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ABSTRACT

Volume changes of the active material lead to a cyclic mechanical loading of composite electrodes during operation. Active mate-
rial particles and the binder mechanically interact, resulting in an evolution of the structure of the electrode. Here, we mechani-
cally test electrodes in a cyclic compression experiment and measure their strain and resistance under conditions close to
application. We investigate the effect of temperature, rate, and the presence of an electrolyte solvent on the electrode dimen-
sions/mechanics and resistivity. We further compare the pure polymeric binder material with composite electrodes to study how

the binder affects the electrode mechanics. The results demonstrate that under application conditions electrodes are even less
stable and more dynamic than dry model systems. Their viscous, time-dependent mechanical behavior originates from the binder
itself and is strongly affected by the presence of the electrolyte solvent, which strongly reduces the stiffness and enhances the flow
of the binder. During mechanical loading and unloading, the structure of the composite evolves over the course of several cycles

and adapts to the prevailing operating conditions. The properties of battery electrodes, e.g., their dimensions and their resistance,

strongly depend on the state of charge, but also on their history of cycling and mechanical load.

1 | Introduction

The reliability of lithium-ion batteries has improved within
recent years. Performance, durability, and longevity of lithium-
ion batteries strongly depend on their chemistry, design, and
operation conditions. Factors such as temperature, C-rate, and
depth of discharge greatly affect the lifespan of a battery [1].
To improve lithium-ion batteries, it is essential to gain a deeper
fundamental understanding of their inherent degradation pro-
cesses. Many studies focus on the degradation of the active mate-
rial particles [2-4], while far less is reported on the mechanics
and the degradation of the passive components of electrodes
[5]. This is surprising giving the importance of the mechanics
for the electrical contacts in an electrode and therefore for the
performance of a battery. Microscopic operando observations
of electrodes are challenging but have been successfully

performed [2, 6]. Here, a different approach is taken, where
the electrochemical cycling is experimentally simulated by a
mechanical experiment and stress, strain, and resistance are
measured and used to infer mechanical processes inside the elec-
trode. In our recent study, we electrochemically and mechani-
cally cycled composite electrodes and identified changes in the
electrode dimensions and the resistivity that develop over the
course of several cycles [6, 7]. Calendered electrodes that are elec-
trochemically cycled can expand and become increasingly porous
when there is no external force acting on a cell. Similarly, a
change in rate alters the structure of a conventional electrode
over the course of several cycles. We explain this dynamic behav-
ior by the reorientation and redistribution of particles inside the
oscillating electrode: Individual particles move away from highly
stressed regions until they reach positions in the electrode where
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only moderate stresses are present during cycling [6]. This pro-
cess of adaption of the electrode, i.e., the dynamic settlement of
electrode particles, is unavoidable (except in the rare case of zero-
strain active materials) and was observed to occur for different
binder polymers to different extents. The hysteresis that was
observed in the mechanical data between loading and unloading
suggests that the binder of the electrode has a profound influence
on the evolution of the electrode. In our previous work [6] we
concentrated on mechanical experiments on dry electrodes at
RT. These model systems exclude the presence of a liquid elec-
trolyte as well as variations of the operation temperature that are
relevant for real batteries. Although the previous work reveals
the fundamentals of the mechanics of the composite electrode
on dry model systems, it has limited use for electrodes that
are immersed in an electrolyte. With the current work, we make
the first steps to bridge to more realistic operating conditions of
electrodes inside electrochemical cells: We address effects of the
electrolyte solvent and investigate how the mechanical behavior
of electrodes changes with temperature and rate. Our approach
is to explore and categorize the effects of these parameters
(Figure 1). This work is intended to give an overview at a funda-
mental and mechanistic level. Additional experiments and quan-
tifications will be needed before the observed trends and the
related knowledge can be used for the optimization of commer-
cial batteries. Figure 1 illustrates the sequence of test conditions
and the parameters that are explored in this study starting from a
dry electrode at room temperature. The blue fields contain the
number of the figure that contains the specified parameter.

In this experimental study, we use a purely mechanical experi-
ment to replicate the mechanical stresses that form in the com-
posite electrode during electrochemical cycling. This approach
helps to gather information on particle rearrangement processes
within the electrode coating during cell operation. The focus of
this work is on the electrochemically inactive components, and
in particular on the binder. The conductive additives usually
form a composite structure with the binder (carbon black-
binder-domain, CBD [8]). Here, individual electrode sheets are
cycled mechanically to exclude electrochemical effects that addi-
tionally would alter the active material. This strategy enables the
observation of the mechanics of the composite electrode, e.g.,
changes of the particle arrangement with cycling, and their con-
sequences on the electronic conduction pathways through the
composite. The stress levels used within this work are based
on the results from operando substrate curvature measurements
of the same electrodes [6], which is an established method to
monitor the stress evolution in composite electrodes [9-11].

Macroscopic mechanical stresses in the composite electrode
are caused by volume changes of the active material, in this case,
LFP particles. As lithium ions move in and out, the particles
expand and shrink. These cyclic expansions and contractions
generate mechanical stresses within the composite battery elec-
trode due to the physical connections between the active material
particles, carbon black, and binder.

This study uses a mechanical compression setup, designed in-house
[6], which applies compressive load to electrodes and measures
their thickness and electronic resistance. With this setup, experi-
ments can be performed reliably on individual electrode sheets
or on stacks of electrodes, at different temperatures, with or with-
out the presence of a solvent/electrolyte. Furthermore, resistance
contributions from the electrode coating and the interface between
coating and current collector were measured in the dry state by a
commercial electrode resistance meter. Our results show that the
structure of the composite electrode dynamically evolves during
operation and that this depends on the applied stress rate and
the prevailing conditions such as the temperature and the presence
of a solvent. The binder material plays a decisive role. Here we
compare electrodes with the binder polymer polyvinylidene fluo-
ride (PVDF) and electrodes with polyacrylic acid (PAA) as the
major component besides a fluorine acrylic copolymer latex (TRD).

