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Since the 1970s, electrochemical dilatometry (ECD) has been
used to investigate the dilation of layered host materials due to
the intercalation of guest ions, atoms or molecules, and has
recently gained traction in application to various electrochem-
ical devices, such as lithium-ion batteries (LiBs), which have
electrodes that undergo volume changes during cycling,
resulting in particle cracking and electrode degradation. With
resolution capabilities spanning tens of microns down to a few
nanometres, dilatometry is a valuable tool in understanding

how commonly used electrodes dilate and degrade and can
therefore be of critical value in improving their performance. In
recent years, there has been a plethora of studies using
dilatometry as a monitoring tool for understanding operating
performance in various electrochemical devices; however, to
our knowledge, there has been no in-depth review of this body
of research to date. This paper seeks to address this by
reviewing how dilatometry works and how it has been used for
the characterisation of electrochemical energy storage devices.

1. Introduction

The exploitation of carbon intensive fuels has contributed to a
rise in global air pollution and global warming. As a result, the
international community has developed strategies that reduce
our reliance on these fuels and explore alternative means of
providing energy.[1] This includes expanding research into
various electrochemical devices.[2,3] Lithium-ion batteries (LiBs),
sodium-ion batteries (NiBs), lithium sulfur (Li� S) batteries and
solid-state batteries (SSBs) provide promising potential in
meeting the needs of a diverse range of energy-intensive
applications. Each electrochemical device varies across a
spectrum of properties, such as energy density, cycle life, size
and durability, rendering it uniquely suited to specific tasks.

Recent research has focussed on the understanding of
materials and devices under operando conditions,[4–7] one tool
that can make a contribution to this is electrochemical
dilatometry (ECD), which has found increasing application in
energy materials research in recent years. This review will
outline the working principles of dilatometry measurements
and survey ECD’s application to a range of electrochemical
devices.

1.1. Electrochemical Devices

Here, we briefly establish the working principles for the
electrochemical devices considered.

1.1.1. Rechargeable Metal-Ion Battery Chemistries

A metal-ion battery consists of four main components: anode,
cathode, separator and electrolyte. During discharge, such
batteries create an electron flow, which can be used to power a
variety of devices. The negative electrode (often termed the
anode as it undergoes oxidation during the galvanic process of
discharge) and positive electrode (often termed the cathode as
it undergoes reduction during discharge) are constructed of
two dissimilar materials which accommodate the oxidation and
reduction reactions, respectively. The electrolyte provides a
medium for ions to flow between the respective electrodes
enabling charge balance to complete the oxidation/reduction
process. The purpose of the separator is to allow ions to flow
and ensure the anode and cathode do not electrically short
circuit. During operation, the electrodes typically dilate or
contract. During charge, the anode either intercalates or alloys
with metal-ions (depending on the electrode composition),
whilst the cathode deintercalates metal ions causing it to
decrease in thickness. Generally, alloying reactions cause more
severe morphological changes and so thickness variations
occur at a far larger scale in these systems (Si, Sn, Ge etc). The
properties of a battery, such as its capacity, current capability,
cycle life, safety, storage life, operating temperature and
voltage, are determined by the materials used to construct the
anode, cathode and electrolyte and its operating parameters.
The lithium-ion battery (LiB), sodium-ion battery (NiB) and
potassium-ion battery are all examples of metal-ion batteries.
The lithium solid-state battery (SSB) is a metal-ion battery that
employs a solid electrolyte material. Solid-state electrolytes are
generally composed of inorganic Li-ion conductors, polymer
electrolytes and organic–inorganic hybrid composites.[8]

1.1.2. Lithium-Sulfur (Li� S) Battery

The Li� S battery utilizes a cathode that is composed of
elemental sulfur and carbon and an anode composed of
elemental Li. The electrodes are separated by a separator
soaked in organic electrolyte. Redox reactions take place
between metallic Li and elemental sulfur.[9,10] A Li� S battery
offers a theoretical capacity of up to 1672 mAhg� 1 and an
energy density of 2600 WhKg� 1, which corresponds to a 3–5
fold higher theoretical energy density than current state-of-the-
art LiBs.[11] However, Li� S batteries are severely hampered by
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practical hurdles that include short cycle life, low cycling
efficiency, poor safety and a high self-discharge rate.[12,13]

Dissolution of metallic lithium occurs at the anode surface,
producing electrons and lithium ions during discharge and
electrodeposition during charge. During discharge, dissolved
lithium ions are incorporated into alkali metal polysulfide salts
and the dissolved lithium ions migrate to the sulfur electrode
(cathode) where sulfur is reduced to lithium sulphide. There-
fore, sulfur is re-oxidised during discharge.[14,15]

Huge volumetric changes occur when sulfur (2.07 gcm� 3) is
reversibly converted into lithium sulphide (Li2S) (1.66 gcm� 3)
via soluble lithium polysulfides during lithiation and delithia-
tion. The soluble polysulfides may shuttle between the anode
and cathode (shuttle effect) and form Li2S2 or Li2S solid on the
lithium anode. Deposition of Li2S leads to 80% volume
expansion compared to solid S8.

[16,17] In addition, cumulative
volume changes in the sulfur electrode will occur as a result of
the incomplete conversion of Li2S and associated polysulfides
to S upon recharging of the cell.[12] These mechanisms are
assumed to be the major source of volume change in Li� S
batteries.[18]

1.2. The Working Principles of a Dilatometer

A dilatometer measures volume changes of a sample material
caused by chemical or physical processes. Dilatometry is
typically used to test a wide range of materials, including
metals, carbonaceous materials, ceramics, glasses and
polymers.[19] There are different types of dilatometers: push-
piston dilatometers; capacitance dilatometers; push rod dila-
tometers; high resolution-laser dilatometers; and optical dila-
tometers. This review focusses mostly on studies that use a
push-piston dilatometer as this is the most commonly selected
type of dilatometer for electrochemical devices, probably

owing to the spatial resolution of commercially available
models. That said, it should be noted that in SSB research, the
push rod dilatometer is more common because it can operate
at temperatures exceeding 1000 °C; most commercial push-
piston dilatometers cannot operate at temperatures above
100 °C and tend to be used in studies carried out at room
temperature. Use of the push rod dilatometer is discussed
further in section 2.3. For multi-point expansion measurements
using a laser dilatometer see the work of Spingler et al.[20] and
for non-contact volumetric measurements using an optical
dilatometer see the work of Bohn et al.[21]

Push-piston dilatometers use a parallel plate capacitor, with
one stationary plate, and one mobile plate. When the sample
material expands or shrinks, the mobile plate moves, which
alters the gap between the two plates.[22–25] Push-piston
dilatometers are designed to measure either horizontal or
vertical displacement at a single point in 1-dimension.

There are various dilatometer instruments designed to
measure electrochemical devices that are sealed against
ambient temperature and pressure, and dilatometer cells can
be designed to allow for gas expansion from the electrode in
the electrochemical device. Commercially available push-piston
dilatometers are often designed in a way to allow for gas
evolution to be mitigated and thus not effect dilatometric
measurements, so that dilation recorded is indicative of
structural changes in the sample material. Pressiometry can be
employed to monitor pressure changes in a sample material
during cycling.[26,27] Numerous commercial pressiometry devices
such as the PAT-Cell Press provided by EL-Cell group are built
in a way that allow for the gas formed to be collected and
transferred for subsequent gas analysis, e.g., gas chromatog-
raphy. This allows measurements of gases formed during
certain cycling protocols of different materials.

Linear voltage displacement transducers (LVDTs) and
capacitive parallel-plate displacement sensor systems are the
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two most commonly found in numerous dilatometer instru-
ments. Whilst there are multiple examples of in-house
developed dilatometers designed for volumetric
measurements,[28–32] commercially available instruments, such
as the ECD model cells provided by EL-Cell group, GmbH are
the most widely applied (see Figure 1).

It is noteworthy that this commercial cell can also be used
for two-electrode cell configurations by replacing the reference
electrode with a plug ferrule. In addition, The ECD-3-nano can
be used to measure the expansion of a whole cell stack (instead
of just the electrode on top of the frit). In this scenario, the
glass frit is being replaced by a stainless-steel support. The cell
stack components consist of the negative electrode, separator
and positive electrode. This alternative dilatometer assembly is
also suitable for solid-state batteries.[161]

Whilst a number of reports cited in this review used a
version of a commercially available ECD dilatometer, it is also
common to construct a tailored assembly to suit the purpose
of the experiment. For instance, Hahn et al. constructed an in-
house developed dilatometer that consisted of a two-electrode
assembly with a paper separator (see Figure 2a). The lower
counter electrode (CE) was fixed into position while the upper
working electrode had freedom to move against a constant
load (20 N) applied by a spring. An inductive displacement
transducer and a measuring amplifier were used to record the
height changes of the cell. The transducer and measuring
amplifier were mounted on top of a plunger that connect the
detector to the working electrode (WE). A drying agent was
connected to the cell to prevent pressure increases due to gas
evolution.

