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A Practical Guide for Using Electrochemical Dilatometry
as Operando Tool in Battery and Supercapacitor Research

Ines Escher, Matthias Hahn, Guillermo A. Ferrero, and Philipp Adelhelm*

Lithium-ion batteries and related battery concepts show an expansion and
shrinkage (“breathing”) of the electrodes during cell cycling. The dimensional
changes of an individual electrode or a complete cell can be continuously
measured by electrochemical dilatometry (ECD). The obtained data provides
information on the electrode/cell reaction itself but can be also used to study side
reactions or other relevant aspects, e.g., how the breathing is influenced by the
electrode binder and porosity. The method spans over a wide measurement range
and allows the determination of macroscopic as well as nanoscopic changes. It
has also been applied to supercapacitors. The method has been developed
already in the 1970s but recent advancements and the availability of commercial
setups have led to an increasing interest in ECD. At the same time, there is no
“best practice” on how to evaluate the data and several pitfalls exist that can
complicate the comparison of literature data. This review highlights the recent
development and future trends of ECD and its use in battery and supercapacitor
research. A practical guide on how to evaluate the data is provided along with a
discussion on various factors that influence the measurement results.

1. Introduction

Dilatometry is a classical technique in materials science that has
been used since decades to measure the expansion or shrinkage
of a macroscopic sample while changing another experimental
parameter. Typically, this is done as a function of temperature,
which allows to determine the thermal expansion coefficient of a
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material.M Tt can be also used to determine
vacancy concentrations of a material, as
shown in the classical experiment by
Simmons and Balluffi for aluminum in
1960.” Another possibility of applying dila-
tometry is to follow the progress of chemi-
cal reactions. In the 1970s, the method was
also used in electrochemical experiments,
the dilatation of a sample is measured as
a function of the electrode potential (or cell
voltage). In a pioneering work, Metrot et al.
applied this “electrochemical dilatometry
(ECD)” to determine the thickness change
of a graphite electrode upon intercalation
with a boron complex.®! The method is
often mentioned as in situ method but
the mode of operation is actually operando,
that is, the dilatation is recorded continu-
ously. A particular advantage of dilatometry
is its wide measurement range, macro-
scopic changes as well as changes down
to the nanometer regime can be detected,
depending on the setup. Despite this advantage, the overall num-
ber of studies on ECD was limited for a long time. This is
because the experimental setups were typically self-made and
a lot of expertise was required to obtain reliable results where,
for example, cell leakage or data drift (e.g., due to temperature
changes) complicated the analysis.

In the past years, however, the situation changed and the
ECD technique saw a strong revival. While commercial devices
became available, it was also realized that the method can pro-
vide valuable information on batteries and supercapacitors.
The popular lithium-ion batteries (LIBs)!* as well as alternative
concepts such as sodium-ion batteries (SIBs)®® rely on interca-
lation and conversion reactions. Insertion of ions into electro-
des leads to changes in the crystal lattice and the formation of
new phases and, as a result, also to a macroscopic change of the
electrode. This macroscopic change can be quite different from
the crystal lattice change because the electrode is a porous par-
ticle network rather than a single crystal. Large changes are
generally undesired as they lead to particle cracking and loss
of contact and thus compromise the cycle life of the battery.
Silicon, for example, is a very attractive anode material for
LIBs as its theoretical capacity is ten times larger than the
one of graphite, today's commercially most commonly used
material. The problem with using pure Si as electrode is that
lithiation results in a volume expansion of several hundred per-
cent which leads to particle cracking and poor cycle life.[
Graphite, on the other hand, only expands by around 10%
when being lithiated. Commercial LIB anode materials

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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therefore contain at most only few wt% of Si that is dispersed in
a graphite matrix.l”! This way, the expansion and shrinkage of
the electrode during lithiation/delithiation (also called “breath-
ing”) is still tolerable. ECD provides direct and quantitative
information on the degree of breathing and is therefore an
important tool to optimize such electrodes.

At the same time, not only the breathing of the electrodes
but also of the whole cell is relevant for battery application.
Two different types of ECD setups therefore exist, as shown
in Figure 1. Type 1 allows the determination the thickness
change of one electrode (the working electrode). This is done
using a stiff glass separator to ensure that only the changes
on this electrode are measured.® This configuration is most
suited for scientific experiments as the thickness change can
be related to distinct electrode processes. Much more

www.entechnol.de

information than “just” the electrode thickness change can
be obtained from these measurements. Type 2 setups are used
to determine the thickness change of a whole electrochemical
cell. The signal therefore includes changes of both electrodes
and other cell components and provides information on more
applied aspects of batteries.* Mostly pouch cells are used for
this purpose.

This review focuses on the application of ECD to battery
and supercapacitor electrodes as well as practical aspects of
evaluating ECD data. In Section 2, the ECD method is introduced
by discussing some examples on battery and supercapacitor
electrodes. In Section 3, the data evaluation and different pro-
cesses observed in ECD data will be discussed. The fourth section
deals with the challenges related to ECD as well as future
developments.

(a) Type 1: Dimensional changes of one electrode ‘ (b)
Load
e
[ ]
Membrane Current collector
\\
X ) / WE (working electrode)
ReF e oy
~ A
A CE (counter electrode)
Current collector
(c) Type 2: Dimensional changes of a cell (d) 100
|_(a)
1N an
oD @ (Nmn]
(4) —T
S——1 — ()
0.001 mm ~ —
o0 -
EL (o) (0] (@)
|_—(©)
d)
© —— | )

Figure 1. Two different dilatometer setups. Type 1: Thickness change of the working electrode is recorded, solely. This is implemented through the use of
a stiff separator. a) A detailed description of the commercial ECD-3 nanosetup from EL-Cell®! as well as b) visualization of this setup. Reproduced with
permission.® Copyright 2017, Elsevier Ltd. Type 2: Thickness change of the whole cell (including working electrode, counter electrode, separators, and
housing) is measured. c) Measurement setup using an Al plate (1), threaded rod (2), cell (3), dial gauge (4), a tip with spring and metallic plate (1 cm?)
(5), and electric contact pads (gold plated). (6) Reproduced with permission.®¢l Copyright 2016, Elsevier B.V. d) Schematic illustration using a) a
displacement transducer, b) a spring, c) a spindle, and d) a flexible bag. Reproduced with permission.'"® Copyright 2014, The Electrochemical
Society. The image in (a) was reproduced with permission from EL-Cell GmbH.
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2. ECD for Electrochemical Energy Storage
Devices

The thickness of battery and supercapacitor electrodes is typically
in the range of 30-100 pm. A characteristic feature of modern
ECD devices is that it combines a high resolution (< 5 nm) with
a wide measurement range (up to 250 pm). This means that bat-
tery electrode reactions (thickness changes in the micrometer
range) can be followed as well as film formation (formation of
solid—electrolyte interphases [SEIs]) or adsorption processes
(supercapacitors).