2 | Experimental

In this work electrodes from the same batch as in [6] were used.
The electrodes were prepared by dispersing LFP (SC-P2, Siid-
Chemie AG) with various amounts of carbon black (CB, Super C65,
Imerys) and various binder types in a dissolver mixer using
N-Methyl-2-pyrrolidone (NMP) or H,O as a solvent. NMP was
applied in combination with a homopolymer PVDF binder
(Kynar HSV900, Arkema), while H,O was applied for PAA
(1.25M g/mol)/TRD (TRD202A, JSR Micro). Detailed data of the
LFP active material are shown in Table S1 in the Supporting
Information. After homogenization, the cathode slurries were
coated onto aluminum foil (20 pm thickness) using a laboratory
coater with in-line drying (KTF-S, Mathis). The compositions of
the different electrodes with their names are listed in Table 1.
SEM images of the electrodes can be found in a previous publica-
tion [6]. For reference, a PVDF homopolymer foil with a thickness
of ~500 pm (RCT Reichelt Chemietechnik) was tested as received.
Propylene carbonate (PC) from Sigma-Aldrich was used as a sol-
vent and was added to the composite electrodes or the PVDF foil in
some of the experiments.

B—— 0 —00—
Stress-Strain 6 PVDF vs. PAA Stress-Strain Stress-Strain Stress—StrainQ
Resistance Evolution w/ Loading Rate Loading Rate
Cycling Evolutionw/
Figures:ee Cycling
Resistance
Thermal Activation 0
FIGURE1 | Sequence of test conditions (horizontal row) and parameters (vertical rows) covered in this study. The grey boxes indicate an electrode in

the dry state at room temperature.
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TABLE 1 | Composition of the LiFePO,-based electrodes and the
thickness of the coatings. The electrodes are named after their
majority binder component. All coatings are attached to an aluminum
current collector of 20 pm thickness.

LFP LFP
5 wt% 10 wt% LFP
Name of electrode PVDF PVDF PAA
Weight percent  LFP 85 85 87.0
[%]

CB 10 5 8.7

PVDF 5 10 0

TRD 0 0 1.7

PAA 0 0 2.6

Thickness [pm] 90 80 44
Porosity [%] 64.6 63.9 58.1
Mass loading [mg/cm?] 10 10 5.2

The samples were investigated using the mechanical compres-
sion setup introduced in [6], here it was additionally adapted
for measurements at elevated temperatures and the presence
of a solvent. A photo of the setup is shown in Figure S7. The setup
has a testing area of 113.1 mm? and can apply stresses between
50 kPa and 1.45MPa [6]. Lateral flow of the electrode and edge
effects can be neglected with this setup. First, the edges of the
electrodes are not mechanically loaded because the electrode
sheets were larger than the lower plate of the compression setup
that defines the area under load. Second, the thicknesses of the
electrodes are about two orders of magnitude below the width of
the plate and the electrodes were mostly tested when they were
still attached to their current collector (Figure 2a,b). Here the
aspect ratio and the adhesion are both expected to strongly sup-
press lateral flow. In contrast to the electrodes, PVDF sheets do
not cover the full test area, due to a smaller sample size, but the
same forces were applied. This leads to significantly higher
stresses of up to 17 MPa in the case of PVDF. During electrode
operation of a cell, stresses of this magnitude are expected to act
on the binder bridges at the contact points between the active
material particles due to stress concentrations. During the oper-
ation of an electrode inside a cell, the active material expands and
shrinks. For example, by concentration gradients or phase trans-
formations inside the particles, large stresses reaching the GPa
range can develop. These stresses are not present at the level

of the composite electrode where the active particles are embed-
ded in the compliant porous electrode and connected by the poly-
meric binder. Stresses in our electrodes therefore are of the order
of 1 MPa or below (Figure S1 in [6]). The stresses that we apply
here are of similar level or slightly higher. We use uniaxial com-
pression which is different from the more isotropic loading dur-
ing operation but since in both cases, the forces are deflected
many times in the electrode structure, the stress states may share
similarity. Testing electrodes purely mechanically excludes
electrochemical effects in the active material and enables inv-
estigations of the reliability of the composite electrode (binder
and conductive additive) at higher speed than in electrochem-
ical cells.

The thickness of the sample (electrode/PVDF foil) was measured
by three high-resolution capacitive sensors in a triangle arrange-
ment. This configuration enables a reliable measurement of the
total thickness as well as the detection of tilting of the top plate
caused by a nonuniform compression of the samples. The evolu-
tion of the electrode conductivity was recorded by a four-point
resistance measurement between the bottom plate and the top
plate. In the case of deliberately detached coatings, the resistance
was measured between two contacts attached to it. The different
configurations are depicted in Figure 2. Besides the compression
setup, the resistivity of the composite electrodes was measured
using a commercial electrode resistance meter (Hioki RM2610).
This is used directly on the electrode coatings and does not
require special surface treatments or an insulating substrate.
The device fits the measurements to a finite volume model
and calculates the volumetric resistivity of the coating as well
as the resistivity of the interface between coating and current col-
lector. Based on this local resistivity data of volume and interface,
an electrical resistance between the electrode surface and the cur-
rent collector can be calculated. Further information can be
found in the instruction manual provided by the manufacturer
[12]. In the compression setup, the resistance between the sur-
face and the current collector is recorded during our experiments.
Since the dimensions of the tested electrode samples are known
(height and area), the resistance values can be compared between
both measurement techniques.