Figure 2b illustrates the dilatometer developed by Winter
et al.[29] They used the resonance frequency shift in an
oscillatory circuit that contains two ferrite shells. One of the
ferrite shells was mounted so that it was mobile. The WE was
placed between two pistons. Nickel was used to make the
bottom piston, which was stationery and functioned as the
current collector. Polypropylene (PP) was used to make the
upper piston, which was allowed to move and transmit

thickness changes in the WE to the upper ferrite shell of the
oscillatory circuit. Some design limitations were observed;
capillary forces allowed electrolytic solution to move between
the WE and piston producing false expansion measurements. In
addition, electrolyte creeped between the sample and Ni
current collector, disrupting electronic contact between the
current collector and sample, and leading to measurements

Figure 1. A figure detailing the internal mechanism of the ECD-3-Nano
Dilatometer (by EL-Cell GmbH) based on a 3-electrode geometry and an
inductive sensor. Only the dilatation of the WE is recorded because the glass
T-frit is fixed in position. Adapted from Ref. [33] under the Creative
Commons License. Copyright (2021) The Authors.

Figure 2. a) A schematic of the in-house developed dilatometer used by
Hahn et al.[28] and b) by Winter et al.[29] Reproduced from Refs. [28] and [29]
with permission. Copyright (2006) Springer-Verlag, (2000) The Electrochem-
ical Society, respectively.
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being entirely aborted. This issue of electrolyte creeping was
resolved by installing a small copper weight into the
dilatometer apparatus to ensure contact between the nickel
current collector (bottom piston), WE (sample) and upper
piston was maintained.[29]

The dilatometry set-up used by Ivanov et al. included an
electrode stack, which consisted of an anode coating on one
side, and a cathode on the opposite with a separator in
between (see Figure 3a). The three constituents of the
electrode stack could be homogenously pressed by bracing the
spring with a force adjustment screw to ensure a homogeneous
mechanical pressure is applied to the cell. Electrode expansion
was monitored by using the displacement sensor and the
macroscopic electrode stress by the load cell.[34] As a result of
the increased length of the pressure spring in comparison to
the displacement of the electrodes caused by swelling, force
changes during measurements were negligible. In addition, the
effect of gas evolution during cycling was suppressed owing to
the small electrode area, the applied compression, and the
non-gas tight housing. Bauer et al. also measured the expan-
sion of a whole cell using an in-house developed dilatometer.[31]

The height changes of the cell were transmitted via a
membrane and a piston onto a LVDT. A voltage output was
produced, which varied linearly according to the cell’s
expansion (see Figure 3b). The in-house constructed load
system used for ECD measurements by Jeong et al. consisted of
a sandwich-type electrode stack with a spring component.[32] A
gap-sensor (resolution: 0.5 μm) was used to measure the
thickness changes of the electrode stack (see Figure 3c).

Numerous studies use dilatometry in tandem with other
electrochemical techniques to provide more information on the
electrochemical device in question. For instance, Winter et al.
used cyclic voltammetry to assess the feasibility of electrolytic
solutions with graphite in rechargeable cells that were
subsequently used for ECD measurements.[29] The study set out
to monitor electrolyte penetration into pores or fissures of an
exfoliated sample. However, they found that combining ECD
with cyclic voltammetry caused cyclic voltammograms to be
strongly affected by background currents in the dilatometer
apparatus, demonstrating the limitations of combining these
techniques. The dilatometer used in this work is shown in
Figure 2b. It is common for dilatometry measurements to be
taken with the entire experimental setup in a climate chamber
so that conditions can be controlled during data acquisition
and dimensional changes caused by certain temperatures can
be assessed.

Other examples of studies that use in-house constructed
dilatometers are discussed throughout this review. Most in-
house dilatometer assemblies follow the same principles as
those discussed in this section, with some adjustments. For
example, studies by Fu et al.[35] and Bauer et al.[36] used two
LVDTs because of the vertical alignment of the pouch cell in
the designed fixture. One LVDT was placed on either side of
the battery allowing the measurement of thickness variations
at two different locations of the cell.

Figure 3. a) A schematic of the in-house developed dilatometer used by
Ivanov et al. Reproduced from Ref. [30] with permission. Copyright (2017)
Elsevier. b) The in-house developed dilatometer used by Bauer et al. for
high-rate dilatometry experiments using GITT. Reproduced from Ref. [31]
with permission. Copyright (2016) Elsevier. The dilatometer set-up consists of
a (1) Al- plate (2) threaded rod (3) cell (4) dial gauge (5) tip with spring and
metallic plate (1 cm2) (6) electric contact pads (gold plated). c) The lab-
generated load cell system used for dilatometric studies by Jeong et al.
Reproduced from Ref. [32] with permission. Copyright (2011) Elsevier.
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2. Application to Electrochemical Devices

2.1. Dilatometric Characterisation of LiBs

2.1.1. Overview

Understanding how commonly adopted electrodes dilate and
contract in LiBs using ECD can be of critical value in improving
LiB durability. The consequences of electrode dilation are far-
reaching and can cause a propagation of microstructural
defects that compromise the mechanical integrity and function
of the cell. For instance, electrode dilation can reduce the
flexibility of the electrode binder during prolonged cycling,
which leads to active material particles cracking and pulveriz-
ing. Irreversible dilation can also reduce the cycle life of
LiBs.[37–39] In LiBs, solid electrolyte interphase (SEI) formation
and the electrochemically driven growth of passivation layers
on metal surfaces are a subject of dilatometric studies. ECD is
sensitive to amorphous phases and SEI formation as long as
there is a sufficiently large change in electrode thickness.[40]

Commonly adopted LiB electrodes can undergo fragmentation
and deleterious thickness changes after prolonged periods of
intercalation/deintercalation, particularly at high cycling
rates.[41,42] Thickness variations during charging are a confound-
ing problem in next generation anode materials for LiBs,
particularly for alloying type electrodes.

2.1.2. Graphite

Numerous carbon materials such as graphite, petroleum coke,
carbon black, carbon fibre, and amorphous carbon, with a high
diversity of physical and chemical features have been studied
as Li ion-intercalation electrodes.[43–45] However, graphite is the
most widely used commercial anode material in LiBs because
of its high coulombic efficiency and cycle performance. In
graphite, Li-ion occupation sites are between two adjacent C
layer planes, where one Li ion is associated with a hexagonal C
ring in the LiC6 structure.

[46] To date, much research effort has
been focused on the chemical processing and electrochemical
properties of Li-intercalated graphite which has a capability of
intercalating Li to x=1 in LixC6, equal to a gravimetric specific
capacity of 372 mAhg� 1.[47,48]

Dilation and contraction are common for crystals that have
a layered lattice and undergo intercalation/deintercalation of
guest ions. In graphite/Li cells, during discharging (applying a
constant negative current) Li ions intercalate between the
graphene layers and the electrode increases in height (dilates)
whereas during charging (constant positive current), Li ions
deintercalate causing the electrode’s height to decrease
(contract). Note that the notation of charge and discharge here
is applicable to the graphite/Li ‘half-cell’ and will be different
for full cells.[33]

Biberacher et al. and Besenhard et al. were among the first
studies in literature to use dilatometry to investigate graphite’s
dilation during cycling.[49–52] Hahn et al. demonstrated that
graphite electrodes undergo height changes as the stoichiom-

etry of graphite changes with Li intercalation across a time
frame of 40 hours using the in-house construction described in
earlier works by Hahn et al.[53] When graphite was fully
intercalated and thus the height change was largest, the
highest recorded value of expansion was also recorded from
the dilatometer. They showed that stoichiometric changes that
occur to an electrode material due to Li intercalation can be
evidenced using dilatometry and the results confirmed with X-
ray diffraction (XRD) studies.[54] Another example of a study that
used XRD in tandem with dilatometry is Hantel et al.[55] who
used in-situ XRD and in-situ dilatometry to reveal electro-
chemical activation of partially reduced graphite oxide (GOpr)
to irreversibly modify the interlayer distance. In this case, a
three electrode cell developed in-house was used for dilato-
metric characterisation, also used by Hahn et al. in Ref. [28] (see
Figure 2a). The irreversible formation of a stable SEI layer can
be accelerated by electrolyte additives, which contributes to
electrode swelling.[34] An example of a commonly used electro-
lyte additive in LiBs is vinylene carbonate (VC). Ivanov et al.
investigated how varying the concentration of VC in electro-
lytes affected the volumetric expansion of graphite composite
electrodes in LiBs (Figure 4).