2.1. Electrode Reactions in Batteries

Most ECD studies on batteries have been done on LIBs. Different
cathode materials (layered oxides,”™'? graphite [anion intercala-
tion],5* as well as anode materials [graphite, %1 transition
metal oxides,®™'? alloy-based materials]'®) have been investi-
gated with this method. In addition, many studies were done
on silicon-based materials®*#™829¢914) 45 their large volume
expansion is a known issue. Different methods to reduce this
volume change were therefore explored, including different
binder materials,B™ 4281413 covering the electrodes with a thin
film,"*>14<] choosing different slurry pH values for the prepara-
tion,*? using different conductive additives,™*! combining
silicon with other elements,®™*P! and fabricating specialized
nanostructures!', Different full-cell configurations (graphite/

@ 200

Graphite

\
Na* out

-

)]

o
T

-

o

o
T

)]
o

Thickness change / %

= N b W
m o v o o
T

Na*/Na

Electrode potential
S
5

o o
o a
.

0 560 10I00
Capacity / mAh g’

www.entechnol.de

lithium nickel manganese cobalt oxides [NMC],#¢8 %1€l graphite/
lithium cobalt oxide [LCOJ2“*#%%17] graphite/ LiMn,0,,"”"
lithium-titanate—oxide/NMC,'®! silicon-graphene/NMC,°™
graphite-blended Si/LCO,™ graphite-blended Si/C/LCO,”™ and
graphite-blended SiN(P)/NMCP™)) have been also studied using
ECD.

ECD has been recently also applied to sodium-ion batteries that
may complement LIBs in the near future. While the energy den-
sity of SIBs is slightly lower compared with LIBs, the main aim is
to develop batteries based on abundant materials that lead to lower
costs and less supply risks.>'%) Several electrode materials for SIBs
have been investigated with ECD.”” Graphite turns out to be a
very useful study case for ECD studies, as large and highly revers-
ible volume changes can occur during cycling in ether (glyme)
electrolytes.2°>20200200 (sing these electrolytes, the intercalation
of sodium ions into the graphite lattice includes co-intercalation of
glyme molecules which leads to a large lattice expansion. Upon
sodiation, the graphene layer distance increases more than three-
fold from 0.335nm to about 1.2nm.*"! The reaction is highly
reversible and hence the electrode breathing during cycling can
be easily followed by ECD. The influence of various experimental
conditions such as the electrolyte composition or the type of
binder has been studied by ECD for this reaction.[?%20f20h.20
An illustrative example is shown in Figure 2a), which shows
results of a graphite electrode over five charge/discharge cycles.
The solvent co-intercalation leads to an electrode thickness change
in the range of 50-175% during cycling.”® Hard carbon electro-
des have been also studied for which the volume change is notably
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Figure 2. A comparison of ECD results for Na storage in graphite and hard carbon electrodes. The graphs show the change in electrode potential and
electrode thickness over five cycles at constant current for a) a graphite electrode upon intercalation/deintercalation of sodium ions along with solvent
molecules (solvent co-intercalation) and b) a hard carbon electrode upon intercalation/deintercalation of sodium ions. The co-intercalation of solvent
molecules in case of (a) leads to a much larger electrode breathing compared with case (b). a) Adapted under terms of the CC-BY license.*°*! Copyright
2021, the Authors. Published by Wiley-VCH GmbH. b) Adapted under terms of the CC-BY license.?®! Copyright 2021, the Authors. Published by
Wiley-VCH GmbH. Sodium is used as counter and reference electrode.
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Figure 3. A comparison of ECD results for sodium and lithium storage in hard carbon at constant current. The ECD signal reveals differences in the
charge storage mechanism at low potentials (plating vs no plating). Dashed lines indicate the electrode potentials and full lines indicate the dilatation.
Reproduced under terms of the CC-BY license.”%! Copyright 2021, the Authors. Published by Wiley-VCH GmbH.

smaller and typically less than 5%2°*l (see Figure 2b). This
directly indicates that solvent co-intercalation does not take place,
which can be ascribed to the much more rigid structure of hard
carbon compared with graphite.

Figure 3 shows a comparison for lithium and sodium storage
in hard carbon. At low voltage, the ECD data show that the stor-
age mechanism for lithium and sodium in hard carbon may be
different. The sudden increase in electrode thickness at low

redox potentials in case of sodium is likely associated with plating
of sodium metal and shows that the ECD method can be used to
study charge storage mechanisms.*!

Other active materials such as tin—carbon composites,**?
tin—antimony composite materials,”*°® and tin-phosphide mate-
rials!?**?% have been also investigated by this technique.

