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A B S T R A C T

The lamination process between electrodes and separator is a crucial step in manufacturing lithium-ion cells, 
with a direct impact on production yield and electrochemical performance. In this study, a systematic analysis of 
the effect of two lamination parameters, temperature and pressure, on NMC811/graphite full cells was con
ducted. The impact of the lamination process on the separator properties was evaluated through permeability 
test, ionic conductivity, and morphological analyses. The results showed a dual effect: modification of the porous 
structure of the separator, as a function of the lamination conditions, with variations in the permeability and 
ionic conductivity of the system. At the full cell level, the most extreme lamination conditions led to a higher 
initial Coulombic efficiency, better wettability, lower data dispersion and a significant reduction in internal 
resistance. Furthermore, better performance at high C-rates and a higher capacity retention after 100 cycles were 
observed. This study confirms that a systematic optimization of the lamination can improve the electrochemical 
stability and reliability of the cells, depending on the materials chosen, and potentially reduce production scrap.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) have dominated the bat
tery market for several years. Since their introduction in the early 1990s, 
they have undergone continuous and progressive evolution, allowing 
them to replace other rechargeable battery technologies. Nowadays, 
LIBs power a vast range of devices: from small everyday devices to 
medical equipment, electric bikes, drones, cars, and other transportation 
systems. The progressive improvement that LIBs have shown in just over 
30 years makes them one of the leading players in the ongoing green 
energy transition [1,2].

In recent decades, research has predominantly focused on studying 
and improving cell components, such as active materials, binders, 
electrolytes, current collectors, and separators [3–11]. Conversely, less 
attention has been focused, at the academic level, on the analysis and 
optimization of the lithium-ion cell manufacturing process, which re
mains a complex system comprising a series of interconnected and 
sequential steps [12–16].

Three key aspects must be considered in the production of lithium- 
ion cells: performance, sustainability, and cost [17]. While these 

factors are certainly influenced by the choice of materials, as previously 
mentioned, the various steps of the manufacturing process also play a 
fundamental role [12]. For example, with the increasing number of new 
gigafactories, with new and innovative production lines, scrap rates are 
inevitably increasing [18]. Recent studies indicate that scrap generation 
during battery manufacturing remains significantly high, exceeding the 
expected target of less than 10 % of total scrap [19]. Considering that 
manufacturing accounts for approximately 25 % of the total cost of LIBs, 
optimizing each step of the manufacturing process can potentially 
enhance performance, improve sustainability, and simultaneously 
reduce costs [13].

In particular, among the various steps of the production process, 
stacking is one of the bottlenecks in terms of productivity, since it is a 
time-consuming process [13,20]. During the stacking process, particular 
attention must be paid to prevent damage to the electrodes and sepa
rator, as well as to avoid cross-contamination and misalignment issues, 
which can easily result in scrap or cell failure [21–24]. To address the 
limitations of traditional stacking processes, higher-productivity 
continuous stacking methods have been studied and implemented, of
fering significant improvements in process speed. Among the alternative 
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stacking processes, the lamination process of electrodes with the sepa
rator is widely employed on an industrial scale for the production of 
lithium-ion cells [20]. The primary objective of lamination is to physi
cally bind the electrodes (anode and cathode) to the separator, thereby 
simplifying the stacking process while significantly reducing defects 
arising from misalignment in the anode-separator-cathode stack. Thus, 
this procedure ensures a physical connection between the interlayers, 
separator/cathode and separator/anode, maximizing contact between 
the electrodes/separator surfaces and minimizing discontinuities at the 
interfaces. More in detail, the physical adhesion between electrodes and 
separator is achieved through the thermal softening of a binder layer (e. 
g., PVDF), typically added on the surface of the separator for this pur
pose, combined with the application of a force to the anode/separator/ 
cathode stack or a heating process via the lamination roll system [20].

Typically, the optimized lamination process offers several produc
tion line advantages, such as simplification and automation of the 
stacking process, increased production line speed, and reduced scrap 
rates caused by electrode-separator misalignment. However, recent 
studies have shown that the lamination process and its optimization can 
also influence the performance and reliability of lithium-ion cells 
[20,25–28]. For example, the studies carried out by Frankenberger et al. 
revealed that lamination of the anode-separator interface significantly 
reduces the continuous and uncontrolled growth of the solid-electrolyte 
interphase (SEI), with significant improvement in terms of capacity 
retention and cyclability [27]. Meanwhile, the lamination at the 
cathode-separator interface improves the initial contact between mate
rials, reducing the initial surface resistance. Other studies have shown a 
correlation between lamination and the electrolyte permeability in the 
electrode-separator stacks, highlighting how the lamination process can 
enhance the wettability of the samples [25]. In general, these studies 
have shown that any variations in the lamination process, and conse
quently the adjustments of its governing parameters, can significantly 
impact the electrochemical performance of the final LIB cell, particu
larly in terms of long-term cyclability and stability at high C-rates [28].