In this study, a graphite electrode with no VC additive
underwent a maximum of 8 μm dilation at the end of first
discharge. In contrast, a graphite electrode with 4% VC
underwent a maximum of 6 μm dilation at the end of first
discharge. It was concluded that irreversible dilation is largely
influenced by the VC concentration in the electrode. The
addition of additives allowed for a thicker SEI layer to be
established which contributed to the irreversible dilation
recorded. However, SEI layers are typically expected to be on
the nanometre scale, and an overall decrease in irreversible
dilation was observed when adding higher concentrations of
VC, despite a thicker SEI layer. This was associated with
differences in electrolyte decomposition and adsorption/incor-
poration of chemical products produced during cycling. Addi-
tional irreversible volume expansion occurred due to the
incorporation of soluble decomposition products into the
electrode when no additives were used.[34]

Most dilatometric studies of graphite in literature use
similar variants of galvanostatic cycling parameters to record
the dilation/contraction arising from continuous intercalation
of Li ions. However, Bauer et al. elected to use galvanostatic
intermittent titration techniques (GITT) for high rate dilatometry
experiments, focussing particularly on the relaxation phenom-
ena that graphite/nickel manganese cobalt (NMC) pouch cells
underwent after current pulses.[31] They used the ECD-1
dilatometer for single electrode experiments and an in-house
developed dilatometer for whole cell dilation experiments. The
in-house developed dilatometer was used for high rate
dilatometry experiments, and the ECD-1 dilatometer was used
for low-rate dilatometry experiments. It was possible that the
ECD-1 dilatometer was not suitable for fast C-rate experiments
due to the large borosilicate glass separator used in the
instrument, which could have contributed to diffusion limita-
tions of Li+ at high C-rates.
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A total crystallographic volume expansion of 13.2% occurs
when C6 is fully lithiated to a composition of LiC6 as confirmed
using XRD.[56] However, numerous articles report the volume
changes in graphite electrodes during cycling, using in-situ
dilatometry, with dimensional changes ranging between 4–
13% owing to differences in electrode composition, electrolyte
and cell configuration.[31,46,47,56–64] Graphite particles can rear-
range themselves in the particle-binder matrix as they expand
and contract during cycling, which leads to severe contact
stresses and fracturing of particles that are packed closely
together.[65] Electrode delamination that causes the graphite
particles to no longer be connected to the current collector has
also been proposed as a degradation mechanism that
influences ECD measurements.[33] In addition, calendering

during the manufacturing process can give rise to stresses at
the cell level, which causes the electrode material to fracture.[66]

Nonetheless, despite variation in the scale of thickness change,
a consistent dilation/contraction behaviour has been recorded
across numerous reports, reconciling the thickness changes
that occur during phase transitions at certain voltages.

2.1.3. Silicon

Silicon (Si) is the leading candidate anode material to replace
graphite, as it has a theoretical specific capacity of
~4200 mAhg� 1 when alloyed with Li as Li22Si5.

[67,68] Crystalline
Si is electrochemically lithiated to form amorphous Si via a two-
phase mechanism.[69,70] The two phase mechanistic behaviour is
likely due to the large activation energy necessary to break up
the crystalline Si matrix: a high concentration of Li atoms near
the reaction front is required to weaken the Si� Si bonds,
resulting in favourable lithiation kinetics and the observed two
phase behaviour.[71] The amorphous phase that forms at the
expense of the crystalline Si is highly lithiated (x=3.4�0.2 Li
atoms per Si atom close to the stoichiometry of the common
terminal crystalline phase at room temperature, where x=

3.75).[72] Highly lithiated Si formation at the reaction front leads
to significant volume expansion of up to 270%–300%, which in
turn causes large gradients in transformation strain.[73–75]

Expansion issues related to charging Si remain the largest
obstacle to overcome for Si anodes in commercial
application.[76–79]

Dilatometry has been used in studies to understand the
thickness change of carbon, SiO, Si and SiN electrodes.[32,80–87]

Yu et al. showed that prolonged cycling of Si electrodes with
active particles on the micro-scale leads to intrinsic volume
expansion, and that particles vertically rearrange themselves
during charge/discharge.[88] They highlighted that, as particles
swell to fill empty voids, there is a hysteresis in the thickness
changes recorded (changes occur undetected by the dilatom-
eter). It is only when the particles are displaced vertically away
from the electrode that height changes were detected. This
demonstrates the importance of corroborating dilatometry
with other techniques that can provide information on
morphological changes on the particle or fibre scale as some
mechanical phenomena may go undetected.

It is noteworthy that some studies have coupled dilatom-
etry with acoustic measurements to provide more granular
information on single electrode and full-cell volume changes.
Tranchot et al. coupled with acoustic emission (AE) measure-
ments and scanning electron microscopy (SEM), to study the
effect that Si particle size (85 nm versus 230 nm) has on the
mechanical stability of composite Si/C/carboxymethyl cellulose
(CMC) binder electrodes.[89] It was demonstrated that operando
dilatometry coupled with AE experiments and post-mortem
SEM observations gives valuable quantitative information about
the morphological degradation of Si-based electrodes. In the
case of smaller particles, the larger specific surface area means
there is insufficient CMC binder to prevent film delamination
and maintain a conductive network between the electrode

Figure 4. Dilation-time (top) and potential-time profile (bottom) of Graphite/
NMC cells for a) 2.0 and b) 3.0 mAhcm� 2 nominal capacity and constant
23% porosity. ECD measurements are taken during three C/4 charge/
discharge cycles. Electrolyte composition: 1 M LiPF6 in EC: EMC 3 :7 (w :w),
without VC – (blue), 2% VC – (red) and 4% VC – (green). Reproduced from
Ref. [34] with permission. Copyright (2020) Elsevier.
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components during expansion/contraction of the Si electrode.
Tranchot et al. proposed that electrode degradation is mostly
determined by the cohesive/adhesive properties of the elec-
trode, as opposed to the cracking resistance of individual Si
particles.[89]

Implementing a high-modulus polyimide (PI) layer is
common when using micron-sized Si electrodes to enhance the
adherence of particles with the coating, and to prevent
delamination of active particles from the electrode when Si
undergoes significant volume expansion. For example, Lee
et al. suppressed volume expansion in Si electrodes by electro-
spraying a PI layer onto a thin-film Si electrode. The dilatometer
can be used to calculate the volumetric capacity (Qvol) using the
following equation [Eq. (1)]:

Qvol ¼
Qareal

Electrode thickness (1)

Where Qareal is the areal lithiation capacity (mAhcm� 2) of
the electrode and the electrode thickness is obtained from in-
situ dilatometry.

Lee et al. found that the PI layer coated electrode expanded
less than a Si thin film electrode that did not have a PI layer. It
was concluded that the PI layer maintained the electrode’s
integrity and prevented electrode delamination and material
pulverization during cell cycling.[90] The use of a PI coating on
high capacity anode materials such as antimony is discussed in
the next section. However, at the time of this review, there is
limited dilatometric research of the effectiveness of these PI
coatings when used with electrodes composed of higher
capacity anode materials for LiBs such as Sb and Sn.[91]

Whilst it is important to compare electrodes of different
elemental composition, it is also necessary to account for how
particle dimensions in an electrode can impact the rate of
capacity fade and influence thickness variations.[92,93] It is widely
reported that nano-sized Si particles can accommodate the
stress build-up during lithiation and delithiation, and voids
among the particles can also absorb some of the volume
changes.[94,95] However, nano-sized Si particles are difficult to
handle and can be energy intensive to produce. Tan et al.
investigated thickness variation of micron sized SiO particles
using dilatometry (Figure 5). They used a PI coating system to
reduce thickness changes during cycling with the intention to
prevent rapid capacity fade that would otherwise be observed
for micron sized SiO particles with no protective coating
system.[91]

The SiO electrodes underwent significantly higher thickness
changes than the SiO electrodes that had a self-assembled
monolayer (SAM) and PI, suggesting that the SAM/PI coating
helps to maintain the mechanical integrity of the particles and
electrode during cycling. The authors propose that an
enhanced PI coating with a SAM can be applied to various
alloy-based and conversion-based anode materials for LIBs to
suppress electrode degradation.[91]

Section 2.1.2 reviewed examples of varied conductive
additives in graphite electrodes to assess how additives affect
electrode volume changes during cycling. Different conductive

additives have also been used in Si-based electrodes. For
instance, Karkar et al. prepared Si electrodes with either carbon
black, carbon nanofibers or carbon nanoplatelets (conductive
additives) and investigated the associated volume changes
with each electrode using the ECD-2 dilatometer.[96] They found
that deleterious volume changes of Si electrodes occur above a
critical silicon mass loading for which high mechanical stresses
are unavoidable. This critical Si mass loading depends on the
conductive additive used in the electrode mixture. Carbon
nanoplatelets were found to be the most ideal additives as
they operate as a lubricant, allowing the sliding of Si particles
as they dilate/contract. This is suggested to avoid mechanical
stresses and limit the rupture of SEI. Dilatometry findings
showed carbon black-containing electrodes to have the largest
thickness changes during cycling, suggesting that carbon black
is the least effective conductive additive. The electrode’s
conductive network was unable to be maintained during
drastic Si volume changes.