Figure 4 shows an overview of the thickness expansion during
the first lithiation or sodiation (t; ;) for different electrode materials,
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Figure 4. A comparison of different materials used for LIBs and SIBs and their thickness change of the electrode in the first cycle (t1,1) measured by ECD.
Lithium cobalt oxide (LCO), lithium nickel manganese cobalt oxides (NMC), lithium nickel cobalt aluminum oxide (NCA), hard carbon (HC), Sn—graphite
composite material (SntGraphite), Sn—P composite combined with nitrogen-doped hard carbon (Sn,P;/NHC), Sn at nitrogen-doped graphite nanopla-
telets (SNNGnP), and graphene nanoplatelets (GnP). Data are grouped by color depending on different types of active materials. Markers on the line
represent electrode expansions that have been found in different experiments. For small variations, a square shape represents a single experiment,
whereas a rectangular shape represents multiple experiments that resulted in similar results. Extreme variations for one material result from the variety
of studies performed on some active materials and secondary factors having an influence on the result (see Chapter 4). Data from
refs. [8a,8c,8e,8f,8h,8),8m,8n,9¢,10-14,14j,14l-r,15,20a-d,20f-k,22] (assignment of the different references to the materials can be found in Table S1
and S2, Supporting Information).
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used in LIBs as well as SIBs. Only references where the expansion
of the electrode alone was measured were chosen for this graph. As
shown, most studies were performed on negative-electrode materi-
als for which the expansion is typically much larger compared with
positive-electrode materials. Note that a comparison of negative and
positive electrode materials is complicated by the fact that the
starting point for the measurement of the former is usually the
delithiated /desodiated state (cycling starts with the lithiation/sodia-
tion), while it is the opposite for the latter. In case of full cells, this
labeling is difficult as the terms (de-)lithiated cannot be applied,
because both negative and positive electrodes are matters of inter-
est. Therefore, a more precise description is needed in this case. In
Figure 4, the delithiated state is used as the starting value for nega-
tive as well as positive electrode materials. (for simplicity, we refer to
lithiation/delithiation though of course the same nomenclature can
be applied for other ions [Na, K, Mg,..]). Assignments of
the materials to the references are given in Table S1 and S2,
Supporting Information.

In addition, ECD has also been used to investigate the volume
expansion in lithium sulfur cells. Herein, a collapse of the
electrode thickness from 13% to 37% has been found in the first
discharge due to the dissolution of sulfur in the organic electro-
lyte.??" In another study, Li,S on activated carbon (AC) has been
used; herein, an expansion of ~0.5% during first lithiation has
been found, which is far below the usual expansion of ~80%
when sulfur is converted to Li,S.*?8! For a more comprehensive
summary on ECD studies of battery electrodes, the reader is
referred to a review recently published by Michael et al.**!

2.2. Full Cells

Determining the thickness change of electrodes is particularly
important from a practical point of view because a battery should
not show a thickness increase of more than 5% during cycling.**!
As the expansion of the electrodes can be tailored by adjusting
their porosity or composition, ECD studies on electrodes and
the complete cell can be helpful to reach such goals. When charg-
ing LIBs or SIBs, the negative electrode generally expands (storing
lithium or sodium), whereas the positive electrode shrinks (releas-
ing lithium or sodium). By careful design, the volume changes of
both electrodes during cycling may (partially) compensate each
other, minimizing the total changes on the cell level. Note, how-
ever, that common LIB-layered positive electrode materials like
LCO, NMC, or lithium nickel cobalt aluminum oxides (NCA)
show an (partial) electrode increase during delithiation.*“*2%%!
This is because lithium extraction from the layered structures
leads to an increasing coulomb repulsion of the layers.?* In
full-cell ECD setups, the challenge of measuring the change of
two electrodes simultaneously can be mitigated using lithium tita-
nate (LTO) as the zero-strain material.*>**>18 [t was found that
the expansion coefficient of LTO is three times smaller than NMC
and 30 times smaller than graphite.[*¢%

2.3. Side Reactions and SEI Formation

Next to actual storage mechanisms (ion intercalation, ion adsorp-
tion), ECD also provides information on side reactions that may
occur at electrodes. An example is the intercalation of ithium ions

Energy Technol. 2022, 10, 2101120 2101120 (5 of 16)
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into graphite from propylene carbonate (PC)-based electrolytes.
PC shows very desirable properties as the electrolyte solvent
but it co-intercalates into the graphite lattice along with lithium
ions. The co-intercalation of PC is highly undesirable as the pro-
cess is irreversible and leads to delamination of the graphite lattice
and hence structural degradation of the electrode. This can be seen
from a large thickness expansion and unstable signals.'*!'4 In
SIBs, the co-intercalation of glyme molecules into the graphite
lattice is highly reversible but also here ECD can give indications
of side reactions, for example, in case the wrong conductive salt is
used. Figure 5 shows results for two different electrolyte
salts, NaOTf and NaTFSI. While a stable behavior is found for
NaOTf, a continuous growth of the electrode is seen for
NaTFSI. The continuous growth could be linked to continuous
side reactions”®! and is a clear sign for issues related to the
use of NaTFSIL.

Another undesired process that can be detected by ECD is metal
plating.B%82%1 Trreversible and reversible lithium plating has
been observed for studies with pouch cells with the former leading
to a continuous thickness increase.®*8l ECD results on the inser-
tion of sodium ions into hard carbon electrodes even indicate that
sodium plating can take place already above 0V (underpotential
plating).”” ECD can be also used to study additives for improved
SEI formation on graphite electrodes. For lithium intercalation,
Ivanov et al. found that the thickness of the SEI can be reduced
by increasing the content of vinylene carbonate." Vinylene car-
bonate is a well-known co-solvent that improves the quality of the
SEI, leading to a more dense and hence thinner, structure.!"

175

4 > NaTFSI
150 -

125 =

10 20 30 40

NaOTf

Thickness / um
o

I v T v T v T
10 20 30
Time / Hours

Figure 5. Examples of ECD and side reactions. The graphs compare the
thickness change of graphite electrodes over four cycles at constant cur-
rent upon intercalation/deintercalation of sodium ions along with solvent
molecules. The solvent in both cases is diglyme, while the conductive salt
is either NaTFSI or NaOT(f. A continuous growth of the electrode thickness
due to side reactions is found in case of NaTFSI. Adapted with permis-
sion.?% Copyright 2019, American Chemical Society.
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2.4, Electrode Processes in Supercapacitors

ECD has been also applied to supercapacitor electrodes. Only
very small thickness changes are expected as long as only ion
adsorption takes place.®"#%827l Additional pseudocapacitive or
intercalation processes lead to larger expansion.®>¢5:28] Note
that ECD research studies on supercapacitors typically use volt-
age sweep measurements (linear sweep voltammetry [LSV],
cyclic voltammetry [CV]) rather than constant current measure-
ments that are more popular in battery research. Hantel et al.
showed that the thickness expansion of a carbon electrode
(carbon onions) depends on their purity and the presence of
functional groups. The higher thickness increase of the carbon
onion sample during positive polarization (shown in Figure 6b)
can be explained by some minor Faradaic side reactions occurring
due to metal impurities and the presence of functional groups.
Vacuum annealing of the sample (see Figure 6d) results in higher
carbon purity and therefore less undesired Faradic reactions
occur, which translate into lower relative height changes.®

A larger relative expansion is found when graphite is used as
host material. The intercalation of BF,~ ions in an AC/graphite
capacitor results in a thickness change of up to 8.25% (see
Figure 7).1”®¥ Both publications proved that capacitive and pseu-
docapacitive processes can be distinguished using ECD in com-
bination with CV.