In the present study, two lamination parameters (roll applied pres
sure and temperature) were evaluated, and their impact on the final 
electrochemical performance of NMC 811/graphite full cell was evalu
ated. Particular attention was paid to the impact of the lamination 
process on the separator properties, and how this affects the electro
chemical behaviour. The study was conducted by systematically varying 
the parameters of the lamination process, applied directly to a complete 
anode-separator-cathode stack. This approach enables the evaluation of 
the lamination process in its entirety, simulating real-process conditions 
where both electrodes are simultaneously aligned and bond to the 
separator. This aspect is particularly relevant, as, to the best of our 
knowledge, only few academic studies systematically examine the 
impact of the lamination process under full-stack conditions and in real- 
application scenarios, evaluating the impact on the final battery 
performances.

2. Materials and methods

2.1. Lamination process

For the present study, commercial single-side coated electrode sheets 
(NEI Corp., USA) were selected. NMC 811 was chosen as the cathode 
(Slurry formulation: 90:5:5 Active material:SuperP:PVDF, Active Mate
rial Loading: 10.0 mg cm− 2 ± 5 %, Standard Areal Capacity: 2.0 mAh 
cm− 2 ± 5 %), while a natural graphite-based electrode (Slurry formu
lation: 90:5:5 Active material:SuperP:PVDF, Active Material Loading: 
6.5 mg cm− 2 ± 5 %, Standard Areal Capacity: 2.4 mAh cm− 2 ± 5 %) was 
chosen as the anode.

For the lamination process, 3 × 3 cm (area = 9 cm2) cathode and 3.5 
× 3.5 (area = 12.25 cm2) anode electrodes were obtained from the 
commercial sheets, with a final N/P ratio of 1.2. While a polyolefin- 
based trilayer separator (PP/PE/PP) with a PVDF coating (Celgard 

R0542C) with a total thickness of 20 μm was used.
Cathode, anode, and separator were laminated to make a single stack 

by using a lamination machine (LH200, Manz Italy), able to vary the 
feeding speed, linear pressure, and temperature by pre-heating modules. 
Fig. S1 shows a technical diagram of the pre-industrial lamination 
machine.

All laminated samples were subjected to HI-POT measurements 
(IR3455, Hioki), applying to the stack a high-voltage stress of 500 V for 
1 s to identify the effective electrical insulation of the separator and 
exclude the risk of cell short circuits due to excessive stretching of the 
separator during the lamination process or to the presence of electrode 
edge defects.

2.2. Separator characterization

The laminated separators were subjected to air permeability tests. 
Air permeability was used to estimate the Gurley number, defined as the 
time required for the air to pass through a defined region of the sepa
rator, under particular pressure. Before the measurement, the samples 
were immersed in an isopropanol bath for 30 min, in order to promote 
the chemical peel-off of the electrodes from the separator. Afterward, 
the separator was dried in air for 30 min, before the Gurley number 
estimation test. Air permeability measurements were performed using a 
Gurley Densometers testers (4340, GPI). For each sample, the analysis 
was conducted on multiple separators and in three different areas to 
ensure the accuracy and consistency of the measurement.

After the Gurley number measurement, the separators were cut into 
18 cm disks and further dried at 60 ◦C under vacuum for 12 h (Büchi 
Glass Oven B-585) to ensure complete removal of solvent and trapped 
air from the pores. Subsequently, the separator disks were immersed in 
the electrolyte for 48 h inside a glovebox (MBraun Labstar, H2O and O2 
content < 1 ppm). Finally, separators consisting of one to four layers 
were sandwiched between two stainless steel electrodes in an ECC-Std 
electrochemical test cell (EL-CELL GmbH). The cell was placed in a 
climate chamber (MKF 56, Binder) at a controlled temperature of 25 ◦C 
and subjected to repeated electrochemical impedance spectroscopy 
(EIS) analyses. Impedance measurements were carried out in the fre
quency range of 500 kHz to 50 mHz with an AC amplitude of 10 mV, 
using a VMP3 potentiostat (Biologic). Before each EIS measurement, the 
cell was allowed to rest and stabilize for 45 min. The average resistance 
of the different separator stack was determined from multiple mea
surements. The bulk resistance (Rion) of the electrolyte-soaked separa
tors was determined from the high-frequency intercept of the impedance 
spectra, by an equivalent circuit fitting, consisting of a serial connection 
of an inductor I, a resistor R, and a constant phase element CPE. The 
ionic conductivity in the separator soaked with the electrolyte (σSep) was 
then calculated using the equation: 

σSep =
l
A

⋅
1

Rion/N
(1) 

where l is the thickness of the separator membrane (20 μm), A is the area 
of the stainless-steel blocking electrodes (2.54 cm2), and N is the number 
of separator layers.

The MacMullin numbers (Nm) were obtained by dividing the con
ductivity of the pure electrolyte (σEL) by the conductivity of the sepa
rator filled with electrolyte (σSep): 

Nm =
σel

σsep
(2) 

The ionic conductivity of the pure electrolyte was measured in a 
climate chamber (MKF 56, binder) at 25 ◦C using a Amel 192 K1, Pt 
electrodes, K = 1.

A morphological analysis of the delaminated separators was con
ducted using Field emission scanning electron microscopy analysis 
(FESEM, Zeiss SUPRA TM 40 with Gemini column and Schottky field 
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emission tip). Multiple areas of each sample were examined at different 
magnifications to assess the effects of the lamination process (acceler
ation voltage of 5 kV and working distance within 2.1–8.5 mm, with 
magnification up to 150 kX). Additionally, for separators laminated 
between two electrodes (anode and cathode), both sides were analysed 
to distinguish the individual contributions of each electrode to the 
separator morphology after lamination.