Calendering is a commonly used compaction technique for
LiB electrodes; it has a significant impact on porosity and thus
the electrochemical performance of LiBs.[97–100] Calendering
involves pressing an electrode and subsequently increasing its
volumetric energy density. It is performed after the electrode
casting and drying steps, and alters numerous physical proper-
ties such as the lithium diffusion pathway length, the electrode
porosity and interparticle contact,[101] and can also be a cause
of non-electrochemically driven particle cracking.[102] Dilatome-

Figure 5. a) Potential-time profile and thickness change-time profile for a
carbon-coated SiO (SiO@C) electrode and b) a carbon-coated SiO electrode
with a self-assembled monolayer and PI surface layer that was UV treated
(SiO@C@UV@SAM@PI), tested at 150 mAg� 1 with an in-situ dilatometer.
Reproduced from Ref. [91] with permission. Copyright (2020) Elsevier.
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try can be used to compare and contrast volume changes in
calendered and non-calendered electrodes to assess the impact
of calendering on the electrode’s dimensional changes. The
direction of electrode dilation occurs mainly parallel with the
direction of calendering, which is perpendicular to the current
collector.[103] Karkar et al. demonstrated an improved cycle life
and reduced thickness change in calendered Si-based electro-
des using operando dilatometry.[74]

During prolonged cycling, the electrode binder can under-
go significant strain due to continuous dilation and
expansion.[104] However, studies have found that crosslinked
binders have the potential to enhance Li ion diffusion and
reduce the strain undergone by the electrode over time.[105,106]

Gendensuren et al. investigated Si electrodes and found that a
dual-crosslinked binder was helpful in minimising volume
expansion. They stated that the self-healing attribute of cross-
linked poly(acrylamide) (PAAm) may have been responsible for
minimising volume expansion.[106] In addition, Jeong et al.[32]

showed that the pore forming agent Poly(methyl methacrylate)
(PMMA) has the ability to ‘unzip’, reducing volume expansion
by forming pores in Si-based composite electrodes, resulting in
little deformation during lithiation. Unzipping refers to the de-
polymerization of specific polymers to monomers. On the other
hand, untreated Si electrodes used as a control showed severe
and continual increase in dilation with cycling.

Binders play a crucial role in maintaining the mechanical
integrity of electrodes during prolonged cycling and can be
readily tailored to specific active materials and applications.
Jackel et al. investigated the dimensional changes of battery
electrodes containing either a stiff or soft polymeric binder
using dilatometry.[107] They suggest that the optimal polymeric
binder should neither be completely rigid nor too soft to
enable unrestricted electrode volume change and prevent the
binder from viscously creeping into the active material. Binder
properties are highly sensitive to changes in temperature.
While Jackel et al. kept temperature constant to compare either
stiff or soft polymeric binders, Park et al. explored the impact of
thermally treating a Si� Ti� Fe� Al alloy electrode with a poly
amide-imide (PAI) binder. The volume expansion of the
electrode is investigated at three different temperatures:
200 °C, 300 °C and 400 °C, respectively. After full lithiation
(discharge), the Si electrode treated at 200 °C expanded by up
to 531%, whereas the Si electrode at 300 °C and 400 °C showed
thickness changes of 312% and 436%, respectively. The Si alloy
electrodes that were heat-treated to greater than 300 °C
showed less thickness change during lithiation/delithiation.
Such changes were attributed to enhanced mechanical
strength of the PAI binder at elevated temperatures.[108] Yang
et al.[109] also report that heat treating PAI binders can improve
the cycle performance of Si-alloy electrodes that contain PAI
binder. They attributed the enhanced capacity retention of Si
electrodes to the improved mechanical strength of PAI binders
caused by the rearrangement of molecular chains at elevated
temperatures. Other than thermal treatment, the mechanical
strength of binders can be enhanced using chemical etching.
Metal-assisted chemical etching is a surface modification
technique that is used to enhance capacity retention and has

become attractive for modifying the surface of silicon based on
galvanic displacement.[110] Kim et al. investigated the effect of a
binder on Si nanostructure electrodes that were etched using
silver. The poly-vinylidene difluoride (PVdF) and PI binders were
evaluated on the basis of electrochemical and ECD
measurements.[111] There were minimal differences in thickness
change between the Si-PVdF and the etched Si-PVdF electro-
des; however, the etched Si-PI electrode showed significantly
less thickness changes than the other two tested electrodes
during cycling. Therefore, the PI binder played a pivotal part in
suppressing the physical thickness changes observed during
insertion and extraction of Li ions. The findings suggest that PI
binders enable the electrode to better maintain an electric
conduction network which would theoretically improve LiB
durability during prolonged cycling.

Kim et al. demonstrated that dilatometry can be used to
provide information about the role of reduced graphene oxide
(RGO) in Si composite anodes. RGOs were used in Si/carbon
nanotubes (CNT) and Fe2O3/carbon-nanofiber (CNF) during
galvanostatic cycling in order to accommodate volume ex-
pansion. The RGO buffering agent had a porous framework
with a flexible texture due to the lack of rigid connections
between adjacent nanosheets. ECD revealed an overall change
in electrode thickness of 11% for the Si/carbon-nanotube (CNT)
and Fe2O3/carbon-nanofiber (CNF) anode-material electrodes.
This was smaller than expected for such oxide-based electrode
materials and is presumably because the RGO played a
buffering role in the Fe3O4/RGO volume changes during the
Fe3O4� Li ion reactions, resulting in the delayed and gradual
Fe3O4/RGO volume expansion. The composite electrodes also
exhibited excellent cycling stability.[112]

Extensive dilatometric research has been carried out on Si-
based electrodes for LiBs (see Table 1 and Figure 6). The
experiments can vary between investigating different electrode
compositions, different electrolytes of varied concentrations,
the effect of using different binders/coatings, conductive

Figure 6. The maximum thickness change (%) recorded for different Si
electrode compositions with varying Si loading from works discussed in
section 2.1.3. Each point is labelled with the appropriate citation.
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additives and the installation of pore forming agents in the
electrode composition. Numerous studies using Si-based micro-
particles with an inactive matrix to accommodate volume
expansion have been published.[113] Furthermore, various elec-
trochemical in-situ techniques can be used in conjunction with
ECD to provide more information on the lithiation mechanism
in Si electrodes such as X-ray diffraction,[114] Raman
spectroscopy,[115] solid-state NMR[81] and differential electro-
chemical mass spectrometry (DEMS).[80]

2.1.4. Other High-Capacity Anode Materials

There are numerous high-capacity anode materials that have
the potential to supersede anodes currently used in commercial
LiBs. Alternative anode materials have been explored to meet
the increasing demand of batteries with higher energy
density.[116,117] However, electrode cracking seriously hinders
their application.[118,119] Nano-sizing is a commonly adopted
method to reduce fracturing of individual particles, but capacity
fading still occurs owing to large volume change and loss of
contact in the electrode during Li insertion and extraction. A
strategy was devised by Li et al. to reduce cracking formation
between particles in a SnO2 electrode by constructing a crack
resistant high-modulus PI coating.[120] Electrode thickness
changes during galvanostatic cycling suggested that cracking
and expansion of the electrodes reduced, which was attributed
to the PI coating exerting a compressive force that kept
particles together. Li et al. concluded that this method of
suppressing volume expansion could be applied to various
electrode compositions that are highly susceptible to large
dimensional changes to aid development of anodes for LiBs.[120]

High-capacity anode materials such as antimony are
promising because their operating voltage is approximately
0.8 V vs Li, far from the Li plating potential (though this does of
course reduce the operating cell voltage). However, Sb electro-
des also undergo drastic volume expansion during cycling
which has a crippling effect on the cycle life of the cell and
capacity retention.[121] The theoretical volume expansion of Sb-
based electrodes lies between 121 and 132%.[122] Wang et al.
explored the integration of a PI and CMC binder into the
electrode’s slurry composition to suppress particle cracking and
hold the particle together, enabling Sb anodes to utilize micron
sized particles during high C-rate protocols.[123] Thickness

changes of the PI treated electrodes were measured using Sb
electrodes with 9.4%wt. PI showed lower thickness changes
than electrodes with 4.7%wt. PI in the electrode composition.
The results suggest that volume change was reduced with PI-
cellulose interaction. The PI binder reduced pulverisation of
particles during cycling. Particle pulverisation is one of the
main obstacles to wide-scale use of high capacity anodes.