Overall, ECD is a powerful method to obtain valuable informa-
tion of electrode processes in batteries and supercapacitors. The
technique has been successfully applied to study redox reactions,
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Figure 7. Change in electrode thickness (here named “height change”)
versus voltage changes of a graphite/AC supercapacitor with SBPBF, in
propylene carbonate as electrolyte (SBP = spiro-(1,1')-bipyrrolidinium).
Reproduced with permission.”®?l Copyright 2019, The Electrochemical
Society.

adsorption processes, side reactions, and SEI formation that lead
to changes in the electrode thickness from the nanometer to the
micrometer range. Compared with many other operando studies,
several subsequent cycles can be recorded with ease, meaning
that “activation cycles” of electrodes may be distinguished from
stable cycling. Nevertheless, as it is a still a niche technique, no
standardized measurement procedure as well as data evaluation
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Figure 6. Cyclic voltammogram and thickness change (here named “height change”) of two different carbon electrodes with 1 M TEA-BF in acetonitrile
(sweep rate of 1 mVs™"). Adapted with permission.®! Copyright 2012, The Electrochemical Society.
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has been established. The next section therefore provides a prac-
tical guideline for carrying out ECD measurements. The evalua-
tion and presentation of ECD data as well as (undesired) factors
that can influence the data are discussed.

3. Evaluation of ECD Data, Analysis, and
Interpretation of the Data

ECD data can provide valuable information on various processes
occurring at the electrodes. The following chapter includes an
overview of the different characteristic thickness changes as well
as their possible origins.

3.1. Data Presentation

As no standardized data presentation of ECD has been
established yet, care needs to be taken in comparing data
from different literature sources. Figure 8 represents the
most commonly used parameters to present and characterize
the thickness change. The figure is drawn in accordance to
the literature.®*2°%2%¢] Figure 8 represents the usual thickness
change behavior of a negative electrode material, as those are
the most common materials investigated by dilatometry (see
Figure 4). The overall behavior for positive electrode materials
may be different.

The reversible thickness change, also known as amplitude,
represents the differences on the thickness between charge
and discharge in one cycle and can be calculated using
Equation (1). This thickness change is primarily influenced by
the main reaction occurring in/at the electrode.

Ty [pm] = hx,ma.x - hx,min (1)

The irreversible change, in contrast, is mainly attributed to
side effects (e.g., side reactions, reorganization of the electrode

reversible change (ry)
irreversible change (iy)
total change related to hq (ty )

Thickness change

Capacity or Time

Figure 8. Typical ECD signal observed for negative electrodes (two full
cycles at constant current). As the initial expansion is much larger com-
pared with the following ones, the discussion of ECD results may require
the definition of several parameters such as the initial electrode thickness
(ho), the max./min. electrode expansion of a cycle x (hy max/min), the revers-
ible and irreversible changes within a cycle x (r,, i,) or the total change in
thickness related to ho. The figure is drawn in accordance with the
literature 820022l
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particle network) and is the difference between the minimum
value of one cycle compared with the previous one. It is deter-
mined using Equation (2).

ix[pm] = hx,min - hx—l,min (2)

Finally, the total change represents the thickness change
between the actual electrode thickness and the initial thickness.
It has to be pointed out that the total change is not the sum of the
reversible and irreversible thickness change. Herein, special
focus lies on the difference between the totally lithiated or deli-
thiated electrode and the initial thickness (see Equation (3)
and (4)). Although the reversible change r; and the total change
t11 as well as the irreversible change i; and the total change t; ,
are the same in the first cycle (see Figure 8), their values are
different in the consecutive cycles.

tx,l[p'm] = hx,max - hO (3)
tx,Z [pm] = hx,min - hO (4)

Even though Equation (1)—(4) exhibited the thickness change
in absolute values (usually in micrometer), a presentation in
relative values can be more convenient and easier for compari-
son, especially when two cells with different values for the initial
electrode thicknesses are compared. Therefore, the different
changes (all in micrometer ) can be referred to the initial thick-
ness ho or to the initial thickness of a specific cycle. A common
way to follow the relative thickness change during cycling is
shown in Equation 5, where h,, is the thickness of an electrode
at each point.

(hn — hO)

ty [%] - hO

¥100% (5)

For a comparison of relative values between different publica-
tions, it is especially important to pay attention to how the values
are calculated, as otherwise wrong numbers are compared.

Another important factor is how the initial value hy is deter-
mined, especially when it is used as base value to calculate the
relative thickness change. As an ECD setup is only capable of
measuring thickness changes, the initial value needs to be mea-
sured ex situ, for example, with a digital gauge. While this
appears simple at first, different values may be obtained depend-
ing on the initial state of the electrode. The dry and pristine
electrode,®"! the electrode after soaking in electrolyte,'*¥) the
electrode film excluding the current collector,®™oh-14e14r.22h] ¢
the thickness after the equilibration time®?°" have been used
as reference point hy. There is no clear right or wrong for deter-
mining hy as it depends on the experiment which method most
suitable.

As all of the mentioned parameters strongly influence the data
processing and graphical illustrations, it is crucially important
that scientific studies need to clearly mention how the ECD data
were processed. Particularly important is clear information on
which base values were used when calculating relative changes
and how the initial value hy was determined.