2.3. Cell assembling and electrochemical characterization

For the electrochemical test, after the lamination process, nickel and 
aluminum tables (4 mm width, MTI) were bonded with the electrodes 
using battery-grade strapping tape (High-Temperature Insulation 
Strapping Tape in PET, 0.03 mm thickness). The pre-assembled stacks 
were dried at 60 ◦C for 12 h under vacuum (Büchi Glass Oven B-585), 
then transferred in a dry room (dew point − 26 ◦C) for full-cell assembly. 
The stacks were inserted in a laminate-type aluminum pouch film 
(thickness of 0.115 mm, MTI) used as pouch cell case, filled with 1.5 mL 
electrolyte and sealed under vacuum. For all the electrochemical tests, 
the electrolyte was a solution of 1 M LiPF6 in ethylene carbonate (EC): 
ethyl methyl carbonate (EMC) 3:7 v/v (LP57, Elyte).

Before starting the forming cycles, the cells were rested at OCV for 
24 h to monitor the internal resistance by EIS, and to guarantee the 
electrolyte permeability inside the electrode and the separator. The as- 
prepared pouch cells were cycled at RT (25 ± 2 ◦C) between 3 V and 
4.15 V, using a CCCV protocol (constant current followed by constant 
voltage protocol) for charging, and CC protocol for discharging.

3. Results and discussion

The optimal lamination parameters were defined through pre
liminary tests by the lamination of two aluminum sheets with the 
separator and systematically varying linear pressure and temperature, 
keeping the feeding rate fixed, as reported in Table 1. The feed rate was 
set to 100 mm s− 1 to simulate a process closer to the industrial one.

This pre-screening analysis permits the identification of the most 
significant lamination conditions while excluding those that are either 
too extreme, leading to separator damage, or too soft and ineffective. For 
this study, aluminum sheets were chosen, as they are commonly used as 
current collectors in the cathode electrodes of LiBs. Their smooth surface 
facilitates a more accurate evaluation of the combined effects of lami
nation temperature and pressure, minimizing the potential interference 
from surface irregularities. It is worth noting that aluminum foils were 
intentionally employed to explore boundary conditions in which the 
separator may experience permanent deformation or failure even in the 
absence of active material on the current collector. This approach 
enabled us to isolate and assess the direct influence of lamination con
ditions on the separator, independently of other electrode-related 
variables.

Two types of analyses were carried out to assess the impact of the 
lamination process on the separator properties: the measurement of the 
Gurley and MacMullin numbers. For each set of lamination conditions, 

two separator samples were analysed. The measurements were taken 
from three different areas on each separator, with five repetitions per 
area, to ensure a robust statistical data distribution. The descriptive 
statistical analysis results are reported in Table 2.

The qualitative understanding of the porosity of the separator can be 
obtained by measuring the gas permeability, in terms of Gurley number. 
The Gurley number is expressed in seconds and represents the time 
required for 100 cm3 air to pass through a separator under a specific 
pressure (ASTM D726) [29]. Typically, a lower Gurley number corre
sponds to higher porosity and lower tortuosity [30–32]. It is important 
to note that, in our case, the Gurley number measured for the pristine 
sample is higher than the value reported by the manufacturer. This 
discrepancy may result from the fact that the pristine separator was 
immersed in an isopropanol bath and subsequently dried before the 
measurement, to allow a direct comparison with the delaminated sep
arators. Therefore, the Gurley number analysis provides a relative 
measure, as the primary goal is to better understand how the lamination 
conditions affect the separator permeability compared to the pristine 
sample. Table 1 shows that all the investigated lamination processes on 
Al/separator/Al stacks lead to an increase in the Gurley number, indi
cating lower permeability and, consequently, a reduction in porosity, as 
expected [31,33]. Except for condition A, which shows a higher Gurley 
value than conditions B and C, an increasing trend of the Gurley number 
is observed as the lamination conditions become progressively more 
stressful.

To evaluate the reliability and consistency of the data collected in the 
three different areas of each separator, a statistical analysis was per
formed. The box chart (Fig. 1) illustrates the distribution of the data 
collected for each lamination condition across the three areas of the 
separator.

Different levels of variability can be observed across the conditions. 
Conditions E and F exhibit narrower box plots, indicating lower 
dispersion, with values concentrated closer to the median. In contrast, 
condition G shows a higher degree of data dispersion. Additionally, 
outliers are observable in datasets B, C, and H, which can be attributed 
to potential anomalous measurements or natural variations in the data. 
The standard deviation is relatively high for the lamination conditions G 
(20.7) and H (26.7), indicating greater variability in the results. Except 
for condition B, which shows lower average values, conditions A, C, and 
D exhibit similar distributions as well as comparable mean and median 
values. In contrast, conditions E, F, G, and H display higher Gurley 
number values than the others, indicating an increasing trend due to the 
combined effects of higher lamination pressure and temperature.

Notably, the most marked increases in Gurley number are observed 
for the lamination conditions performed at 90 ◦C, suggesting that the 
temperature significantly influences both the process and the final 
properties of the separator. More specifically, an increase of more than 
30 % of the Gurley number was observed for the lamination conditions 
F, G, and H.