Wang et al. carried out a comparative study of incorporat-
ing a sulfur or selenium matrix into Sb-based electrodes to
investigate their electrochemical performance as LiB electrodes.
It was found that volume expansion was reduced for Sb2S3 and
Sb2Se3 electrodes because S and Se matrixes inhibit crystalliza-
tion of Li3Sb during lithiation, enhancing the electrode’s
stability. In addition, this study corroborated various techniques
with dilatometry, such as X-ray diffraction, Raman spectroscopy
and SEM.[122] Ma et al. used dilatometry to study silver electro-
des and α-MnS/S-doped C microrod composites.[124,125]

2.1.5. Cathode Chemistries

Cathode dilation is often neglected in dilatometric research
because thickness variations at the cathode are of a much
smaller magnitude compared to the anode, and thus the
consequences of cathode dilation are thought to be far less
detrimental to the cycling capability of LiBs.[31] Although studies
seldom report cathode material dilation in comparison to
anodic dilation, Rieger et al. reported a thickness change of
1.8% for a LiCoO2 cathode during delithiation using
dilatometry.[126] They reported high overpotentials in potential
curves and argued that it was a result of the large distance
between the reference electrode and working electrode (ca.
500 μm). Yu et al. highlighted limitations in dilatometry cell
configurations, with overpotentials reported due to mass
diffusion limitations.[88] In order to conduct dilatometry experi-
ments, Rieger et al. assembled segments of the pouch cell
battery electrode into a dilatometer; the battery selected had
two single-sided cathode layers towards the top and bottom of
the electrode stack, which were used for the dilatometric
experiments of the cathode (symmetrical cell). For the dilato-
metric experiments on the graphite anode, an electrode was
cut and placed inside the dilatometer from the pouch cell
electrode bilayer. Although graphite was coated on both sides
of the bilayer, only one side participates in the electrochemical

Table 1. Maximum thickness change recorded for different silicon electrode compositions discussed in Section 2.1.3.

Active material Si loading [mgSi cm
� 2] Binder/coating Conductive additive Composition ratio (AM/Binder/CA) Max thickness change [%] Ref.

Si 1.6 PVdF Acetylene black 60/20/20 400 [88]
Si 1.6 CMC Acetylene black 60/20/20 450 [88]
Si 1.6 PI Acetylene black 60/20/20 300 [88]
Si 1.8 PI N/A 90/10 225 [90]
Si ~3 CMC Graphene sheets (GM15) 80/08/12 400 [96]
Si ~1.75 CMC Carbon black 80/08/12 100 [96]
Si 2.25 CMC Graphene sheets (GM15) 80/08/12 250 [74]
SiO 1.0–1.1 PI Carbon black 60/10/20 200 [91]
SiO (2.1% O) 1.0�0.1 CMC Carbon black 73.5/14.5/12 500 [89]
SiO (1.29% O) 1.0�0.1 CMC Carbon black 73.5/14.5/12 150 [89]

Batteries & Supercaps
Reviews
doi.org/10.1002/batt.202100027

1387Batteries & Supercaps 2021, 4, 1378–1396 www.batteries-supercaps.org © 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Wiley VCH Freitag, 20.08.2021

2109 / 200476 [S. 1387/1396] 1

http://orcid.org/0000-0001-9954-3619


reaction inside the dilatometer assembly. This is because the
copper current collector acts as a barrier for Li-ions. This study
demonstrates that dilatometry can be a useful tool for
investigating commercially available Li-ion batteries with a
pouch cell configuration. The drawback to this approach is that
it destroys the pouch cell because it cannot be reassembled
after measurements.

NMC is a cathode material widely used in commercial LiBs.
The stoichiometry and thus structure of NMC can vary depend-
ing on the ratio of nickel, manganese and cobalt,
respectively.[127] Nayak et al. demonstrated that dilatometry can
be utilised to monitor reversible and irreversible processes of
NMC in LiBs. They prepared a Li rich Li1.17Ni0.20Mn0.53Co0.10O2

cathode material using a sol-gel method and investigated the
dimensional changes that occur during galvanostatic cycling
(see Figure 7).[128]

In-situ ECD revealed an irreversible contraction/expansion
during charge/discharge and correlated this phenomenon to
irreversible capacity loss during the first cycle. A large voltage
hysteresis and substantial voltage loss on first charge/
discharge is thought to occur because of the formation of
molecular O2 at 4.6 V versus Li+/Li which becomes trapped in
voids within the particles in the bulk and also lost from the
surface. The O2 that forms during first charge causes the
disorder of the transition metal ions associated with the loss of
the honeycomb structure, which thus forms vacancy clusters
that accommodate O2.

[129] Dilatometry confirmed that reversible
electrode contraction/expansion occurred after initial cycling,
quantitatively confirming the good cycling stability of this
material. The absolute change in electrode thickness during
cycling was about 0.27 μm during prolonged cycling. The
electrode periodically “breathed” with each cycle by less than
one percent compared to its total thickness. Overall, the
dilatometer proved to be a very useful instrument in examining
the reversible and irreversible processes in composite electro-
des with thickness changes as small as 1% of the total
electrode thickness. The dilatometer contained a high-resolu-
tion capacitive transducer that can detect dimensional changes
at the WE down to a few res resolution. Dilatometers with a
different detector have also been used. Ariyoshi et al.[130] used a
dilatometer with a linear voltage displacement transducer to
detect the dimensional changes of LTO/LiCoMnO4 LiB during
galvanostatic cycling. The same model was used by Nagayama
et al. and is an in-house fabricated assembly.[131] The dilatom-
eter uses a pouch cell test sample and thickness changes of the
cell are transmitted via a spindle to a linear voltage displace-
ment transducer. The transducer is connected to an amplifier
that converts displacement signals in micrometres to a voltage
signal in mV.[131]

There has been renewed interest in vanadium oxide as a
cathode material in LiBs. Layered vanadium oxides are promis-
ing cathode materials owing to their low cost, high capacity
and moderate voltage.[132,133] Barker et al. assembled an in-
house dilatometer with a linear voltage displacement trans-
ducer to measure the thickness changes of an entire LiB pouch
cell with a vanadium oxide (V6O13) and lithium metal
electrode.[134] During lithium insertion into the V6O13 and Li+

dissolution from the anode there was a gradual decrease in the
overall cell thickness. The converse was observed during Li
extraction from V6O13 and Li plating onto the Li metal.
Nonetheless, the thickness changes were seen to be highly
reversible over the voltage range used. The thickness increases
in V6O13 corresponded to around a 1.7% change in the
electrode’s initial thickness. The volume fraction of the V6O13 in
the composite electrode material was approximately 0.27. The
thickness changes were found to be in accordance with the
literature reported unit cell expansion/contraction of V6O13

cathodes, caused by lithium insertion/extraction.[134–136]

Cathode materials also undergo volume changes during
cycling which are dependent on their stoichiometry and
structure. Nonetheless, the influence that cathode material
dilation and contraction has on battery performance, and

Figure 7. a) Potential-capacity profile and b) thickness change-potential
profile of Li1.17Ni0.20Mn0.53Co0.10O2 at 20 mAg� 1 (C/10 rate) in the potential
range of 2.5–4.6 V in 1 M LiPF6 in EC/DMC solution. The potential-time and
thickness change profile is shown in (c) for Li1.17Ni0.20Mn0.53Co0.10O2 at
20 mAg� 1 (C/10 rate) in the same voltage range as (a) and (b) for six
consecutive cycles. These images were reproduced from Ref. [128] with
permission. Copyright (2019) Wiley-VCH.

Batteries & Supercaps
Reviews
doi.org/10.1002/batt.202100027

1388Batteries & Supercaps 2021, 4, 1378–1396 www.batteries-supercaps.org © 2021 The Authors. Batteries & Supercaps published by Wiley-VCH GmbH

Wiley VCH Freitag, 20.08.2021

2109 / 200476 [S. 1388/1396] 1

http://orcid.org/0000-0001-9954-3619


overall cell dilation, is often neglected as it is assumed to be an
order of magnitude smaller than the anode dilation.[31] In fact,
multiple studies that report dimensional changes of cathode
material primarily focus on pouch cells as opposed to individual
electrodes.[137,138] It is possible that dilatometric investigations
focusing entirely on cathode materials are rarer compared to
their anode counterpart owing to the finer resolution required
to notice small details in thickness changes of cathodes. The
dilatometry instruments that currently exist may not be capable
of detecting the finer details that would explain the thickness
changes of the cathode which could be associated with
crystallographic changes.