Although the ECD experiment on batteries is usually
conducted at constant current, that is, lithium is stored/released
at a constant rate, the change in electrode thickness is not

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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constant. This means that the rate at which the electrode
expands/shrinks varies. Such a behavior can be more
clearly seen from derivative plots (dh/dt,dh/dQ, or dZh/
dQ?) [Be:9<161820d.200.20) pyerjyative plots can give insights into
the storage mechanisms of ions taking place in the active mate-
rial. For example, the well-known step-wise intercalation of lith-
ium ions into graphite (LiC, — LiCy; — LiCg)?*! can be followed
by ECD, and the derivative curve of the electrode expansion,
which represents changes of the slope, can give information
on the stages occurring at the specific state of charges (see
Figure 9).°9

In supercapacitors, a correlation between the orientation of
the ions and the shape of the thickness change was found.*”")
In addition, variations in the slopes can give information on
the buffering ability of an electrode.[**!

3.2. Interpretation of the Thickness Changes

This section discusses different mechanisms that cause varia-
tions of the electrode thickness. Obviously, the electrode material
and the reaction occurring are the most relevant factors. As long
as the electrode processes are reversible, battery and supercapa-
citor electrodes should show a reversible, periodic expansion/
shrinkage over cycling. At the same time, a number of other
factors can influence the measurement that can cause a more

xin Li Gy
(@ o0.0 0.2 0.4 0.6 0.8 1.0
—— delithiation |
------ lithiation .
o 6 [
* 0.8>
5 “
-
§ 4l 065
3] %)
%) >
@ 043
£ c
S 2+ o
£ 028
ok -10.0
(b) 1 1 1 1
4t 0.0

o o
N I

ds/dQ / pm/(mAh cm?)
N
o
w
|[dv/dQ] / V/(mAh cm?)

ik 0.4
0.5

Or LiC, to LiC,, LiC,, to LiC;
0 1 > 5 0.6

specific capacity / mAh cm?

Figure 9. a) Thickness change and potential during the lithiation and deli-
thiation of graphite electrodes. b) Differential thickness change and poten-
tial curve. Adapted with permission.’? Copyright 2016, Elsevier Ltd.
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complex behavior. For example, side reactions, factors related
to the electrode structure, and factors related to the measurement
setup can have an influence. All factors are hard to disentangle,
so care has to be taken when interpreting the thickness changes.

3.2.1. Irreversible Expansion

The typical ECD data for negative electrode materials, see
Figure 8 (i; or t;,), show an irreversible expansion in the first
cycle. Several factors may cause such a behavior. One possible
origin is the formation of the SEI, which is a well-known process
in LIBs,[11e14k162.22¢300 QR formation is routed in the fact that
negative electrodes operate outside the stability limit of the elec-
trolyte solution. The initial lithiation of the electrode is therefore
accompanied by electrolyte decomposition, which leads to the
formation of a thin, protective surface film (SEI). This surface
film prevents a continued electrolyte decomposition and there-
fore enables a long cycle life of the electrode. Note that the
SEI is very thin (nanometer range) and hence at first cannot
explain larger irreversible changes. However, the process of
SEI formation also involves the formation of gases that might
influence the thickness of the electrode (see Chapter 4 for gas
evolution). Other explanations for the large irreversible change
may be exfoliation, 8>20h-31] changes of the active materia-
1,Ba-11e22¢l gywelling due to the electrolyte,** irreversible trapping
of ions inside the structure/® or a more loose particle
network [8113b:32]

An increase in the electrode thickness during the following
cycles (i,~;1>0, see Figure 8) can be a sign for continuous
SEI formation®°%**d or for irreversible trapping of ions in
the active material.®] For both cases, the Coulomb efficiency
(ratio between charge and discharge capacity) should be low
as well. Other causes for continuous increase are changes on
the electrode particles,”™"'Y swelling of the electrode due to
the electrolyte,"*™ or a movement of the electrolyte between
the sample and the piston from the sensor.'*¢'d

3.2.2. Irreversible Contraction

Even though an irreversible contraction in the first cycle seems
to be less likely than an irreversible expansion, it can occur due
to a collapse of the electrode structure, resulting from a loose
connection between the different parts of the electrode (sudden
decrease of the thickness)!"*?) or structural rearrangements.!""
A continuous irreversible contraction might result from reorga-
nization of the electrode material™*2°*?%" or an irreversible
loss of material."! The latter would also result in decreased
capacity over time, which can be mitigated using a different
binder material.l"*!

3.2.3. Changes During Equilibration

The thickness change of the electrode should be also followed
during the equilibration time, that is, prior to the actual test
methods. Variation on this stage can occur due to dissolution
of the active material in the electrolyte.??" Sufficiently long
equilibration should also mitigate the problem of possible elec-
trode swelling during cycling (see also Chapter 4).

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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3.2.4. Anisotropic Behavior of Charge/Discharge in Supercapacitors

Carrying out measurements with supercapacitors results in a
thickness change on both electrodes due to the adsorption of
anions and cations. In some cases, this thickness change
appeared to be anisotropic. This can be explained by differences
of the ion size. Herein, not the bare ion size has to be taken into
account as the size of the unsolvated ion does not correlate with
the measured thickness change.®"%4 Thus, the solvation of the
ion might play an important role.®>®! In addition, some (co-)
intercalation reactions might take place on one electrode but
not on the other.*5

4. Secondary Factors Influencing the Thickness
Change

Section 3 addressed aspects of the ECD data with respect to the
active material and how changes of the electrode thickness over
cycling can be discussed. This section addresses additional, sec-
ondary factors that can be studied by ECD measurements, which
need to be considered when comparing published data. These
secondary factors can be classified into experimental factors relat-
ing to the electrode preparation (electrode porosity, loading,
binder) and the electrolyte and instrumental factors that relate
to the ECD setup and the electrochemical method used (constant
current or voltage sweep experiment, temperature, applied pres-
sure, gas evolution).

4.1. Electrode Porosity and Loading

The expansion/shrinkage of electrodes during cycling strongly
depends on their porosity. A highly porous electrode can accom-
modate much of the materials’ volume changes within its pores.
This means that the change in electrode thickness can be
reduced by increasing the porosity.[Safc,Sf,()h,l4-a,14e,l4h,163,20d,28d,33]
Figure 10 shows an example of such a buffering effect for two
silicon/graphite electrodes with different porosities. Increasing
the electrode porosity from 43% to 58% leads to a substantially
smaller expansion of the electrode.?!