A more in-depth statistical analysis using two-way ANOVA was 
conducted on a subset of the data to evaluate both the individual effects 

Table 1 
different lamination conditions for Al/separator/Al stack.

Sample 
name

Lamination 
speed 
mm s− 1

Lamination 
pressure 
N mm− 1

Lamination 
temperature 
◦C

A 100 10 70
B 100 15 70
C 100 10 80
D 100 15 80
E 100 10 90
F 100 15 90
G 100 20 90
H 100 25 90

Table 2 
Average Gurley number for Al/separator/Al stack subjected to different lami
nation conditions.

Sample 
name

Average Gurley number 
(s)

Standard 
deviation

% increase vs 
pristine

Pristine 318.6 14.1 –
A 371.3 13.6 16.5
B 340.3 14.0 6.8
C 360.7 17.1 13.2
D 371.4 14.8 16.6
E 396.4 8.2 24.4
F 423.9 8.1 33.1
G 432.6 20.7 35.8
H 493.3 26.7 54.8
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and the interaction of the two lamination parameters (pressure and 
temperature) on the Gurley number measured in the first area of each 
separator. For this analysis, two pressure values (10 and 15 N mm− 1) 
and three temperature values (70, 80, and 90 ◦C) were selected to ensure 
a coherent dataset. The results of the analysis are reported in Table S1.

The analysis revealed a significant effect of pressure on the Gurley 
number values (F = 17.11, p = 0.000126). This result suggests that the 
pressure variation has an evident statistical impact on the Gurley 
number (e.g. separator air permeability). Similarly, the effect of tem
perature was found to be highly significant (F = 102.79, p < 0.0001), 
demonstrating that temperature is a more impactful factor than pressure 
on the permeability variation of the separator. However, more inter
estingly, the analysis revealed a significant interaction between pressure 
and temperature (F = 24.72, p = 2.6 × 10− 8), suggesting that the rela
tionship between the two factors is not independent and their effects 
should be considered together.

In general, the air permeability decrease, as a consequence of the 
combined effect of pressure and temperature, is significant. However, it 
is important to underline that, in this case, aluminum sheets were used, 
and the results may not be directly comparable to analyses conducted 
with porous electrodes. Anyway, this pre-screening analysis is useful for 
excluding excessively extreme lamination conditions that could cause 
mechanical deformations in the separator, potentially leading to short 
circuits.

To confirm this, the morphology of the delaminated separators 
subjected to conditions A, F, and H was evaluated by FESEM analysis. In 
Fig. 2, the three delaminated separators are directly compared with the 
pristine separator at three different magnifications. The FESEM micro
graphs show that the pristine separator exhibits a homogeneous distri
bution of coalesced spherical binder particles (PVDF) on the surface. 
Some discontinuous areas are visible, revealing the characteristic 
morphology of the polyolefin separator and its characteristic porosity 
under the PVDF particles. In particular, the micrographs of the lami
nated separators reveal increased coalescence of the superficial PVDF 
particles, attributed to the combined effects of pressure and tempera
ture. Interestingly, the underlying surface appears more stretched, 
indicating pores opening. While the morphology of separators subjected 
to lamination processes A and F remains similar, the stretching phe
nomenon is more pronounced in samples subjected to lamination H, 
which underwent the most extreme conditions presented in this study. It 

is important to note that multiple areas of each separator were exam
ined, and for the separator subjected to lamination conditions H, small 
superficial fractures were observed. However, these fractures appear to 
be localized and superficial, supporting the hypothesis that they result 
from the natural pores opening during the lamination process, without 
compromising the overall structure or mechanical integrity of the 
separator. By better analysing and comparing the results from the 
permeability and morphological analyses of the delaminated separators, 
a dual effect of the lamination process on the separator can be hypoth
esized. On one hand, lamination softens the PVDF surface layer, causing 
its coalescence, and consequently reducing the separator air perme
ability. However, this effect is partially counterbalanced by the 
stretching of the underlying layer and the opening of new pores. This 
double effect of the lamination process can affect the properties of the 
separator, such as: ionic conductivity and electrical insulation. There
fore, these aspects were subsequently evaluated by means of electro
chemical impedance spectroscopy and through the calculation of the 
MacMullin number.

More in detail, the impact of different lamination conditions on the 
ionic conductivity of the separator was evaluated by calculating the 
MacMullin number. For this analysis, separators laminated under con
ditions A and H were selected, as these samples exhibited the most 
significant differences both in terms of Gurley number and morphology. 
Typically, the MacMullin (Nm) number is the ratio between the re
sistivity of the pure electrolyte and the separator resistivity. So, Nm 
describes the relative contribution of a separator to cell resistance. In 
other words, the MacMullin number quantifies the ionic conductivity 
decrease caused by the separator, which is directly related to the sepa
rator porosity and tortuosity [34–36]. The resistance of varying numbers 
of separator layers (ranging from 1 to 3) placed between two blocking 
electrodes was measured using electrochemical impedance spectros
copy. By fitting the data, the resistances were determined in relation to 
the number of separator layers. The ionic resistance was calculated 
through the fitting of the EIS spectrum using the equivalent circuit 
shown in Fig. S2a, identifying the intercept point with the Z′ axis [36]. 
The linear regression of the resistance measured for each stack of sep
arators provides the ratio ΔRion/ΔNLayers, which was useful for calcu
lating the ionic conductivity of the electrolyte-impregnated separator, 
taking into account the area and thickness of the separator. Then, the Nm 
for the different separators was directly obtained by calculating the ratio 
between the ionic conductivity of the pure electrolyte [37] (previously 
determined, Fig. S2b) and the conductivity of the electrolyte- 
impregnated separator. As expected and visible in Fig. 3, an increase 
in the number of separator layers (i.e. the thickness of the stack) leads to 
a higher Rion and a linear relationship for all the samples.