2.2. Dilatometric Characterisation of NiBs

It is imperative to investigate the influence of the electrolyte on
sodium ion intercalation in NiB electrodes given that it is widely
reported that solvents can influence co-intercalation reactions
and volume changes of the electrode.[139,140] Goktas et al.
investigated the reversible process of solvating Na ions into a
graphite electrode from ether electrolytes (see Figure 8). The
electrode was found to periodically breathe by about 70–100%
during cycling.[141]

Despite the large volume changes undergone by the
graphite electrodes during sodiation/desodiation, this process
was not found to hinder reaction reversibility. It is proposed

that this could be a result of two possibilities: firstly, no SEI is
formed in an ether solvent, or an SEI reversibly forms and
breaks, dissolving into the ether electrolyte with each cycle,
due to large volume expansions. Karimi et al. set out to build
on the work of Goktas et al. by studying the volume changes of
a graphite electrode in ether electrolytes of varied chain
lengths.[142] Graphite electrodes underwent highest expansion
during the first sodiation in all ether electrolytes (100–130% of
initial thickness), possibly due to initial SEI formation. The
graphite electrodes followed with an overall decrease in
thickness during consecutive cycles as was found by Goktas
et al. The overall decrease in electrode thickness suggests an
electrode rearrangement in ether solvent during prolonged
cycling.

The two most commonly used binders in LiBs and NiBs are
PVDF and CMC, each with different mechanical properties.[143]

Escher et al. monitored the effect of varying the type of binder
on volumetric expansion of graphite electrodes in NiBs using
in-situ ECD.[143] They found that using CMC instead of PVDF was
effective in reducing the electrode expansion during initial
sodiation. However, during cycling, the electrode breathing for
both binders was comparable. They then added ethylenedi-
amine (EN) as a co-solvent to the electrode compositions and
found that this addition strongly reduced the electrode
expansion during initial sodiation (175% without EN reduced
to 100% on addition of EN) as well as breathing of the
electrodes that followed. The authors suggest that solvent co-
intercalation led to pillaring of the graphite lattice and that the
addition of EN to the electrode composition caused a change
in the sodium storage mechanism. An alternative carbonaceous
anode to graphite for NiBs is hard carbon. Alptekin et al. used
dilatometry to monitor thickness variation of electrodes
composed of hard carbon and CMC binder.[144] There are
noticeable similarities to the dilation profiles of graphite
electrodes by Escher et al. such as highest expansion occurring
during the first sodiation cycle and differences between the
initial thickness of the electrode and desodiated state.[141,143]

The dilation profile of hard carbons also have an initial sloping
region, a plateau and final sloping region during sodiation
which follow a similar dilation profile to graphite electrodes in
Lithium ion chemistries that are discussed previously in this
review.[33,34,54] This finding suggests that carbon-based electro-
des may have similar dilation profiles in different metal ion
chemistries despite having different charge-storage mecha-
nisms.

As with LiBs, alternative anode candidates that can super-
sede graphite with higher theoretical capacities in NiBs include
Na3P, Na15Sn4, Na3Sb and crystalline germanium. However,
electrode materials such as germanium undergo larger volume
changes than graphite resulting in severe capacity fading.[145–148]

The electrode strain corresponding to sodiation/desodiation in
crystalline nanoporous Ge-based anodes was monitored by Li
et al.[18] Volume expansion was highlighted as the primary
cause of capacity fading in Ge-based anodes. It was proposed
that electrodes that undergo stable reversible volume changes
during cycling may be required to overcome capacity fade as
opposed to electrodes that undergo minimal irreversible

Figure 8. In situ dilatometry measurements for the first five cycles at C/10 of
the graphite electrode in ether electrolyte. This figure was reproduced from
Ref. [141] with permission. Copyright (2018) Wiley-VCH.
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volume change. In addition, Brehm et al. measured a reduced
“breathing” effect observed for tin-antimony anodes during
galvanostatic cycling, by optimising ball-milling time during
synthesis.[149] Numerous dilatometric studies of NiBs investigate
variations of tin electrodes. Studies have examined anodes
composed of tin with other metals, and the effect of using
different electrolyte solutions. The sodiation/desodiation mech-
anism in tin electrodes has been studied in carbonate-based
electrolytes and glyme based electrolytes to demonstrate how
SEI formation is effected by the electrolyte used.[150] Tin and
phosphorus stand out as promising cathode materials for NiBs
given their large theoretical capacities (847 mAhg� 1 and
2596 mAhg� 1 for Sn a P, respectively) and their suitably low
operating voltages (0.25 and 0.6 V vs. Na/Na+ for Sn and P
respectively). Unfortunately, their drawback is that they suffer
severe capacity decay during cycling. Wang et al. investigated a
combination of Sn and P to determine if a SnP3 anode
composition can lead to an improvement in electrochemical
performance.[151] However, Sn agglomerated in the pristine SnP3

anode upon cycling causing significant capacity fading. The
capacity fading was initially ascribed to the volume expansion
of ca. 430% at the SnP3 anode, far larger than the 60%
electrode thickness increase of Sn when using 1 M NaPF6-DME
electrolyte. However, they found that significant volume
expansion of the anode did not always correlate with capacity
fading. They concluded that these thickness variations are
primarily caused by the alloying mechanism of the SnP3 anode,
rather than Sn agglomeration during cycling. Sn and P alloys
with Na to form alloy phases Na3.75Sn and Na3P, respectively,
inevitably with an accompanying large volume expansion of
the host material. In the case of Sn electrodes, only alloys of Na
with Sn form so less detrimental volume increases should be
expected as no P is present.

NiBs are expected to generally undergo larger thickness
variations during charge/discharge cycles because sodium ions
are larger than lithium ions. In fact, Brehm et al. compared Cu3P
as an anode material for NiBs and LiBs and larger volume
expansions were recorded for Cu3P in sodium half cells
compared to lithium half cells owing to larger sodium ions
during discharge (261% for Na compared to 190% for Li). In
addition, diglyme solvents were compared to carbonate
solvents in both Li and Na half cells. More stable “breathing”
was recorded when the diglyme electrolyte was used as a
solvent and a rapid degradation was found for carbonate
electrolytes. An unfavourable SEI formation is thought to occur
when using carbonate electrolytes because larger expansion/
contraction was recorded during the initial discharge cycles in
both Li and Na half-cell chemistries, indicative of more side
reactions occurring.[40] Severe side reactions and less stable SEI
formation lead to rapid capacity fading.

Palaniselvam et al.[152] identified a change in sodium storage
mechanism from co-intercalation to insertion when ball milling
graphite into graphite nanoplatelets (GnP). The effect that a
change in sodium storage mechanism has on thickness
variation can be profound. Dilatometry showed that a change
in electrode thickness for nitrogen-doped tin treated graphite
nanoplatelets (SnNGnP) during cycling was just 14% and

therefore much smaller compared to what one would expect
from the 420% that arises from conventional Na3.75Sn. This is
direct evidence of the carbon matrix effectively buffering the
volume change of the Sn during cycling. The porous structure
of the nanocomposite had sufficient free space to accommo-
date expansion. The small change in electrode thickness is
likely the key factor enabling the excellent cycle life. The loose
and open structure of the nanocomposite allowed for tin to
expand within the electrode. Huge electrode expansion that
would otherwise contribute to electrode degradation is
effectively mitigated. Palaniselvam et al.[153] further investigated
Sn-based electrodes in NiBs. In this study, graphite and tin-
graphite composite electrodes were found to have distinctly
different dilation profiles during cycling, owing to the alloying
reaction of Na with Sn. A combined storage mechanism based
on graphite intercalation formation and Na� Sn alloy formation
were measured using in situ ECD and in situ XRD. Whilst the
theoretical volume expansion for Sn is 420% only 3% was due
to Sn during the first cycles of Sn-graphite which was most
likely due to the good dispersion of Sn nanoparticles in the
graphite matrix. This work could be expanded by using a
lithium-based electrolyte to explore how these electrode
materials fare with a lithium half-cell chemistry with in-situ ECD
and in situ XRD.

Finally, Palaniselvam et al. explored how treating Sn4P3

electrodes with nitrogen-doped hard carbon (NHC) influences
thickness variations during cycling compared to Sn4P3 and
“Sn4P3”/NHC electrodes. For the Sn4P3 electrode, the effective
thickness change was in the range of 11–16.8 μm, which
corresponded to an increase of about �53%. Cycling of Sn4P3

was hardly possible and rapid degradation was observed. For
the “Sn4P3”/NHC electrode, the average thickness change of the
electrode was around 4 μm, i. e., the electrode expanded
around 12% during sodiation. The use of NHC reduced the
relative expansion of Sn4P3 electrodes and improved cycle life,
leading to a fairly reversible stability during cycling.[154]

2.3. Dilatometric Characterisation of Li Solid-State Batteries
(SSBs)

2.3.1. Dilatometry During Processing

Numerous dilatometry studies focus on the dimensional
changes that occur in SSB electrolyte materials during
processing.[155–158] Processes that can cause dimensional
changes in SSBs include sintering, densification and contrac-
tion. Sintering is a critical processing technique in the
production of ceramic electrolyte materials that uses high
temperatures to compact ceramic powders into a solid form.
Reducing the porosity and increasing the density -i. e. densifica-
tion - of ceramics improves their mechanical properties. A
dilatometer can be used to measure the contraction of different
ceramic powders during densification and use this as a
reflection of how well the ceramic powders were sintered and
the effectiveness of using certain sintering aids. Sintering aids
are well established in processing to help reduce sintering
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temperature and still achieve acceptable densities of SSB
pellets.