A high porosity is generally beneficial for obtaining better
cycle life of battery electrodes that otherwise suffer from large
volume changes. This explains the often excellent cycle life of
many metal/carbon nanocomposite electrodes as they are usually
highly porous, often >50%. Despite the advantage of achieving
long cycle life with increasing porosity, the penalty is the low vol-
umetric charge density of very porous electrodes and the
additional weight as the pores are filled with electrolyte.?*!
Commercial battery electrodes therefore show porosities in the
range of only 20-30%. Buffering of volume changes in the
electrode is often obtained using a second phase, for example,
carbon materials®"!?>14m=°l 51 elastic polymer microspheres.'*

Another factor that influences the thickness change is the
loading/thickness of an electrode.'®2%*2°d [t was found
that higher loading results in higher (initial)*® thickness
change."'® Overall, porosity and loading are important param-
eters influencing the degree of electrode breathing over cycling.
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Figure 10. Expansion of a silicon/graphite electrode (30 wt% Si) during
lithiation. Comparison of two different electrode porosities. Adapted

under terms of the CC-BY license.®d Copyright 2020, the Authors.
Published by IOP Publishing Limited.

4.2. Binder

Electrodes typically contain some amount of binder that holds
the electrode particles together and helps adhering them to
the current collector foil. ECD can be used to study the effect
of different binders on the electrode behavior, as shown by sev-
eral publications, [B868m148.145.20034  Differences can  be
explained by several factors including different cohesive proper-
ties which might lead to the formation of cracks, delamination
and destruction of the structure,'* different available bonds
which might result in particle rearrangement,'*¥ different
mechanical properties such as their resistance to deforma-
tion!" %! or elasticity!**€! which can prevent the electrode from
electrical disconnection during the electrode expansion,**! and
ability to uptake electrolyte (swelling) by different binders®? or
thermal properties of the binder, especially relevant during elec-
trode preparation.”? Different studies have been conducted
comparing binder materials using ECD like polyvinylidene
difluoride (PVDF),Be14a14814115.220.341 o diyym salt of carboxy-
methyl cellulose (CMC),[B<#822034 CMC/styrene-butadiene
rubber (SBR),®) CMC/polyacrylic acid (PAA),™! polyimide
(P1),*& 3 Nithiated polyacrylic acid (LiPAA),** polyvinyl alcohol
(PVA),*3 or (poly(diallyldimethylammonium) bis(triflurome-
than sulfonyl)imide) (PDDA).??" Specified binder materials like
crosslinked (CMC-PAA)!**™** or even dual cross linked (alginate
grafted with polyacrylamide)®™ are designed and synthesized to
accommodate the thickness change of electrodes with a high
volume expansion. A limitation of many studies is that labora-
tory-quality electrodes typically contain 10wt% binder while
the content is much lower for highly optimized commercial
electrodes.

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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4.3. Electrolyte

The electrolyte can influence the thickness change of electrodes
in various ways. Depending on its composition, SEI formation
can be tailored and reversible solvent co-intercalation may be
realized. ECD can be helpful to identify effects of the electrolyte
on the electrode behavior. For example, it can be used to
differentiate between reactions with and without solvent co-
intercalation, as only the latter would lead to a large thickness
change.?* ECD can also help to understand rapid electrode
fading in case poor electrolytes are chosen. For example,
graphite electrodes show an unusual thickness expansion
during lithium-ion intercalation in case propylene carbonate is
used as the electrolyte solvent™“"¥ or during sodium ion
co-intercalation in case NaTFSI is used as the electrolyte salt.*”!
A potential limitation of using ECD for electrolyte studies is that
ECD cells contain large amounts of excess electrolyte compared
with commercial cells. In addition to the common liquid electro-
Iytes, a few attempts have been made to use ECD for investigations
on solid-state batteries®* or batteries with gel or polymer electro-
lytes.’”) As no stiff glass separator can be used in this case, the
expansion of the whole cell rather than the electrode was measured.

4.4. Gas Evolution

The degree of measured gas evolution strongly depends on the
electrode reactions that occur in the cell and whether the evolved
gas can escape in a dead volume. Forcing the system to plate lith-
ium results in higher gas evolution, seen by higher dilatation.”®
The application of external pressure to a pouch cell (spring or
spindle) can reduce this influence and leads to lower thickness
changes.'®! In commercial cells, the setup is designed in a way
that the evolving gas can escape in a dead volume.®! In addition,
it was shown that a degassing step can help to achieve more
reproducible data.®

www.entechnol.de

4.5. Electrochemical Technique

The two main electrochemical techniques that are used with
ECD are galvanostatic cycling (i.e., cycling at constant current,
CC) and CV (i.e., cycling at a constant potential scan rate,

CV). The first one is mainly used for batteries, 8n-8-9¢10.11.122,13b,
L4e, 14,141, 14k, 14n,140,14q,15,18,20a—d,20f~1,22¢,22h,30] (0} rooc b Jatter

is commonly used for supercapacitors,[B>3¢:888k81,27.28,28d.33,38]

Both types of measurements are compared in Figure 11. The left
image shows ECD results for a supercapacitor using CV. In this case,
the voltage window is stepwise increased, which is a common varia-
tion of the CV method.””! The right side shows EDC results for the
lithiation of silicon/graphite electrode using a CC measurement.®