Measurements in the compression setup were performed using
different sample configurations as schematically depicted in
Figure 2:

(a) uses a single electrode with its coating facing downwards
(in contact with the circular sample pad). This arrange-
ment aims at the measurement of the mechanics of single

(a) (b) ‘ (c)

‘ steel ‘
—— Al e —
" R R

°
—T I " ..., R
steel
steel
1 steel f I
(B) (TB) Coating Only
FIGURE 2 | Different measurement configurations of the compression setup, using one (a) or two (b) electrode samples. The naming scheme is

related to the orientation of the coating during the experiments, namely at the bottom (B) or the top (T) of the current collector. The electrode coating

without a current collector (c) uses a glass substrate for mechanical stabilization. In configuration (c), the resistance is measured in-plane. All samples

are tested under compressive stress (red arrows).
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electrode sheets. The interface between the coating and the
steel plate of the compression setup adds a significant
resistance to the electronic pathway, which limits the
validity of the quantitative resistance results.

(b) uses a stack of two electrodes with their coatings in the
middle and their current collectors facing towards the
plates. This provides a good electronic contact between
the setup and the samples, but only the combined mechan-
ical properties of the stack can be determined. Stacks of
more than two electrodes were used to amplify the
mechanical signal, where needed.

(c) uses a coating that was separated from the current collec-
tor. This arrangement is targeted at the determination of
the stress-resistance characteristic of the electrode coating
itself excluding the impact of the interface to the current
collector. The coating of an electrode with high binder con-
tent (LFP 10 wt% PVDF) was detached from the aluminum
current collector by soaking it in PC and heating it on a hot
plate at around 100°C for 2-3 min. This significantly inten-
sified and accelerated the swelling (solvent uptake) of the
PVDF binder [13]. Ultimately, the coating detached from
the current collector and was then transferred onto a glass
slide for drying. Subsequently, the resistivity of the dried
composite coating is measured between two tin tabs which
have been glued onto the electrode layer by a silver glue
(Plano GmbH, ACHESON 1415), see Figure S2. The resis-
tances of the glue and the tin tabs (~40 mQ) do not signifi-
cantly contribute to the measured resistance (>5kQ), i.e.,
the resistance value measured at the tin tabs can be
assumed to originate from the coating only. All parts of
the electrode that are not in direct contact with the com-
pression setup were covered by polyimide films for electri-
cal isolation and to improve mechanical stability during
handling.

To mimic the conditions during battery operation and to reveal
the impact of rate on the change of morphology, stress rates
between 2.5 and 8500 kPa/s (time for a full cycle from 1200 to
0.33 s) were used. For the determination of the thermal activation
energy, stress jumps were applied and the time-dependent defor-
mation was measured (stress control). Besides the stress, the pre-
vailing conditions were varied. Experiments were performed
between 22°C and 69°C, and with or without the presence of
a solvent, which is used to mimic the effect of the electrolyte dur-
ing electrochemical operation. PC was used as a representative
for an electrolyte system. This is a strong simplification compared
to typical electrolytes, but PC was needed because of its low vapor
pressure to avoid evaporation during the experiments. Electrolyte
salts were omitted because the tests were performed in atmo-
sphere and decomposition reactions needed to be avoided.
This may be justified since salts are not expected to strongly inter-
fere with the electrode structure and alter the properties of the
nonpolar PVDF polymer.

Changes in the mechanical properties of composite electrodes
and pure binder due to a temperature change are evaluated
by the calculation of their activation energies. Here, only little
emphasis is given to the development of a physically correct
description of the complex thermally activated deformation
behavior of PVDF, instead we use a conceptually simple model
to compare the deformation of bulk PVDF foil with the

deformation of a composite electrode. The measured deformation
behavior was fitted to a Zener, model for both cases. A schematic
of this model is given in Figure 8 and Equation (2.1) describes it.

e(t)= % + % (1— exp(— (:1/_;;))) (2.1)

with the Young’s moduli E1 and E2, the linear viscosity #, the
external stress oy, and the strain e(f). The experimental data
was fitted separately for two regions:

(1) at the moment of instantaneous compression: The thick-
ness before (¢ < 0 s) and after applying the load (att =1 s) is
compared to determine the strain and calculate E2.

(2) between 30 and 300 s after the application of the load. This
period of time is chosen to account for the limitations of the
simple Zener model and that a fit of the entire curve in real-
ity requires multiple viscoelastic elements. The lower
boundary excludes the region of fast straining within the
first few seconds after the stress application. The higher
boundary reduces the contribution of long-term creep,
which becomes more pronounced at rising temperatures
and with extended time of the stress application.

The fits to the raw data can be found in Figure S3 and Table S4.

Based on the measurement data, the values for the elastic moduli
E and the viscosity n are calculated. Deformation is assumed to
be a thermally activated process and follows an Arrhenius law
with activation energies Ex g1, Ea g2, and E4, given in kJ/mol

E(T)=E, - exp ( - II;:A; ) (2.2)
n(T) =1 - exp (— IfA”T) (2.3)

Here absolute temperature T [K], the universal gas constant R [J/
mol K], and the activation energy E, (kJ/mol) per mol are used.

3 | Results

The following sections contain experimental data and observa-
tions of aspects that control the electrical and mechanical behav-
ior of electrodes. An interpretation and discussion of this data
will be given in a separate discussion later.

3.1 | Rate-Dependent Deformation of Dry
Electrodes at RT

Our experiments show that the mechanical deformation of elec-
trodes depends on rate. In Figure 3 we compare the changes in
electrode thickness and resistance due to the application of
compressive stresses with different rates. The rates correspond
to times for full cycles of 30 (100 kPa/s), 120 (25kPa/s), and
1200s (2.5kPa/s). A stack of two electrodes was used in a
(TB) arrangement, as shown in Figure 2. Low rates yield slightly
higher strains and resistance amplitudes. The maximum strain
of the electrode differs between the highest and the lowest rate
by 11%. The resistance change within a full cycle is about 5%
higher at the lowest rate.
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(a) (b)
1.000 - \4 1.000 - —— 100 kPa/s
—— 25 kPals
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[0}
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0 0.996 3
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0.994 JLFP TOWePVDE__ : : : : :
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FIGURE 3 | Relative change of thickness (a) and resistance (b) of LFP-based composite electrodes on aluminum current collectors generated by

compressive stress oscillations with a triangle profile at rates of 2.5, 25, and 100 kPa/s. A stack of two electrodes in (TB) configuration was used and the
resistance was measured perpendicular to the electrode layer. The data for each rate shows the average of 10 cycles (data in the lighter color in the
background). Solid lines were obtained by smoothing (moving average) the averaged data to help to distinguish between the curves.