In Table 3 are reported the Nm for the pristine separator and those 
subjected to the lamination conditions A and H. An increase in the 
MacMullin number is observed as a consequence of the lamination 
process. In fact, for lamination conditions H a higher Nm was observed, 
which still remained within the acceptable range. Indeed, as reported 
elsewhere, the MacMullin number can vary widely (typically between 4 
and 20) and is strongly influenced by the specific separator/electrolyte 
combination [38–40].

Based on the results obtained from the pre-screening lamination 
tests, two lamination conditions were selected and applied on the 
anode/separator/cathode stack: A - 100 mm s− 1, 10 N mm− 1 and 70 ◦C 
and H - 100 mm s− 1, 25 N mm− 1 and 90 ◦C (Table S2). These two 
lamination conditions, which involve significantly different temperature 
and pressure values, enable better quantification of the process without 
compromising the materials. In fact, as shown by Leithoff et al. [20], 
temperatures ≤ 60 ◦C make the lamination process ineffective. 
Conversely, at temperatures ≥ 120 ◦C, the commercial trilayer separator 
undergoes structural damage. Analogously, starting from the conclu
sions of the same authors, the lamination speed was kept constant at 
100 mm s− 1, since too low speeds lead to a significant decrease in 
electrical resistance and therefore a higher risk of short circuits.

Fig. 1. Box chart of Gurley number for Al/separator/Al stack subjected to 
different lamination conditions: lower and upper fences are the 25th and 75th 
percentiles, bars include the ranges of 1.5IQR, full dots are the mean value, full 
lines are the median, and x are the outliers.
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The Gurley analysis was repeated for the laminated stack anode- 
separators-cathode. For a direct comparison, the pristine separator 
was subjected to the same treatment. As shown in Table 4, the Gurley 
number increases with varying lamination conditions, ranging from 
approximately 12 % for condition A to 47 % for condition H. Taking into 
account that in this case two porous electrodes are laminated on the 
separator, these values are consistent with those obtained for the Al/ 
separator/Al stack using the same lamination conditions.

Fig. 4 presents the micrographs of the separators laminated under 
conditions A and H after the de-lamination process in isopropanol, as 
described in the experimental section.

Both samples showed a greater presence of anodic material 
(graphite) on the delaminated separator. This is particularly evident in 
micrographs a–b and g–h, where graphite particles are clearly identifi
able. On the side of the separator exposed to the cathode, a lower 
quantity of active material particles is observed compared to the anodic 

side. However, in this case, more pronounced craters left by the active 
material particles (NMC 811) are visible. At higher magnification, the 
PVDF particles appear more cohesive and fused together, while the 
underlying polyolefin layer exhibits a more stretched morphology. 
Similar to the laminated separators in the Al/separator/Al stack, no 
signs of separator breakage were detected, confirming that both lami
nation processes do not compromise the structural integrity of the 
separator. These observations confirm that there is a non-negligible ef
fect of the morphology of the active materials and more generally of the 
electrode that needs to be taken into account during the lamination 
process.

In addition to the Gurley number, the MacMullin number was also 
calculated to further evaluate the impact of different lamination pro
cesses on the ionic conductivity of the separator. Following the same 
approach used for the laminated separators stacked with aluminum 
foils, the delaminated separators were impregnated with the electrolyte 

Fig. 2. FE-SEM micrographs of the pristine separator at 2kX (a), 10 kX (b), 50 kX (c); separator laminated under condition A at 2kX (d), 10 kX (e), 50 kX (f); separator 
laminated under condition F at 2kX (g), 10 kX (h), 50 kX (i); separator laminated under condition H at 2kX (j), 10 kX (k), 50 kX (l). Al/separator/Al stack 
configuration.
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solution for 48 h. Their resistance was then measured using electro
chemical impedance spectroscopy. To assess the correlation between 
resistance and the number of separator layers, measurements were 
conducted on stacks containing one to four separator layers (Fig. 5).

In general, an increase in the MacMullin number is observed as a 
function of the lamination conditions (Table 5). More specifically, an 
increase of 14 % in Nm is recorded for lamination condition A, whereas 
for condition H, the increase reaches 30 %. Therefore, even in absolute 
terms, the MacMullin number for both separators subjected to different 
lamination conditions remains within the critical applicability 

threshold. This confirms that both lamination conditions can be applied 
without detrimentally affecting the ionic conductivity of the system 
while still ensuring effective electronic isolation.

Nevertheless, to ensure that the lamination process did not 
compromise the separator electrical insulation, all laminated stacks 
were subjected to a HI-POT test [41]. All stacks were subjected to the 
same pressure as in the electrochemical tests (0.10 N mm− 2), and a 
potential of 500 V was applied for approximately 30 s. All stacks lami
nated under conditions A and H successfully passed the HI-POT test, 
demonstrating good electrical insulation of the system and excluding 
short circuits caused by excessive stretching of the separator.