As previously alluded to in section 1.2, the high temper-
ature ranges used in SSB processing make the push rod
dilatometer (see Figure 9) the instrument of choice. Push rod
dilatometers consist of an oven (furnace), push rod and a LVDT.
When the sample material changes in length, the push rod
(connected to the sample) transmits the changes in length of
the sample material to the LVDT sensor where the absolute
changes in length of the sample material are determined.
Temperature curves can be realised using the oven, and thus
changes in length of the sample can be determined as a
function of temperature which is useful for studying SSB
sintering temperatures.

Jonson et al. measured the changes in length of
Li7La3Zr1.75Nb0.25Al0.1O12 (LLZNbO) solid electrolytes during
densification.[155] Dilatometric analysis showed sintering of
LLZNbO when using 6 wt% Li3BO3 (LBO) as a sintering aid at
710 °C. As the temperature was increased, shrinkage of LLZNbO
pellets increased. However, the optimal LBO content for ionic
conductivity in LLZO pellets sintered at 1000 °C was between 1
and 2 wt% LBO, attributed to the elimination of LBO-substrate
interactions. At this LBO level, ionic conductivity in pellets was
~2.5×10� 4 Scm� 1 after sintering in an argon atmosphere at
1000 °C for 6 h. Shin et al. also used LBO as a sintering aid
when investigating the sintering behaviour of Li7-La3Zr2O12 (LLZ)
solid electrolytes heated at a rate of 10 °Cmin� 1 up to
1200 °C.[157,158] When LLZ was sintered without the LBO sintering
aid, shrinkage occurred rapidly above 1000 °C. Whereas, LLZ
heated in the presence of LBO shrunk at around 700 °C, which
is much lower than the temperature required for shrinkage of
pure LLZ and a similar sintering temperature reported by
Jonson et al. when using the same sintering aid with
LLZNbO.[155] Dilatometric measurements revealed that the
shrinkage of the LLZ-8 wt% LBO composite occurred in two
steps; one at 700 °C and the second above 800 °C, suggesting
that the LLZ-LBO underwent two independent sintering
processes. They also revealed that the density of the LLZ-8 wt%
LBO composite sintered for 8 h at 1100 °C was much higher
(86.4%) than that of pure LLZ (64.0%), achieving acceptable
SSB densities at a lower sintering temperature. The shrinkage
of LLZ was significantly influenced by the wetting behaviour of
LBO, which started to shrink at 630 °C and started melting at
850 °C.

Dilatometry demonstrates that Li1+xAlxTi2-x(PO4)3 (LATP)
ceramic pellets with high relative density can be achieved by
sintering powders in the region of 900 °C.[160] Davaasuren et al.
investigated the dimensional changes of pristine LATP pellets
with respect to temperature.[160] LATP pellets hardly shrank up
to 650 °C, maintaining 95% of their original thickness. However,
this was followed by a sharp shrinkage during active
densification. As sintering temperature increased, the diffusion
rate gradually increased, promoting grain growth and reducing
ceramic porosity. A dense pellet with a well-defined micro-
structure was recorded at 900 °C. Different stoichiometries of
LBO can be used as a sintering aid in SSB electrolyte
densification. Sintering in the presence of Li2B4O7 was found to
stabilise the microstructure of the LATP electrolyte by acting as
an ion-conducting bridge between LATP grains, enhancing the
contact between grains and strengthening the grain bounda-
ries.

Hupfer et al. investigated the changes in length of
LiTi2(PO4)3 (LTP) and LATP pellets during densification using
LiTiOPO4 as a sintering aid. In this case, shrinking behaviour
was monitored from 600 °C to 1200 °C. They found that by
sintering LTP with LiTiOPO4 the sintering temperature reduced
significantly from 1200 °C to around 1050 °C. By measuring the
associated shrinkage of LTP and LATP as the temperature was
ramped up to 1200 °C, 900 °C was found to be a sufficient
sintering temperature for the densification of LATP in the
presence of LiTiOPO4.In summary, dilatometric measurements
have shown that LiTiOPO4 and different stoichiometries of
LixByOz (LBO) are effective in reducing the sintering temperature
of SSB pellets and that acceptable SSB pellet densities can still
be achieved, despite the reduction in temperature.

2.3.2. Dilatometry During Operation

it is also possible to use push-piston dilatometers to study SSB
materials at room temperature. Zhang et al. demonstrated this,
reporting pressure and volume changes of both the cathode
and anode of a SSB at 25 °C during constant current cycling at
C-rates of C/10 and C/4, respectively. In this scenario, a
composite cathode composed of LiCoO2, with a 1 wt%-
LiNb0.5Ta0.5O3 coating, and Li10GeP2S12 (LGPS) additive was used
along with an LGPS solid electrolyte inside the dilatometer
assembly. The anode consisted of an indium foil.[161] Significant
thickness and pressure changes occurred during SSB cycling.
The volume expansion of the LiCoO2 cathode, and the volume
expansion during the solid-state reaction from tetragonal
indium to the cubic InLi1-x phase were mostly accountable for
the observed thickness/pressure variations of the SSB cell. The
volume changes at the Li4Ti5O12 anode were found to be
minimal in comparison. At higher C-rate less capacity was
obtained which lead to lower thickness and pressure changes.
It was suggested that the decrease in capacity at higher C-rates
was due to irreversible processes at the electrode/electrolyte
interface and particle contact loss due to the “breathing” of the
SSB. The work of Zhang et al.[161] can be built on by using
different electrode compositions in the same dilatometry

Figure 9. An illustration of the Linseis Model L75 dilatometer used by Jonson
et al.[159] Image is reproduced from https://www.linseis.com/en/products/
dilatometer/l75-pt-horizontal/. Copyright (2021) Linseis GmbH.
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assembly to investigate the volume expansion of different SSB
active materials. At the time of this review, research of
dilatometry during operation of SSBs is very limited, and most
dilatometric studies of SSBs focus on the processing stage. It
seems the potential to use dilatometry to reveal pressure and
volume changes of SSB pellets during operation has not yet
been fully realised and could contribute to the understanding
of the degradation of these materials.

SSB research contains the most diverse use of dilatometer
models for experimentation when compared to other electro-
chemical devices. Sintering temperatures can exceed 600 °C;
Baek et al. stated that a sintered body that can function as an
electrolyte cannot be formed at temperatures below 400 °C.[162]

Push rod dilatometers allow measurements to be taken
between 0 °C and 1200 °C.[157,159,160] Other dilatometers are
incapable of operating within this temperature range. For
instance, the ECD-3 model has an operating temperature range
of � 20 °C to 70 °C.

2.4. Dilatometric Characterisation of Li� S Batteries

Li� S batteries have the potential to supersede LiBs owing to
their higher gravimetric energy density capabilities. However,
Li� S batteries present various complications, such as the
dissolution of active material in the electrolyte phase and large
volume changes of the cathode.[163–165] Two main drawbacks of
Li� S batteries include lithiation from sulfur to Li sulphide in
Li� S battery cathodes causing up to 80% volume expansion
and shuttling of polysulfide compounds, in turn leading to an
irreversible contraction of Li� S battery cathodes.[166–168]

The binder in sulfur electrodes plays a pivotal role in the
electrochemical performance of Li� S batteries. The binder that
provides better mechanical strength is likely to reduce the
thickness variation of sulfur electrodes during cycling. Lemarie
et al.[169] compared the thickness variation of three sulfur
electrodes composed of three different binders; PVdF, CMC and
cationic polyelectrolyte (PDDA). They found the polyelectrolyte-
based electrode displayed the lowest irreversible thickness
contraction of ~16% compared to ~22% and ~31% for CMC
and PVdF respectively, during the initial discharge cycle (sulfur
dissolution). These results were averaged from three dilatom-
etry measurements per formulation and suggest that the
structural integrity is highest for PDDA, followed by CMC and
PVdF. The electrode with the least thickness variation is
ultimately likely to have the most prolonged cycle life in the
Li� S battery. As with previously discussed examples that take
advantage of coupled characterisation with dilatometry, this
study uses in situ dilatometry in conjunction with electro-
chemical AE and in-situ synchrotron X-ray tomography. In situ
X-ray CT analysis was focused on the 1st discharge of the CMC
and PDDA electrodes, as this was when large irreversible
electrode morphological changes occurred as suggested from
the previous ECD and AE measurements.