The mechanical and electrical behavior of the electrode can be sep-
arated between the bulk and the interfaces. The bulk consists of the
porous coating while the interface is considered to be two-
dimensional and is related to the electrical contact between the
coating and the current collector. The contributions of interface
and bulk to the resistance were determined by a commercial resis-
tance meter (HIOKI RM2610). For an LFP electrode (10 wt%
PVDF), an interface resistivity of (17.1 + 1.5) Qcm?® and a bulk resis-
tivity of (13.7 £ 0.5) Qcm was measured. For the sample size of the
electrode used in our compression setup, this translates to a resis-
tance of the interface of 15.12Q (99.3%) and of the bulk of only
0.10 © (0.7%). The contribution of the aluminum current collector
to the resistance can be neglected.

The use of electrode layers that are detached from their current
collector allows for an isolated investigation of the rate depen-
dence of the electrode bulk without the effects of the interface to
the current collector. The electrode configuration during the
measurement is depicted on the right side of Figure 2. Figure 4
shows the stress-resistances measurements for the same loading
rates as used in Figure 3. For the pure electrode coating without a
current collector, a qualitatively similar dependence of resistance
on stress is found.

— 100 kPal/s|
1.000 R —— 25 kPals
—_ —— 2.5 kPals
3 0.9951
30.9901
c
8
20.9851
4
0.9801

0.9754 LFP 10wt%PVDF, coating only
0 500 1000 1500 2000
Stress [kPa]

FIGURE4 | Relative resistance changes for different stress rates of an
LFP-based composite electrode (detached from its current collector).
Here, the resistance was measured in the plane of the electrode.

During cycling, the stress rate does not only impact the strain and
resistance amplitude within a single cycle, but leads to a long-
term evolution of the electrode over many cycles. Figure 5 com-
pares the evolution of the sample thickness for cycling rates
between 5 and 8500 kPa/s. The experiments were performed
up to different numbers of cycles between 5-10° and 1-10°
Electrodes with the same active material and the different binder
materials PVDF (a) and PAA (b) are used. In the experiments,
individual electrode sheets were tested according to Figure 2b.
For electrodes with PVDF binder, lower rates lead to increased
densification of the electrode. This happens within shorter times
and fewer cycles than for higher rates. For electrodes with PAA
binder, there is no significant difference in the dynamic densifi-
cation versus time.

3.2 | Deformation at Elevated Temperatures and
the Effect of a Solvent

The cyclic compression of electrodes at two different temperatures
is shown in Figure 6. Here, the stress-strain characteristic of an
electrode that was extensively cycled at 23°C (reference) is

(a) (b)
10001 1.000] 1,600 kPals
: 8,500 kPals : 5 KPals \
3 100kPals | g
=0.995 =0.995
[0} [0]
[} (]
c 25 kPals c
8 8
2 1M cycles || .2
8 0.990 | Bkcycles | © 0.9901
500 cycles —— 750k cycles
0.085 JLFP10W%PVDE 0.985 1LFP PAr [ 2k cycles
20 40 60 80 0 10 20 30 40 50 60
Time [h] Time [h]

FIGURES5 | Evolution of the sample thickness at different stress rates
during extended mechanical cycling. (a) LPF-based sample (b) with 10 wt%
PVDF binder at 25, 100, and 8500 kPa/s. (b) LPF-based sample (B) with
PAA binder at 5 and 1600 kPa/s. The distance is reported relative to the
initial thickness of the individual composite coatings.
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23°C
100 kPa/s
0.994 25 kPals == |58°C|
2.5 kPals by
0.993 ___LFP 10wt%PVDF

500 1000 1500
Stress [kPa]

FIGURE 6 | The effect of rate at elevated temperature: Compression
behavior of an LFP-based sample with 10 wt% PVDF at 23°C (reference)
and 58°C, and its dependence on the stress rate at high temperature. A
stack of four electrodes in (TTBB) configuration was used.

compared to its behavior at different stress rates (2.5, 25, and
100 kPa/s) directly after a temperature increase to 58°C. As a con-
sequence, compression amplitude, hysteresis, and rate-dependency
increase. In the experiment, a stack of four electrodes ((TTBB)
arrangement, LFP 10 wt% PVDF coatings) was used to improve
the signal-to-noise ratio. The curves are smoothed by a moving
average filter (50 datapoints). The raw data with their scatter
are exemplarily shown in the background of the reference curve.

During extended mechanical cycling, the composite electrode
shows a settling process, which is apparent in a reduction of sam-
ple thickness, as well as in the amplitudes of thickness and resis-
tance. At RT, this evolution was already introduced in a previous
publication [6]. A change in temperature leads to a significant
change in the mechanical behavior under load. Figure 7a depicts
three sections at 22°C, 40°C, and 60°C, each containing 100
cycles. The evolution of the sample thickness and the resistance
is shown for three individual cycles for each temperature (cycles
1, 20, and 99 in each section) in Figure 7b,c. The experiment uses
a single electrode sample with an LFP 5 wt% PVDF coating. After
each temperature increase, the electrode sample reaches higher
values of total compressive strain, compression amplitude, and
resistance amplitude, followed by a settling process during the
subsequent cycling at constant temperature. Once 100 cycles
were reached the load was reduced close to zero. This relaxation
leads to and an increase in the thickness versus time before the
temperature was raised.