A sufficiently small current or, respectively, scan rate should
be applied in both methods to allow full utilization of the elec-
trode. Too high currents and scan rates will only lead to partial
electrode utilization and therefore only a fraction of the possible
thickness change is measured. This can easily occur for ECD set-
ups with a large distance between the electrodes which causes a
larger ohmic drop compared with, for example, coin
cells.Ba8e9¢11al Bor OV measurements, Kaasik et al. showed that
the expansion for an infinite time (gained with chronoampero-
metric measurement) leads to an expansion up to 200% larger
compared with when a scan rate of SmVs™' is applied.”’
Similar results were also found by Hahn et al. where an increase
in scan rate leads to a decrease in the thickness change.?®¥ In a
similar way, small C rates are recommended to reach to the full
volume expansion in batteries. In case the separator in ECD set-
ups is large, high overpotentials may occur even at quite low
C rates (C/8 for lithiation of graphite). One may therefore not
reach the full electrode capacity and expansion during the meas-
urement.'’¥ One may also apply an additional constant voltage
step after charging/discharging to give the system additional
time to reach to full capacity. An additional benefit of small
C rates is the reduced heat development.!*°"!
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Figure 11. a) ECD using CV of carbon electrodes with EMIM-TFSI electrolyte. Adapted with permission.?”®! Copyright 2017, American Chemical Society.
b) ECD using CC of the lithiation of a Si/graphite electrode. Reproduced under terms of the CC-BY license.® Copyright 2020, the Authors. Published by
IOP Publishing Limited.
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4.6. Equilibration Time

After assembly of the ECD setup, it is recommended to equili-
brate the system to reach a stable starting condition. Figure 12
shows the thickness changes during the equilibration of various
experiments collected from our lab. Despite using the same ECD
device and climate chamber, there is no reproducible trend
during equilibration. The different behavior could be due to
the swelling of the binder material or different starting temper-
atures, but so far, we are unable to identify the relevant factors.
The thickness changes range from a few tens of nanometers to
few micrometers but they all seem to stabilize after several hours.
Based on our experience, we recommend an equilibration step of
at least 6h while constantly monitoring the thickness change.
From the graph, one can also see that the equilibration step
can have an influence on the starting value for the initial
electrode thickness hyg (see also Section 3.1).

4.7. Temperature

Temperature can have a strong effect on the ECD measurement.
Two aspects have to be considered, first the internal temperature
effect, emerging through self-heating, and second the external
temperature effect, caused by external change of temperature.
Bitzer et al. performed a study where the thermal expansion
through self-heating was investigated by applying short
charge/discharge pulses. Herein, if a change of the temperature
of 1 K was measured on the cell surface, the thermal expansion
was still smaller than the resolution of the device. Therefore, one
can assume that no significant problem of self-heating occurs
when the temperature is kept constant at 0.5 K.
Regarding the external temperature effect, Lee et al. investigated
the influence of different surrounding temperatures and found
that more side reactions occur at high temperatures, which lead
to a thicker SEI and therefore a higher electrode expansion. In
addition, Spingler et al. pointed out the importance of constant
temperature by measuring the thickness change at 25°C and
35°C. Even though 35°C was favorable in their case as better
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Thickness change during
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Figure 12. Thickness change during equilibration time for different ECD
measurements (graphite and hard carbon electrodes in SIBs and LIBs)
made in our lab. No electrochemical measurements were performed dur-
ing this time. The thickness was set to zero for every electrode individually.
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ion transport through the thick separator was obtained, leading
to less polarization, higher cell capacity, and a more stable dis-
placement signal.?*!! A thermal expansion of the cell can be due
to various reasons. There is the actual thermal expansion of the
materials (laminated film, current collector, separator, or electro-
de)*”? that always takes place. On the other hand, also electrolyte
decomposition can take place at higher temperatures.”l In any
case, ECD measurements should be conducted in climate cham-
bers to minimize any external temperature effects.

4.8. Applied Pressure

Even though a spring is used in most of ECD setups, the
pressure/force on the electrode is still lower compared with
traditional coin cells or Swagelok-type —cellsE*8c14c14d.14]
(*1N for commercial ECDs"****¥ and 30N estimated for
Swagelok-type cells™¥ or ~20kPa for commercial ECDs and
~185kPa for coin cells®*%). This reduced pressure can
result in higher irreversible capacities as well as a more rapid
capacity decay due to delamination and contact loss between
the active material, the conductive additive, and the current
collector. 52814414 1) this sense, it was found that the thickness
change is different between ECD and Swagelok cells or coins
cells, although no general trend can be seen.['*<!*"

4.9. Position of the Sensor

The position of the sensor is also a variable that influences the
measured thickness change. Considering especially pouch cells,
no standard and preferential position can be found as the best
place always depends on the specific cell.®® However, it was
found that the thickness change measured on the edges of
the cell provided misleading information, as, for example,
reduced expansion® ' or plating processes®®*" were found
here. In addition, lateral expansions could also be translated into
vertical expansions at the edges, if the electrode has a similar size
than the cell body.""®) However, it was found that nearly the
whole change on the unit-cell level results in an increase in
thickness, as the length and width are nearly infinite compared
with the thickness of the electrode.’? In addition, the in-plane
expansion is prohibited by the current collector.'**! Other factors
that might be different over the area of the electrode, and there-
fore be influenced by the position of the sensor, might be differ-
ent states of charge or different local thermal expansions.?

4.10. Sensor Drift/Air Leakage

The sensor drift is a characteristic of the used device
(e.g., <20nmh™* for ECD-3 nano from El-Cell®)) and is espe-
cially important for long-time experiments.’®® This problem can
be overcome using a drift correction or focusing on qualitative
instead of quantitative comparisons.™* A possible cause for
the sensor drift may be also air leakage. Air leakage is an impor-
tant point that does not only influence the sensor drift but might
also have an impact on the electrode expansion. As ECD cells are
not as easily sealed as, for example, coin cells, air or moisture
may enter the cell over time, leading to side reactions with
the electrodes or the electrolytes (e.g., formation of HF due to

© 2022 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 13. Comparison of the changes of the lattice unit-cell parameters
(measured by XRD) and the thickness change of the electrode (measured

by ECD) during the delithiation of a lithium cobalt oxide (LCO) electrode.
Adapted with permission.”®! Copyright 2016, The Electrochemical Society.

hydrolysis of the conductive salt LiFPg), and therefore influence
the electrode expansion.® However, the degree to which air
leakage influences the ECD measurement strongly depends
on the individual measurement (how well the cell is sealed) as
well as cell chemistry being studied (how reactive the compo-
nents are).