Based on these results, all anode/separator/cathode stacks were used 
for subsequent electrochemical tests to assess the impact of different 
lamination conditions on the performance of lithium-ion cells. In fact, as 
also pointed out by Frankenberger et al. the effects of lamination can be 
evaluated, especially at higher C-rates only when the cell is fully lami
nated, from both interfaces [28]. All assembled cells, before the galva
nostatic formation and cycling process, were subjected to a resting 
period, at open circuit voltage, monitoring the internal resistance of the 
system by an EIS analysis. The EIS analysis was performed after 1 h, 12 
h, and 24 h from the assembly. A total rest time of 24 h was set for two 
main reasons: (I) to monitor the stability of the cell, and (II) to ensure 
sufficient time for the electrolyte to permeate into the pores of the 
separator and electrodes.

In general, all samples exhibited good stability during the rest phase, 
showing no significant variation in resistance after 24 h. As an example, 
the Nyquist spectrum of the most representative cell for each lamination 
condition is reported in Fig. 6a–c. The EIS behaviours of multiple cells 
were monitored, and for each cell, the Nyquist spectrum was fitted using 
the same equivalent circuit, reported in Fig. 6d.

Fig. 3. Nyquist plots of the EIS measurements for the different laminated separators in Al/separator/Al stack configuration: pristine (A), lamination A (b), lamination 
H (c). Plot of the Rion values against the number of separator layers for pristine (d), lamination A (e), lamination H (f).

Table 3 
MacMullin number comparison for pristine and laminated separator.

Sample name Pristine Lam. A Lam. H

Area (cm2) 2.54 2.54 2.54
Thickness (cm) 0.0020 0.0020 0.0020
ΔRion/ΔNLayers (ohm) 0.43 0.60 0.66
σ (mS cm− 1) 1.65 1.18 1.07
NM 4.61 6.44 7.10

Table 4 
Average Gurley number for graphite/separator/NMC811 stack subjected to 
different lamination conditions.

Sample 
name

Average Gurley number 
(s)

Standard 
deviation

% increase vs 
pristine

Pristine 270.8 10.4 –
Lam. A 302.7 10.2 11.8
Lam. H 398.6 6.4 47.2
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At high frequencies, a resistance (Rel) can be identified, principally 
arising from the electrolyte resistance, with the contribution of induc
tive effects associated with the impedance measurement environment. 
At lower frequencies, a single dominant semicircle can be observed, as 
expected for non-cycled cells. This semicircle can be attributed to the 
overall charge transfer reactions (Rct) occurring at both the anode and 
cathode sides. The mean values of Rel and Rct, and the relative standard 
deviation, are reported in Table S3. Rel remains comparable and exhibits 
minimal variation across all samples, including both the non-laminated 
stack and the laminated samples under different conditions. The Rel 
value is below 1.5 Ω for all samples, appearing almost identical between 
the pristine sample and the sample laminated under condition A, while it 
was slightly higher for the sample laminated under condition H. This 
slight difference aligns with the MacMullin analyses, confirming that the 
lamination process does not negatively impact the Rel resistance. 
Conversely, Rct is nearly identical for the pristine sample and the sample 

laminated with condition A, whereas it is higher for the sample lami
nated under condition H. Additionally, it is noteworthy that the sample 
subjected to lamination A exhibits lower data dispersion, indicating 
reduced variability in Rct values. On the contrary, the Rct values found 
for the pristine and laminated samples with H conditions show a higher 
standard deviation and therefore a higher variability of the data 
(Fig. 6e).

Subsequently, to the pre-forming phase, all the cells were subjected 
to a galvanostatic cycling process, including a forming step at low cur
rents (0.1C), a rate capability test at different C-rates, and extended 
cycling at constant current equal to 1C for 100 cycles (useful for eval
uating capacity retention). A lower current forming process (0.1C) was 
chosen to better understand the SEI layer formation process and stabilize 
the cell, in agreement with what was observed by Frankenberger et al. 
[27]. Five cells were analysed for each lamination condition, and the 
values were averaged to enhance statistical significance. Focusing on 

Fig. 4. FE-SEM micrographs of the laminated separator under condition A for anode side at 2kX (a), 10 kX (b), 50 kX (c) and cathode side at 2kX (d), 10 kX (e), 50 kX 
(f); separator under condition H for anode side at 2kX (g), 10 kX (h), 50 kX (i) and cathode side at 2kX (j), 10 kX (k), 50 kX (l). Anode/separator/cathode stack 
configuration.
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forming cycles and, in particular, on the reversibility of the first cycle, 
from the box chart (Fig. 7a), it is evident that the pristine cells exhibit a 
wide interquartile range, indicating greater variability compared to the 
laminated samples, along with the presence of outlier values. For pris
tine samples, the average initial Coulombic efficiency (I.C.E.) value is 
close to 70 %, suggesting a more pronounced irreversibility of the 
electrochemical process during the first charge-discharge cycle. In 
contrast, for the lamination condition A, the box is narrower, reflecting 
lower data variability and an average I.C.E. value close to the median 
(~75 %). Meanwhile, for the lamination condition H, the interquartile 
range is both narrower and symmetrical, indicating low variability and, 
consequently, more reproducible I.C.E. values. Additionally, the I.C.E. 
values for condition H are higher than those observed for both the 
pristine and A samples. The general higher I.C.E. values observed for the 
laminated samples align with the findings of Frankenberger et al. 
[26,27], confirming that the lamination process enhances the stability of 
the SEI layer. This stabilization helps to limit lithium consumption, as 
well as the overall depletion of active material and electrolyte, which 
typically occurs during the initial forming cycles of the cell. This aspect 
is particularly important, as improved reversibility from the first cycles 