The impact of the temperature on the mechanical properties of
the pure PVDF binder material and a composite electrode with
5 wt% PVDF was investigated in a temperature range between
23°C and 69°C. The sample was loaded by a load jump to a con-
stant stress and its compressive strain was recorded versus time.
In the case of the composite electrode, four single sheets were
stacked (TBTB) to increase the recorded signal and to equalize
possible differences. From the strain evolution over time
(Figure S3), the elastic moduli E2 and E1 as well as the viscosity
n were obtained using the Zenery model. The fit parameters are
shown in the form of Arrhenius plots in Figure 8 according to
Equation (2.2) and (2.3). Table 2 lists the resulting (apparent)
activation energies for both pure PVDF and the LFP electrode
with PVDF binder. We use the term “apparent” because we rely
on a conceptually simple Zener, model for the polymer and for
the porous composite material. In particular in the latter case,

(a)
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g_ 110 AI.' 100 cycles
= 201-300
@

e
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7] 100 cycles
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(101-200)
K o 1B W o Wwo Wb o
S ~ ~ o < <IN N ©
(b) Time [h]
111 22°C 40°C 60°C
1
= P 101
St10p®
© 201
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T A ——
(c) Time [s]

95 22°C 40°C 60°C
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S B
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& 70 4 299

65 1 LFP 5wi%PVDF ),

0 10 20 30
Time [s]

FIGURE 7 | Evolution of (a,b) sample thickness and (c) resistance for
cycling at 22°C, 40°C, and 60°C for LFP samples with 5wt% PVDF, mea-
sured in configuration (B). Here, distance is the combined thickness of
coating and current collector.

this description may be of limited validity, but nevertheless is
used to be able to compare the mechanical response of both
materials. Figure 8 shows that for all temperatures both moduli
and the viscosity are reduced for the composite electrode. The
activation energies for the elastic modulus E2 are very similar
in both samples and the activation energy of E1 and n are about
three times higher for bulk PVDF.

In real cells, the electrodes are soaked with the electrolyte. In
order to investigate electrodes that are closer to battery applica-
tion, the electrodes are soaked with PC. The presence of the sol-
vent considerably changes the mechanical properties of the
electrode. The PVDF binder takes up the solvent and swells
[13], which strongly changes the stress state of the coating.
Figure 9 depicts stress rate tests on the same electrode sample
before and after the addition of PC. The cycles are taken from
a consecutive series of cycles at constant rate, i.e., the samples
may not be fully relaxed at the beginning of the stress application.
The solvent soaked electrode shows significantly higher strain
amplitudes (up to factor 7) and a stronger influence of the rate.
For dry electrodes, the amplitude of the oscillation of sample
thickness varies by roughly 10% between the different rates
and for the soaked ones it varies by ~ 70%. Electrodes with
PAA only show minor changes of their compression behavior
when soaked with PC (see Figure S6). For this reason, electrodes
with PAA binder will not be covered in detail here.
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TABLE 2 | Results of the fit of the activation energies of the
mechanical properties elasticity (E2, E1) and viscosity () for the LFP
5wt% PVDF electrode and for pure PVDF polymer. The listed
activation energies are an apparent temperature sensitivity of the
effective model parameters. The model used is strongly simplified
regarding underlying physical and chemical mechanism and the
energies should not be considered as unique molecular/atomic barriers.

Activation energy of bulk PVDF LFP 5wt% PVDF
Elastic modulus E2 9.46 kJ/mol 8.78 kJ/mol
(0.098 eV) (0.091 V)
Elastic modulus E1 20.9 kJ/mol 7.04 kJ/mol
(0.217eV) (0.073eV)
Viscosity n 24.6 kJ/mol 9.74 kJ/mol
(0.255 V) (0.101 V)

Figure 10a depicts a dry and a solvent soaked pure PVDF sam-
ple after a jump to a constant stress level. Here, a higher instan-
taneous compression (factor of ~2) and a more pronounced
time-dependent compression is observed in the wet sample.
Figure 10b shows the behavior during mechanical cycling at
temperatures of 23°C and 52°C in the dry state, as well as at
23°C, 43°C, and 51°C in the PC soaked state. The stress—strain
behavior of pure PVDF in Figure 10b shows similarities to the
behavior of the composite electrode in dry (Figure 9a) and wet
(Figure 9b) state. The increases in temperature as well as the
application of the solvent leads to a higher compressibility and
much stronger viscoelastic effects (hysteresis). Data of the
impact of the liquid on the rate dependence can be found in
the Figure S5.

(a) __(b)
1.000 1 ——100kPa/s|  4.000 N
0.999 —— 25 kPa/s
0'998 —— 2.5kPals 0.990
2 997] © 0.980+
@ °
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g'zzg 0.9501
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0 500 1000 1500 0 500 1000 1500
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FIGUREY9 | Compressive oscillation of a single LFP electrode with
5 wt% PVDF at different stress rates in the dry state (a) and with PC
solvent (b).

4 | Discussion

4.1 | The Behavior of Composite Electrodes in the
Bulk and at Their Interface, Rate Dependence, and
the Effect of Different Binder Polymers

Mechanical cycling of a composite electrode yields different
strain and resistance amplitudes depending on the applied stress
rate (Figure 3). The general trends in the curves correspond to the
ones previously published [6]. Deviations from these trends arise
due to the differences in rate. The displacement amplitude is 11%
higher at the lowest rate (2.5 kPa/s) compared to the highest rate
(100 kPa/s). The associated resistance amplitude, as measured
through the thickness of the electrode, is higher at the lowest rate
by about 5%. Although relatively small, these trends show that
the structural adaption processes in the composite electrode
are time-dependent.
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FIGURE 10 | (a)Time-dependent deformation of pure PVDF in dry
and PC soaked state after stress jumps of about 15.0 (dry) and 12.3 MPa
(soaked). (b) Stress-strain behavior in the dry and the solvent soaked
state at different temperatures. The time for a full cycle was 120s.
The maximum stresses in the soaked sample were about 20% lower
because of limited applicable force of the actuator and differences in
sample size.