5. Comparison of ECD with XRD

When studying the storage behavior of battery electrodes during
cycling, the method of choice is usually X-ray diffraction (XRD)
as direct information on the structure changes of the active mate-
rial is obtained. In contrast to this, ECD (Type 1) measures

(a) (b)

KS6

—
f

(00 n+1)

33V 2 (00 n+2)

ra

3
[

-
f

s A o
& 3.3V N
3‘ P a
z 31V =
g A R 8
5 =
=
12.9vV %o
s
N
Mooy
h S =
e ~
oCcv 3] =
ol P
20 24 28 32 36 40

20 /° (CuKa )

www.entechnol.de

thickness changes of the electrode, which means that it takes also
other (in)active components and morphological characteristics of
the electrode into account. Moreover, ECD is also sensitive to
changes in materials with large disorder such as hard/°~%!
or soft?®®! carbon, which are difficult to study by XRD. From that
point of view, both techniques complement each other very well
and they generally show similar qualitative trends for expansion/
shrinkage during cycling.”®>?* Ideally, both methods are applied
in operando mode though this is more difficult to implement for
XRD.

Various studies have been published that contain a combined
analysis of XRD and ECD data. Rieger at all studied the
expansion of a commercial LiCoO, material by operando XRD
and dilatometry.”® The intercalation of lithium ions results in
the expansion of its crystal structure and consequently also of
the electrode. Figure 13 shows the changes in crystal volume
and electrode thickness, as determined by operando XRD and
ECD, respectively. Both signals correlate well although the
change by XRD (2.32%) is slightly larger compared with what
is found by ECD (1.8%). This might be explained by the buffering
phenomena inside the electrode as the electrode exhibits a poros-
ity of around 33%.%*!

Li et al. studied the intercalation of BF,  into graphite in an
AC/graphite hybrid supercapacitor; see Figure 14. The intercala-
tion was done using a CV measurement. While changes in the
diffraction patterns could be found starting from 3.1V, the ECD
method indicated that electrode processes already started from
1.8 V.

In another study on supercapacitors, Li et al. studied graphi-
tized mesocarbon microbeads as electrode with 1.5M SBPBF,
(SBP = spiro-(1,1)-bipyrrolidinium) in propylene carbonate
(PC) as electrolyte.”® They compared the height change
measured by ECD to the change of the crystal structure

00 05 10 15 20 25 30 35 40
uwv

Figure 14. Intercalation of BF,~ ions in a graphite/AC capacitor. a) XRD studies at different states of charge. b) ECD measurement. Reproduced with

permission.?®2 Copyright 2019, The Electrochemical Society.
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Figure 15. Comparison of the height change calculated from XRD and the height change measured with ECD of the graphitized mesocarbon microbead

electrodes in a supercapacitor with 1.5 m SBPBF, in PC as electrolyte: a) positive electrode and b) negative electrode. Adapted with permissio

Copyright 2018, Elsevier Ltd.

measured with in situ XRD for both electrodes during the first
cycle; see Figure 15. While both techniques showed similar
results during discharging, clear differences appeared during
charging. This is explained by the expansion of the graphite par-
ticles in different directions, as well as restrictions from the
binder or the conductive additive in the beginning. At a higher
voltage, the changes of the crystal structure are more directly
transferred into a thickness change.**"’

The observation that the electrode expansion measured by
ECD is smaller compared with what is expected from XRD
is not unusual and has been frequently reported in
literatures,(B69¢:10.25:282.28¢.33] yiarioug parameters, especially the
electrode porosity, account for this difference; see Section 4.1.
In addition, it was found that for a comparison with ECD values
in some cases it is better to use the lattice parameter “c” than the
unit cell volume.!+2%%

6. Conclusion and Future Trends

Operando ECD is a powerful technique to study the behavior of
batteries and supercapacitors during charging and discharging.
The method can easily track dimensional changes from the nano-
meter to the micrometer range and can therefore be used to
follow various processes, including electrode reactions, surface
reactions like SEI formation, or side reactions. A major focus
in the last years was on studying the expansion and shrinkage
(breathing) of electrode materials for LIBs and SIBs. Herein,
the effects of different parameters like the binder material,
the composition of the electrolyte, or the porosity of the electrode
have been investigated. Detailed analysis of the thickness change
(e.g., derivative plots) can give also information on the storage
mechanism, similar to XRD. Both methods are complementary
and ECD can provide information when the use of XRD is less
successful, for example, in case of disordered materials.
Moreover, XRD measures crystallographic properties while
ECD measures the whole electrode, therefore, it includes effects

Energy Technol. 2022, 10, 2101120 2101120 (13 of 16)

n.[28b]

of real electrodes such as the porosity. Even though the number
of ECD studies increased in the past years, it can still be consid-
ered as a relatively new technique. No standard measurement
protocol has been therefore established yet. This review gave
an overview on how to present and discuss ECD data and the
kinds of factors influencing the experimental results. This
includes secondary effects such as the porosity of the electrode
material (a major factor), the used binder, the electrolyte, gas evo-
lution, or the electrochemical measurement itself, as well as the
equilibration time. It is also highlighted that a clearer description
of the data evaluation is needed to ensure comparability between
different research studies. This especially relates to how the ini-
tial electrode thickness is defined.

Important trends for further improvement of ECD relate to
the applied pressure and the stability of the device. With the com-
mercial dilatometer from EL-Cell, the ECD-3, the electrode is
only loaded with a low and constant force of ~1 Newton per
cm” during the measurement. This is the minimum force con-
sidered necessary to contact the electrode reliably. Higher forces
have the disadvantage that the electrode shows stronger creep. In
many cases, however, it can be useful and relevant for the
practice to increase the force by orders of magnitude and also
measure the force during the cycle by integrating additional
actuators and sensors. This is especially true for solid-state bat-
tery electrodes. Modulation of the force can also be interesting,
for example, to investigate the (visco-)elastic behavior of the
electrodes, analogous to the established dynamic mechanical
analysis (DMA) technique. In addition to the general
improvement of the resolution and accuracy of the expansion
measurement, a very general goal for the further development
of ECD is, as with all operando techniques, to make the
electrochemical stability as good as that of the real battery.
The use of improved sealing concepts such as glass-to-metal seals
and the exclusive use of battery-grade construction materials
points the way here. This will open the door for true long-term
measurements.
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