contributes to higher capacity and better capacity retention in subse
quent cycles. By closely analysing the five formation cycles, a progres
sive increase in discharge capacity can be observed during the first 3–4 
cycles. This activation process is particularly evident in the pristine and 
A-laminated samples but is nearly absent in the H-laminated cells. This 
behaviour suggests that, under more extreme lamination conditions, the 
cell appears to require less activation time, allowing the active material 
to be fully available for electrochemical processes from the beginning. 
These observations confirmed what was reported by Kaden et al. [25], 
who observed improved wettability of the laminated stack with the 
electrolyte, especially under stronger lamination conditions and at an 
applied temperature of 80 ◦C. A more pronounced lamination condition 
enhances the interconnections between the separator and the electrodes, 
facilitated by PVDF, which helps to form an ionically conductive 
network and promotes better electrolyte wettability.

Moving forward and analysing the average results obtained for the 
three samples during cycling at different C-rates (Fig. 7b–e and Table 6), 
a generally improved rate capability behaviour is observed for the 
laminated samples. In particular, the non-laminated pristine samples 
exhibit greater data dispersion, indicating higher variability in perfor
mance. Additionally, the average initial capacity is lower if compared to 
the laminated samples, and a more pronounced drop in areal capacity is 
observed as the C-rate increases. Conversely, for the laminated samples 
under condition A, a higher initial capacity is observed compared to the 
non-laminated samples, with a more stable capacity retention. Addi
tionally, lower data variability is noted, particularly at higher C-rates, 
confirming an improved reproducibility of the electrochemical perfor
mance. A similar trend is observed for the samples laminated under 
condition H, which exhibit an initial capacity close to the maximum 
value of 2.0 mAh cm− 2. As reported in Table 6, at higher C-rates, the 
specific capacity is higher for cells laminated under condition A than for 

Fig. 5. Nyquist plots of the EIS measurements for the different laminated separators in anode/separator/cathode stack configuration: pristine (A), lamination A (b), 
lamination H (c). Plot of the Rion values against the number of separator layers for pristine (d), lamination A (e), lamination H (f).

Table 5 
MacMullin number comparison for pristine and laminated separator in anode/ 
separator/cathode stack configuration.

Sample name Pristine Lam. A Lam. H

Area (cm2) 2.54 2.54 2.54
Thickness (cm) 0.0020 0.0020 0.0020
ΔRion/ΔNLayers (ohm) 0.43 0.49 0.56
σ (mS cm− 1) 1.69 1.48 1.30
NM 4.50 5.13 5.85
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cells laminated under condition H. This observation is consistent with 
the PEIS and MacMullin analyses performed after electrolyte infiltration 
(Figs. 5 and 6), which show that cells prepared under condition H 
exhibit higher total resistance compared to those under condition A. 
Nevertheless, this higher resistance does not negatively impact capacity 
retention, and remains consistently higher than the pristine sample for 
all the C-rates.

The higher initial specific capacity is also supported by enhanced 
rate capability and greater reproducibility, particularly at low C-rates. 
According to the results, a higher Coulombic efficiency during the initial 
forming cycles (C/10) translates into greater specific capacity and 
improved capacity retention. At the same time, the higher resistance 
observed in the EIS analysis for the laminated samples does not appear 
to negatively impact or compromise their electrochemical performance 
at higher C-rates.

After the rate capability test, the samples were subjected to a long- 
term cycling test (100 cycles) at a constant current of 1C. As shown in 
Fig. 7f–h, the specific capacity values are lower for the non-laminated 
cells. Additionally, these samples exhibit greater variability during the 
100 cycles, compared to the laminated ones. In fact, for lamination 
condition A, a higher and more stable capacity is observed over the 100 
cycles at 1C, with reduced variability. Similar trends are noted for 
lamination condition H, which demonstrates the best performance in 
terms of stability, exhibiting a lower capacity decay, lower variability, 
and better reproducibility.

To obtain a more comprehensive understanding of the average ca
pacity retention for each lamination condition, the capacity values ob
tained at low C-rates (C/10) during the fifth formation cycle, after the 
rate capability test (25th cycle), and at the end of the long cycle (final C/ 
10 cycle following 100 cycles at 1C), were calculated and reported in 

Table S4. Directly comparing the average capacity at 25th cycle to the 
5th cycle, all three samples exhibit a similar capacity retention of 
approximately 96 %. However, the differences among the three samples 
become more evident if the capacity is compared between the 130th 
cycle and the 5th cycle: in this case, the average capacity retention for 
the non-laminated samples is 54 %, whereas, for the laminated samples, 
it is 72 % for condition A and 79 % for condition H. This confirms that, 
despite the differences in terms of capacity, the irreversible capacity loss 
after the rate capability test is comparable for all the samples. However, 
prolonged cycling at higher C-rates (1C) reveals a greater capacity decay 
for the pristine condition, reinforcing the beneficial effect of the lami
nation process on cell cyclability and lifespan. While comparing the two 
lamination conditions, the H samples exhibit better stability during the 
first cycles but also after the prolonged cycling at 1C, supporting the 
consideration that higher I.C.E. brings to higher capacity retention.