The mechanical response, i.e., the oscillation of the thickness of
the electrode during mechanical cycling, is mostly defined by the
properties of the electrode coating, as no significant compression
or deformation of the metallic current collector occurs at the
applied stress levels. The electrode resistance depends on the con-
tributions from both the electrode coating and from its interface
with the aluminum current collector. Here, the resistivity meas-
urements (HIOKI RM2610) reveal that for the LFP based electro-
des, the interface accounts for ~99% and the coating only for
~1% of the total through-thickness resistance. Aluminum with
its high electrical conductivity does not contribute to the high
interface resistance. The comparison of measurements on elec-
trodes with (resistance through the electrode) and detached elec-
trodes (resistance along the electrode) show the strong influence
of the current collector interface on the electrode resistance. The
shapes of the curves in Figure 3b are qualitatively similar to the
ones in Figure 4 where the resistance of an electrode without a
current collector was measured along its length. This suggests
that similar mechanisms are present in the contact mechanics
between individual particles inside the bulk of the electrode
and between particles and the planar current collector at the
interface. When comparing the contact mechanics of two verti-
cally aligned particles in the bulk (mirror symmetry of the defor-
mation of both spherical particles) with that of a single particle
on top of the flat current collector, it becomes apparent that the
configurations may be mechanically and electrically similar. The
existing minor differences between Figures 3b and 4 may be
explained by alterations of the electrode that happen during
its detachment from the current collector. The detachment
was performed with the help of a solvent and subsequent drying.
This may increase porosity and allow for greater particle rear-
rangements and therefore may contribute to the observed larger
rate sensitivity. The observed strong contribution of the interface
to the through electrode resistance may be explained by a native
oxide that always covers the aluminum current collector.

The stress rate impacts the settling process of the electrode dur-
ing extended cycling. Figure 5 depicts the thickness reduction
during the mechanical cycling of LFP-based electrodes with
10 wt% PVDF and PAA binder over a range of rates within a fac-
tor of 340. For the PVDF binder, the compaction is slower when

higher rates are applied. In contrast to PVDF, the compaction of
the electrode with PAA does not seem to depend on the applied
rate. It appears to depend only on the time of load application, i.e.,
similar levels of compression are obtained after the same time for
the low and the high rate. Probably this is linked to the different
mechanical properties of PAA and PVDF. At RT, PAA is well
below its glass transition temperature (~130°C) and therefore
mostly deforms elastically with very little viscoelastic or plastic
deformation [14, 15]. On the contrary, PVDF is well above its glass
transition temperature (about —40°C) and therefore is more vis-
cous [16]. The elastomeric TRD contained in the PAA electrodes
clearly does not play a decisive role in their mechanical properties.
The results indicate that these are dominated by the stiffer PAA.
For the reason of simplification, only PAA will be referred to as
the binder in the further course of this work.

4.2 | The Impact of the Temperature on the
Evolution of the Electrode

Figure 6 shows the consequences of a temperature change from
23°C to 58°C for a composite electrode with 10 wt% PVDF. The
orange reference curve was measured at RT and the red curve
was recorded at the same rate after a temperature change to
58°C. Besides a higher compressibility, a significant increase in
the hysteresis is found at higher temperature. Both observations
agree with the data on pure PVDF binder measured at different
temperatures (Figure S5a/b). In polymers, an increase in compress-
ibility can be reached either by raising the temperature or by low-
ering the stress rate (in our electrode this corresponds to going
through the curves from black to red to blue in the measured data
in the figures). The effect of rate and temperature was discussed in
detail for several amorphous polymers by Mulliken and Boyce [17].

Temperature changes not only trigger immediate responses, they
also change the evolution of thickness and resistivity during con-
tinued cycling. Figure 7 resembles the operation of a cell at dif-
ferent temperatures and illustrates the effects of changes in
temperature: Every temperature step leads to a decrease in the
thickness of the electrode. This means that the particles in the
electrode rearrange directly after the temperature change.
From calendering, it is known that the reduction in the adhesive
strength of the binder at higher temperatures leads to denser
electrodes where the lower adhesive force allows for the addi-
tional movement of the particles in the electrode [18, 19].
Based on these findings we also attribute the observed densifica-
tion of the electrode in Figure 7a to the temperature dependent
adhesive force of the binder and suggest that this phenomenon is
important for cells that operate under changing temperatures. It
should be noted that the increased temperature not only reduces
the adhesive force but affects the mechanical properties of the
binder in general. For example, the decreased viscosity and
the reduced yield strength are also expected [17] to contribute to
the more pronounced changes of the electrodes that we observe
at higher temperatures. Each temperature change appears to trig-
ger a new settling process, characterized by the reduction of the
compression and resistance amplitude versus time. We use the
term settling to describe the redistribution of particles within
the electrode caused by cyclic mechanical forces [6]. Although
we do not have a visual proof of the rearrangement of particles,
the combination of our strain and resistance data strongly sug-
gest that this process happens. The rearrangements are expected
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to be highly dynamic during electrochemical or mechanical
cycling where they build up and partially relax. They accumulate
over several cycles to cause the described settling that can explain
the evolution in Figure 7. The rearrangement of particles and
binders after several cycles has been observed in the literature
for example by AFM [20] and X-ray based tomography [21].

