no optimum factors settings can be iden-
tified from the linear models. The surfaces obtained by the
models containing quadratic terms show that the optimum

* @ Springer
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settings are in fact outside the experimental region (see, for
instance, Fig. 4).

Influence of cell physical characteristics
on electrochemical performance

The linear relationship between cell coating weight and
thickness for both electrodes can be appreciated in Figure
S2. Hence, only coating weight and porosity were consid-
ered the input variables in the analysis of the electrochemical
performance. The model coefficients of the statistically sig-
nificant terms for cathode and anode are presented in Tables
S2 and S4, respectively.
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Fig.5 Cathode gravimetric capacities as a function of coating weight
for different C-rates. Lines are modelling results and figures are
experimental data
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For the cathode gravimetric capacities, coating weight is
the only statistically significant term for the 1C and above
rates. As shown in Fig. 5, lower coating weights result in
higher capacities for all C-rates. Previous studies have also
shown that improved capacities are observed at thinner (or
lower coating weights) [24, 27] suggesting a dominated ion
and electron transport process [28].

The cathode volumetric capacities, on the other hand,
show a strong correlation with porosity at 1C and lower
C-rates (Ri di >0.82). At 2C, the capacity is highly influenced
by both, coating weight and porosity, and at 5C and 10C the
only statistically significant term becomes coating weight.
The transition from porosity as the key cell physical property
for low C-rates to coating weight at high C-rates was previ-
ously reported at 1C [15]. However, this may be due to dif-
ferences in the electrochemical testing protocols and the use
of different experimental designs (ICCD vs screening). As
shown in Table S2, the main effect models (i.e. the linear
models) are sufficient to explain the variations of the gravi-
metric and volumetric capacities with either porosity or
coating weight as the key property. The linear relationship
between capacity and coating weight has also been described
in the study of commercial lithium-ion cells [24]. Figure 6
shows the satisfactory correlations (Ri i 0.9) of the volu-
metric capacities as a function of porosity or coating weight
at different C-rates. As observed in Fig. 6, lower porosities
or coating weights result in improved volumetric capacities.
Coating weight was identified as the key characteristic
explaining cathode rate performance with lower weights giv-
ing better performances.

The cathode correlations for the ASI and the cell physical
characteristics were not completely satisfactory, resulting in

Rfl i values of around 0.3, and only for four out of the eleven
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ASI conditions studied. The results show, nevertheless, the
already reported inversely proportional relationship between
ASI and coating weight [24, 29]. The lower Ri Ji indicates that
other cell physical properties, such as electrode mesostructure,
microporosity and tortuosity, could have a higher contribution
in explaining the ASI variation, but these were not considered
in the present work. Such properties are likely being affected
by web speed since ASI was better correlated by the operating
variables as the input variables.

For the case of anode, the C/20 and 5C gravimetric and
volumetric capacities and rate performance were the only elec-
trochemical properties with a correlation with the cell physical
characteristics, but with rather poor correlations (Ri Ji <0.48).
Because good correlations were observed for the operating
parameters as factors, there seems to be a property not consid-
ered in the present study but affected by the operating param-
eters the actual explanatory physical property.

Optimisation

The multiple cell performance indicators (responses)
involved in the study do not allow for a straightforward
determination of the general optimum. Conflicting opti-
mum conditions may be encountered since the best condi-
tions for one response may not be the best for another. This
is exemplified in the case of the capacities and the ASI. As
described in Sect. 3.2, lower coating weights result in higher
gravimetric and volumetric capacities, but at the same time it
increases the ASI, which is undesirable. The optimum coat-
ing weight would be the one that maximises the capacity but
at the lowest ASI. However, since the current studied physi-
cal properties cannot capture all the variations in the ASI, a
better approach in this case would be to perform the optimi-
sation in terms of the operating parameters. The conflicting
criteria are still present because certain values of the comma
bar gap and coating ratio will result in higher capacities but
simultaneously in higher ASI (Sect. 3.1.2). Moreover, web
speed also affects the ASI as described in Sect. 3.1.2. To
give a specific example, a nonlinear optimisation problem is
stated in Eq. (5), where the goal is to determine the optimum
settings of comma bar gap (x,), web speed (x,) and coating
ratio (x;) that will maximise the cathode 5C gravimetric
capacity (y;) but at the lowest ASI 20% SoC 10 s pulse (y,).
Equation (5) also considers the 5C volumetric capacity (ys)
as an additional response involved the optimisation.

maxy,
30 <y, <60
y3 <400
subject to4 80 < x, < 140 (%)
05<x <15

110 < x; < 150

Equation (5) was solved by the CONOPT solver in
GAMS. The optimum values of the capacities and the
ASI are as follows: y,=99.6 mAh/g, y,=60.0 Q cm? and
y;=295.1 mAh/cm?, at the following settings: comma bar
gap=108 um, web speed = 1.5 m/s and coating ratio=110%.
Substitution of the optimum parameters on the correspond-
ing models gives the values of other properties, for instance,
the electrode thickness.

Conclusions

The present work contributes to a better understanding of
the coating operating parameter—electrode physical proper-
ties—cell electrochemical performance relationship of both
electrodes. Comma bar gap, web speed and coating ratio
are demonstrated to be the key parameters in the cathode
manufacture, whereas comma bar gap and coating ratio for
anode. These parameters can capture as much as 99% of
the variation of the thicknesses, mass loadings and coat-
ing weights. On the other hand, the studied process param-
eters cannot explain the porosities variation, meaning that
other manufacturing steps (e.g. calendering) have a more
important effect. Electrochemical performance also can-
not be completely explained by the coating parameters. In
general, more correlations for the capacities are found for
anode compared with cathode, implying that although the
cathode performance is influenced by the coating process,
other manufacturing steps (e.g. mixing or calendaring) may
have a higher influence.

Modelling of the ASI was more complex, as shown by
the parameter interactions and squared terms in the models.
Although, on average, more than 60% of the variation can be
explained by the developed models, the results suggest that
variables from other manufacturing steps also contribute to
the ASI performance.

Regarding the physical properties—electrochemical
performance relationship, coating weight is the dominant
property influencing most of the capacity performance for
cathode, although porosity is the main property at low volu-
metric C-rates. For anode, on the other hand, no satisfactory
correlations were found between the physical properties and
electrochemical performance. The ASI, for both electrodes,
cannot be explained by cell coating weight and porosity.
Other properties such as electrode mesostructure, micropo-
rosity and tortuosity should be studied as potential explana-
tory variables.

The obtained mathematical models can be used to (i)
establish machine setting to achieve a targeted vale of the
electrode properties, (ii) for cell design by determining the
cell coating weights or porosities to attain targeted capacities
and rate performance, and (iii) for multi-variable optimisa-
tion to satisfy several performance criteria.
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