Li et al. explored the lithiation/delithiation and polysulfide
dissolution-induced dimensional changes in Li� S cathodes
during charge/discharge.[166] Two Li� S cathode materials were

investigated: activated carbon cloth (ACC) which boasted a
very high specific surface area, and ACC impregnated with Li2S
(ACC@Li2S). It was stated that ACC can reversibly store Li
through adsorption, but not through redox processes. Whereas
ACC@Li2S could undergo both capacitive and faradaic proc-
esses to store Li. The ACC electrode was used as a control for
the dilatometry measurements. An irreversible contraction was
recorded due to the continuous dissolution of polysulfide
compounds into the electrolyte during cycling. The findings
shed new light on the failure mechanism of Li� S cathodes, and,
in doing so, further explain the origin of the poor cycle-life of
these batteries. Based on these new insights, the cycle-life and
health of Li� S batteries can be improved by partially controlling
the dimensional changes occurring in the materials, in order to
mitigate detrimentally large volume expansions. Although the
reversible dimensional changes cannot be avoided entirely, the
irreversible dimensional changes can be reduced by preventing
the loss of active material during cycling, and in turn,
improving the cycle-life of Li� S batteries.[166]

A major concern in Li� S batteries is Li dendrite formation at
the surface of the Li electrode which can ultimately lead to cell
failure. Kuzmina et al. investigated whether ECD can be
adopted to investigate Li dendrite growth in a Li� S modified
Swagelok® type stainless steel cell equipped with an LVDT.[170] It
was found that ECD can not only reveal Li dendrite formation
at early stages but also quantify their growth rate. In the early
stages of cycling, no significant changes in electrode thickness
were recorded, however, after SEI formation, an increase in Li
electrode thickness at a nearly constant rate was recorded as
new Li dendrites grew progressively. The increase in electrode
thickness coincided with a slight decrease in voltage which is
to be expected as Li metal becomes electrochemically inactive.

At the time of this review, there is a general lack of research
into the dimensional changes in a Li� S battery using ECD.
However, there is potential to use ECD to investigate the
dimensional changes of sulfur electrodes composed of different
binders, the impact of polysulfide dissolution on the dimen-
sional changes of Li� S cathodes and the dimensional changes
associated with dendrite formation. Ultimately, Li is one of the
most promising anode materials in a rechargeable battery as it
offers a high theoretical specific capacity (3860 mAhg� 1) and
the large negative standard redox potential in the electro-
chemical series.[171] The work of Kuzima et al. could be adapted
for LIB chemistries that utilise a Li electrode to overcome
limitations in dendrite growth at Li electrodes so that
impressive energy densities can be realised in next generation
rechargeable batteries.

3. Summary and Outlook

Dilatometry is a useful tool for monitoring thickness changes
and demonstrating that irreversible dimensional changes can
be reduced by, for example, preventing the loss of active
material during operation. It is a tool capable of showing
alterations in irreversible dilation depending on electrode
design and experimental set-up and thus is a useful technique
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for assessing battery stability and lifetime. There are multiple
different dilatometry set-ups, which include instruments capa-
ble of monitoring single electrode expansion and those capable
of monitoring electrode stacks. However, resolution can reduce
as the measured volume is increased. While dilatometry is a
powerful technique to probe the dimensional changes of
electrodes during galvanostatic cycling, there are degradation
mechanisms such as particle cracking and chemical material
changes that do not contribute to thickness changes but can
nonetheless lead to capacity fading. In addition, it can be
difficult to decouple what is causing the thickness variations
recorded. Multiple degradation mechanisms can occur at the
same time. For instance, volume expansion that occurs due to
electrode delamination can only be observed using other
microscopy techniques. Also, expansion and contraction of an
electrode during operation is expected to occur even in
relatively healthy cells. For instance, graphite anodes in LiBs
dilate during ion intercalation and contract during ion dein-
tercalation. Therefore, these volume changes are not necessa-
rily a reflection of any degradation mechanism.

When choosing an instrument for dilatometric studies,
three main questions should be asked. Firstly, is the resolution
sufficient? This is particularly important for studying cathode
materials that undergo constant but less significant volume
changes than their anode counterparts. Secondly, does the
instrument provide a suitable working temperature range? This
review has shown that different models are selected when
studying materials at temperatures higher than 700 °C. Thirdly,
is the cell hermetically sealed? The cell has to be assembled in
a way to avoid moisture or air contamination, particularly for
sensitive cathode materials.

In the future, there may be more research on metal-air
batteries and materials used in fuel cells. There are some
dilatometric studies into anodes used in Zinc-air batteries, and
thickness changes of sealants used in solid oxide fuel cells
(SOFCs) at temperatures exceeding 700 °C, but dilatometric
research with these devices is limited.[172–174] Nonetheless,
thickness change measurements are not limited to dilatometry.
Micrometres and strain gauges can also be used to measure
the thickness changes of single electrode and full cell
arrangements.[143,175–182] Ex-situ dilatometric measurements of
thickness changes after cycling have also been carried out on
electrochemical devices.[183,184] A drawback of making these
measurements after cycling is that it is not possible to deduce
the nature of the measured dimensional changes. For instance,
reversible thickness changes can occur as a result of particular
phase transitions that can occur at certain voltages. Lee et al.
evaluated the dimensional changes of an entire LiCoO2 pouch
cell during cycling using a thickness gauge; they found that the
battery expansion is comprised of two elements; an initial
formation of SEI causing an irreversible increase in thickness,
and one which is reversible and follows battery state of charge,
expanding with charging. The volume changes to the anode
active material during cycling were found to be approximately
2% of the total initial battery thickness; the lithium cobalt oxide
did not show significant volume changes upon Li

intercalation.[185] However, the dilatometers referenced in this
review display a higher resolution than a thickness gauge.

Lee et al. have argued that dilatometry experiments cannot
distinguish between electrode expansion and displacement
due to gas evolution, and that neutron imaging is capable of
detecting these differences if the gas accumulated is large
enough due to the large change in density and transmission
through the tested material.[186] Modern dilatometer design can
effectively manage and mitigate unwanted pressure build-up
due to gas evolution.

This review has considered and discussed a variety of
published studies that use dilatometry to investigate the
volume changes undergone by materials used in electro-
chemical devices, and the impact these changes can have on
the performance of the device. Other techniques such as X-ray
CT,[33] solid-state NMR,[81] and X-ray diffraction[152] can be used in
conjunction with dilatometry to corroborate and explain the
dimensional changes recorded, enhance understanding of the
impacts of these changes, and inform mitigation to improve
performance. Dilatometry is useful for laboratory use, but less
suited to real-world application since integration of a dilatom-
eter in a battery system is difficult and potentially destructive.
Strain gauges may show more promise for real-world applica-
tion given that they have been used in a laboratory setting to
evaluate a matrix of LiBs on battery ageing during operation.[181]

Interestingly, most studies reviewed in this work investigate
thickness variations during standard galvanostatic conditions
with moderately slow C-rates; there is a lack of dilatometric
studies at high C-rates, as well as studies on ageing, safety and
abusive conditions apart from Li plating. Perhaps this is due to
limitations in design in the current state-of-the-art commercial
dilatometers and challenges with in-house constructed dila-
tometers, though this is a noticeable gap in the literature that
would provide valuable information about the performance of
batteries under more realistic cycling and ageing regimes.

There are multiple degradation mechanisms at play in the
ageing of a cell and learning about how to predict which one(s)
(or combinations) are most critical in particular conditions is
vital to understanding and mitigating degradation, especially
for ostensibly similar cells.[6] Progress in dilatometric investiga-
tions of electrode dilation/contraction in electrochemical
devices can inform understanding of structural changes during
electrode phase transitions and their contribution to the overall
electrode dimensional changes. A greater understanding of
these electrode dynamics is required to overcome limitations in
current density, battery lifetime and capacity fade. The
acceleration in the number of papers published on this topic is
evidence of the increased focus on dilatometry as a diagnostic
tool and the advancement of the technique in recent years. In
addition, more studies are using dilatometry in tandem with
other characterisation tools to further enhance our under-
standing of the structural changes taking place in the materials
that make up electrochemical devices.

In conclusion, the outlook for the increased use of
dilatometry in battery research is promising. Although there is
a plethora of research using dilatometry in conventional anode
materials such as graphite and silicon and commonly used
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cathode materials such as LCO, there is scope for in-situ ECD to
be used to assess next generation anode and cathode
materials. There is a growing consensus of the need to migrate
from the current state-of-the-art layered NMC cathodes to
stoichiometries with lower cobalt content. For instance, in
October 2019, The Faraday Institution, the UK’s independent
institute for electrochemical energy storage science and
technology, launched the FUTURECAT, NEXTRODE and CATMAT
programmes to develop and deploy next generation Li-ion
electrodes and the NEXTGENNA programme that looks to
develop novel electrode materials for NiBs. Dilatometry can be
used to evaluate novel compositions of NMC electrodes in LiBs
and innovative electrode materials in NiBs.
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