In Figure 7, after 100 cycles at RT, the temperature was raised to
40°C and the compression amplitude in cycle 101 increases by
25% (from 0.89 to 1.13 um) in Figure 7b. During the subsequent
cycling at 40°C, the electrode settles again and the thickness
amplitude reduces to 69 % of the amplitude of cycle 101 in cycle
200. The settling is slightly faster compared to the settling at
22°C. A similar behavior is observed for the second temperature
step, with an increase in amplitude of approximately 29% (from
0.78 to 1.01 pm) in cycle 201. The increased compression ampli-
tudes directly after the temperature changes are in good agree-
ment with the change of the elastic moduli that we measured by
the compression experiments of pure PVDF polymer at different
temperatures (values for E2 in Figure 8). Based on the fit data, the
anticipated strain increase is ~25 % for both temperature changes
from 22°C to 40°C and from 40°C to 60°C. Therefore, it is rea-
sonable to assume that the instant increase in compressibility of
the composite electrode upon changing the temperature is mostly
due to the property change of the PVDF binder. We assume that
the viscous properties of the binder contribute to the settling that
takes place during the subsequent continuous cycling at constant
temperature. In the composite electrode, the movement of the
binder also impacts the conductive pathways, as the positions
of the carbon black particles commonly change together with
the binder. This can be seen by the trend towards lower resistan-
ces with rising temperatures (see Figure 7c), which resembles the
compaction of the electrode (Figure 7b).

4.3 | The Role of the Binder in the Mechanics of
the Composite Electrode

Electrodes are composed of metals, ceramics, and polymers.
Among these classes of materials only polymers show a strong
dependence of their mechanical properties on temperature. The
pronounced thermal effects described in the previous section indi-
cate that the binder polymer influences the mechanical behavior of
the composite electrode. Figure 8 gives further insights into the
temperature dependence of the mechanical properties of both, pure
PVDF polymer and a typical PVDF-based electrode. Here we report
on measurements of stress jumps (Figure S3). Besides elasticity,
most binder materials show a nonlinear time-dependent deforma-
tion (e.g., viscous behavior). The detailed behavior depends on the
molecular structure of the polymer and can be complex so that a
correct description of the stress-strain evolution requires several
time constants. Here we rely on a Zener, model to describe the
deformation and extract (apparent) thermal activation energies.
Here we want to compare two mechanically very different materi-
als that are expected to show thermal activation and therefore we
refrain from very detailed models and instead use this conceptually
simple model. The fit results are shown in Figure 8 and in Table 2.
The fits of the stress jump data yield the elastic modulus E2 that is
responsible for the time-independent deformation, i.e., instanta-
neous strain upon the stress jump, as well as the elastic modulus
E1 and the viscosity 1, which together describe the evolution of the
strain versus time after the jump (Equation (2.1)). The modulus E2

describes the nontime-dependent elastic deformation. According to
Figure 8, it is reduced by almost one order of magnitude in the
composite electrode which may be attributed to its porosity, i.e.,
reduced relative density [22]. The activation energy is in good
agreement with that of bulk PVDF. Therefore, it seems plausible
that the polymer accounts for a large part of the elastic behavior of
the electrode. Active material and carbon black are expected to
show athermal mechanical behavior. The fact that E1 and n are
thermally activated indicates the effect of the polymer. Again,
the modulus and viscosity are significantly smaller in the composite
which may be explained by the porosity and the corresponding
smaller relative density. For the time-dependent deformation path
(E1 and ) the thermal activation is roughly three times lower than
for the bulk polymer. This may be related to a mechanistic differ-
ence in the deformation pathways of the bulk polymer and the
binder bridges in the composite.

We suggest an alternative explanation that relates to the time
dependence and the particular deformation path of electrodes.
At short times after a load step, the binder joints dominate the
stress—strain behavior of the composite with a behavior similar
to bulk PVDF. With ongoing time under load, particles and binder
move by viscous and plastic flow in a way that the binder is increas-
ingly depleted in highly stressed regions and more and more direct
contacts among the particles of the active material carry the
mechanical load. This time-dependent deformation requires poros-
ity and continuously lowers the mechanical effect of the binder
with time under load. This reduces the apparent thermal activation
of E1 and n in the model. In essence, the conceptually simple
Zenery model cannot account for changes in the electrode structure
during loading. Our interpretation of the reduced thermal activa-
tion of the electrode compared to pure PVDF is supported by the
observation that the resistance of an electrode under cyclic load is
not directly proportional to the electrode thickness when consider-
ing more than one cycle [6]. This observation implies that the par-
ticles in the electrode change their position which is also suggested
to happen here during constant load where the binder may move
from highly stressed regions between hard particles into the pore
space. It may be assumed, that similar mechanisms are present in
all composite electrodes that rely on viscous polymeric binders,
such as PVDF.

4.4 | The Effects of a Solvent on the Mechanics of
Binder and Electrode

Figure 10a shows stress jumps on pure PVDF polymer. The pres-
ence of the PC solvent reduces its stiffness and enhances the vis-
cosity. Cyclic load tests on pure PVDF (black and blue curves in
Figure 10b) show that the compressibility increases by a factor of
about three after soaking the polymer in the PC solvent. This is in
line with the literature where solvent-soaked PVDF binder has
been reported to have a lower elastic modulus [23, 24]. For com-
posite electrodes, we observe an increase in compressibility by
soaking of a up to seven times (Figure 9). The discrepancy in
the gain in compressibility by soaking with electrolyte between
pure PVDF (3x) and the composite (7x) indicates that the greater
deformability may not solely be due to the altered mechanics of
the PVDF binder. This might be explained by additional rear-
rangement pathways that are enabled in the electrode. These
may consist in the reorientation of particles and the associated
stress relaxation. The compaction of a porous electrode due to
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the reorientation of nonspherical particles under mechanical
load was investigated by Becker et al. [25] using simulations.
We suggest that the weakened binder joints allow for a higher
degree of particle reorientation and therefore larger deformation
of the electrode. The increased reorientation of particles is prob-
ably enabled by the lower modulus of the PVDF polymer but also
supported by a reduced adhesive strength. According to the lit-
erature, PVDF immersed in solvents has a significantly lower
adhesive strength [26] and shows reduced yield stress [27] and
a lower elastic modulus [28]. In this way, the weakened binder
enables enhanced particle motion leading to the observed higher
compressibility of the electrode.