Fig. 8 reports the charge and discharge profiles of three cells, each 
corresponding to a different lamination condition. The selected cells 
were chosen as the closest to the average values for their respective 
lamination conditions.

As observed in the charge/discharge profiles, the pristine sample 
exhibits greater polarization phenomena, in comparison to the samples 
laminated under conditions A and H. This increased polarization is 
evident for all the C-rates but becomes more pronounced as the charge/ 
discharge rate increases. This is also evident from the contribution of the 
constant voltage step to the overall capacity. In general, increased po
larization in charge/discharge profiles is indicative of higher internal 
resistance, confirming that the lamination process helps to mitigate the 
polarization effect.

Overall, these findings demonstrate that the lamination process plays 
a critical role in tailoring the final electrochemical performance. On one 

Fig. 6. Representative Nyquist plots obtained anode/separator/cathode stack configuration for pristine condition (a), lamination condition A (b), lamination 
condition H (c), equivalent circuit model used for fitting (d), and direct comparison of average Rel and Rct (e).
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hand, more extreme lamination (as in condition H) may reduce sepa
rator ionic conductivity, increasing internal resistance and affecting rate 
capability. On the other hand, it may improve the electrode/separator 
interface, promoting the formation and stability of SEI and CEI layers, 
which contributes to enhanced ICE and long-term capacity retention. 
These results highlight the need to tailor the lamination process to the 
specific electrode materials to obtain an optimal balance between rate 
performance and cycle life.

4. Conclusion

With the growing demand for lithium-ion batteries, optimizing the 
cell manufacturing process has become increasingly critical. However, 
the LIBs manufacturing process is complex, involving several sequential 
steps, each with its challenges. One of the most crucial step, at the in
dustrial level, is the electrode/separator stacking process, which often 

Fig. 7. Box chart of I.C.E. for cell containing anode/separator/cathode stack subjected to different lamination conditions (a). Average discharge capacity direct 
comparison for rate capability test, performed at RT (25 ± 2 ◦C) (b). Rate capability results averaged over 5 cells for pristine condition (c), lamination condition A 
(d), and lamination condition H (e). Long cycling performance at 1C performed at RT (25 ± 2 ◦C) for pristine condition (f), lamination condition A (g), and 
lamination condition H (h), averaged over 5 cells.

Table 6 
Average discharge capacity (over 5 cells), for the rate capability test of the three 
different lamination conditions for anode/separator/cathode stack 
configuration.

C-rate Average discharge capacity 
mAh cm− 2

Pristine Lam. A Lam. H

0.1 Cinitial 1.28 ± 0.24 1.64 ± 0.16 1.73 ± 0.03
0.2C 1.18 ± 0.23 1.62 ± 0.06 1.62 ± 0.03
0.5C 1.03 ± 0.25 1.49 ± 0.06 1.44 ± 0.04
1C 0.79 ± 0.27 1.21 ± 0.12 1.11 ± 0.12
0.1 Cfinal 1.23 ± 0.24 1.63 ± 0.04 1.65 ± 0.03
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includes a lamination step. This step plays a key role, as it significantly 
affects both the cost and efficiency of manufacturing, influencing at the 
same time the final performance of the cells. Therefore, studying and 
optimizing the lamination process is essential, not only to reduce 
manufacturing scrap, but also to enhance critical battery properties such 
as capacity retention and rate capability. In the present study, we aimed 
to evaluate the impact of different lamination conditions on the elec
trochemical performance of NMC811/graphite pouch cells. The statis
tical study of the results allowed to identify the combined effect of 
pressure and temperature and, at the same time, to identify the two most 
interesting lamination conditions applicable to the full anode/sepa
rator/cathode stack.

Cells assembled with laminated stacks exhibited enhanced electro
chemical performance compared to the non-laminated (pristine) 
configuration. Laminated cells demonstrated improved rate capability, 
delivering higher capacity values at higher C-rates. Additionally, the 
lamination led to better capacity retention after prolonged cycling at a 
fixed C-rate of 1C. Interestingly, higher lamination pressure and tem
perature conditions resulted in a higher I.C.E. and a more stable 
Coulombic efficiency from the first forming cycles. This suggests 
improved electrolyte wettability of the separator and the formation of a 
more uniform and stable SEI layer, despite a slight decreasing of the 
separator permeability and ionic conductivity. These aspects were also 
reflected in the overall system stability, characterized by lower data 
dispersion and better capacity retention, particularly after extended 
cycling.

This highlights the importance of further research on the lamination 
process, even at a laboratory scale. In fact, a deeper understanding of the 
lamination process, combined with a more in-depth study of the effect 
on the materials, could lead to enhanced electrochemical performance, 
manufacturing process optimization, cost reduction, and a significant 
reduction in production scrap.
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