The rate sensitivity of the electrode is strongly affected by the
solvent. Compared to the dry state, the solvent-soaked composite
electrode shows a significantly stronger dependence of the dis-
placement amplitude and hysteresis area on the applied stress
rate (cf. Figure 9a,b). In Figure 9b the difference in displacement
amplitude between the highest and the lowest rate is about 70%.
This can be clearly linked to the binder material, as similar
changes can be observed after the addition of the PC solvent
to bulk PVDF (Figure S5c).

The uptake of solvent by the PVDF binder depends on the temper-
ature, as reported by Liu et al. [13]. In experiments at 80°C, they
observed a strong increase in the swelling ratio and a shorter time
until a saturation of the solvent was reached. Our results show the
consequences of the thermally increased solvent uptake on the
mechanical response, which is displayed in Figure 10b. A temper-
ature rise of ~30 K leads to an increase in compressibility of about
one third. An increased compliance of about 50% is also found in
the dry material in Figure 10b. The addition of solvent at a given
temperature increases the compressibility by about 200%. Both, the
addition of a solvent or an increase in temperature alter the prop-
erties of the binder polymer in similar ways. The polymer becomes
more elastically compliant and viscous, leading to enhanced hys-
teretic deformation. For PVDF, the presence of the solvent has a
much stronger mechanical effect than a typical temperature
change of 30 K that could happen during the operation of a battery.

The solvent changes the material properties of the binder poly-
mer toward lower stiffness and lower viscosity. This effect can be
enhanced by a temperature increase. The changes of the binder
mechanics become apparent at the level of the electrode as can be
seen in Figure 9, where the qualitative behavior, i.e., the shape of
the curve, persists but the amount of deformation and the rate
sensitivity changes between Figure 9a,b. We expect that the
changes in the binder have a strong impact on the dynamics
of the structure of the electrode during battery operation. The
known general trends in the evolution of the electrode composite
[6] will persist but the amount of electrode deformation increases
similar to choosing a binder with lower glass transition tempera-
ture. This means that the adaption processes (settling) of an elec-
trode during operation as described before [6] will be much more
pronounced. Thickness changes of the electrode are enhanced
and the rate sensitivity of thickness and resistivity of the elec-
trode are increased compared to dry electrodes.

5 | Summary

The uptake and release of lithium ions by the active material in the
composite electrode during battery operation causes mechanical

stresses that act on all electrode particles including the conductive
additive and the binder polymer. In this experimental work, we
mimic battery operation by applying cyclic compressive mechani-
cal stresses to electrode sheets and investigate their effect on the
resistivity and the strain of composite electrodes. In a previous
study [6], we reported on the general mechanical and electrical
behavior of dry composite electrodes and their structural evolution
during cycling. In the present work we address the effect of tem-
perature and investigate in more detail how the binder polymer
affects the mechanics of the composite electrode. Further we report
on the effect of a liquid electrolyte which we simulate by adding a
carbonate solvent to the electrode in our mechanical experiment.

The electronic resistance of composite electrodes is comprised of
the bulk resistance of the composite and the resistance of the
interface between the electrode and the current collector. For
the LFP-based electrodes as used here, the interface resistance
strongly dominates the resistance of the electrode. Increased
compressive stress reduces both the electronic resistance of
the interface and that of the bulk of the electrode. Despite a large
difference in magnitude, our results indicate that the scaling with
the applied stress is qualitatively similar for both resistance con-
tributions. To elucidate the role of the binder for the mechanics
of composite electrodes, we mechanically investigate pure PVDF
and compare it with similar experiments on composite electrodes
that contain PVDF. Stress-displacement curves of binder and
composite electrodes are similar. For both samples, increasing
temperatures lead to reduced moduli and decreased viscosities.
Data were recorded for different temperatures and a Zener model
was used to determine the (apparent) activation energies of the
electrode and the pure binder material. The results show that the
elastic short-term response of the composite electrode and
the pure binder material agree and that a difference exists in
the viscous behavior. We attribute the difference to the motion
of the binder polymer inside the electrode away from highly
stressed regions into pores. Based on this mechanism, we suggest
that the binder polymer in combination with its neighboring
pores is responsible for the largest part of the time-dependent
deformation of a composite electrode. Temperature changes dur-
ing battery operation lead to thickness changes of the electrodes
caused by the reorientation of electrode particles including the
motion of binder which are enhanced at higher temperatures.

The addition of a solvent to the electrode or to the pure binder
leads to a strong loss in stiffness and decreases the viscosity. The
soaked electrode and the soaked binder polymer behave simi-
larly, again indicating that the binder material is mainly respon-
sible for the irreversible and time-dependent mechanical and
electrical behavior of composite electrodes. The choice of binder
clearly affects the viscous behavior of an electrode. To provide
a comparison for the commonly used PVDF, which has a low
glass transition temperature, we also performed experiments
with PAA; PAA has a higher glass transition temperature, which
is responsible for the more reversible elastic behavior at RT.
Cyclic experiments with different rates and up to 10° cycles show
that irreversible thickness changes are rate dependent for PVDF
while for PAA they are rate-independent and scale with the time
of load application.

The data presented here highlight the strong effect of the binder
for the evolution of the structure of composite electrodes during
battery operation. Both, increased temperature and the presence
of carbonate solvents change the PVDF polymer and make
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electrodes more elastically compliant and viscous, i.e., rate
dependent. The addition of the electrolyte solvent, which is
essential for an operational battery, has a very profound effect:
It amplifies the impact of stress rate and temperature on the
structural evolution. Thickness changes of dry electrodes were
already detected after individual mechanical cycles with cycle
times below 1min [6]. With the observed enhanced mobility
of the electrode enabled by the electrolyte and temperature,
the response time of the electrode structure will be even faster.
Therefore, the observed effects are expected to be ubiquitous in
batteries and cause particle rearrangements in composite electro-
des under all application conditions. This impacts the resistivity
and thus can affect the performance and reliability of composite
electrodes in operation.
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