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ring of stress development during
electrochemical cycling of electrode materials for
Li-ion batteries: overview and perspectives

Manoj K. Jangid and Amartya Mukhopadhyay *

One of the major issues associated with Li-ion batteries is the stress development in electrode materials.

Such stresses arise primarily from dimensional changes, structural/phase transformations and

development of Li-concentration gradients in electrode materials during electrochemical cycling. These

cause drastic fade in the Li-storage capacity due to fracture/disintegration of the electrodes, especially

those which possess greater Li-storage capacity. They also negatively influence some of the other

electrochemical performances, such as voltage hysteresis and kinetics of Li-storage. Accordingly, such

stresses lead to compromise in the energy density, power density and cycle stability of Li-ion batteries.

However, evaluating and understanding the above electro-chemo-mechanical aspects via ex situ

experiments are neither feasible nor reliable, because the stress state depends critically on the state-of-

charge (viz., Li-content) and the surrounding conditions of the concerned electrode. Thus, in situ

experiments are needed for evaluating/understanding them and eventually addressing them in

comprehensive terms. In this context, over the last decade, extensive efforts have been directed towards

measuring/monitoring the stress development in different electrode materials/types/architectures in

real-time during electrochemical cycling. For the same, the more commonly used techniques have been

based on a substrate curvature methodology, which allows fairly direct measurement of the stresses.

Additionally, a host of other in situ techniques have been employed, which provide valuable
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complementary information on the electrode strains/stresses. The success of all the above has led to some

vital understandings on the electro-chemo-mechanical aspects, which now enable the development of

electrode architectures possessing enhanced integrity upon repeated electrochemical cycling. In this

context, the present review introduces the types and mechanistic aspects of the concerned stresses for

the first time. This is followed by details on the in situ monitoring of the stress development via variants

of the substrate curvature methodology, focussing on the mechanistic aspects and different anode/

cathode materials, as well as electrode architectures. The complementary information obtained from

other in situ techniques is then discussed, which is followed by discussion on the inferences obtained on

aspects other than the integrity of the electrodes. Finally, some of the aspects/issues that need further

attention have been discussed, while summarizing the important information obtained so far from such

in situ studies.
1. Introduction

The ever increasing environmental pollution and depletion of
fossil fuels necessitate sustained usage of renewable energy
sources for the production of electricity and development of
electric vehicles. The above, coupled with increased demand for
sophisticated consumer electronic devices, renders it impera-
tive to develop advanced electrochemical energy storage tech-
nologies. Among the various electrochemical energy storage
technologies that are presently in use, Li-ion batteries possess
the highest energy density; i.e., the capability to store more
energy per unit mass or volume. Nevertheless, the other
important criteria towards successful usage in ‘advanced’ or
‘heavy duty’ applications (such as electric vehicles or grid/
renewable energy storage) include enhanced stability over
multiple discharge/charge cycles (i.e., cycle life) and the ability
to take-up/release energy at a rapid rate (i.e., power density). In
other words, the capacity or energy density of a battery needs to
be maintained over many repeated charge/discharge cycles,
sometimes under stringent operating conditions that include
very fast charge/discharge rates (more precisely, at high current
densities).

In this regard, one of the major reasons for ‘cycle instability’
or rapid reduction of Li-storage capacity upon repeated cycling
is the stress development and concomitant fracture/
disintegration of the active electrode materials.1–4 Such
stresses arise primarily from dimensional changes (along with
concentration gradients), structural changes, phase trans-
formations and undesirable surface reactions that take place
during insertion/removal of the ‘guest’ Li-ions into/from the
‘host’ electrode structures/lattices.1–27,30 Such stresses are
particularly severe in the cases of higher capacity electrode
materials (viz., those which can host more Li per unit mass per
volume) and at faster charge/discharge rates.1–6,8,9,11–13,15,16,27–32

Accordingly, not only do the stresses reduce the cycle life for
most of the electrode materials used, but also render the
successful usage of very high capacity electrode materials (such
as Si or Sn based anodes) difficult, thus leading to compromise
on the energy density, as well. Additionally, the structural
instabilities, stress development and concomitant degradations
limit the current densities (that is the charge/discharge rates
and concomitantly, the power densities) and also in some cases
limit the practically useable capacities (viz., the maximum
amount of Li that can be inserted/removed without causing
679–23726
instability).1–4,33–38 On a different note, the inability to use
‘alloying reaction’ based anode materials, such as Si and Sn,
due to the above stress related issues necessitates the continued
usage of graphitic carbon based anode materials, which is
a compromise on the safety aspects of Li-ion cells.

Accordingly, there have been extensive efforts over the last
couple of decades across various research groups world-wide to
understand the causes, magnitudes and evolution patterns of
such stresses under various conditions and minimize the same
(or at least the associated negative impacts) via innovative
materials/electrode designs and optimization of the electro-
chemical cycling conditions.39–47 However, basic electro-
chemical characterization methods and basic structural/
morphological characterization methods alone are not suffi-
cient to lead to in-depth understanding of the mechanistic
aspects associated with the various phenomena occurring
during electrochemical cycling of electrode materials (viz.,
charge storage mechanism, phase/structural/dimensional
changes, stress development, side-reactions, reaction kinetics
etc.). Accordingly, in-depth understanding of the interrelations
between the complex processes involving electrode structure/
composition – electrochemical phenomena, Li-concentration
proles, phase assemblage/transformation, structural
changes, stress development, impact of such stresses – could
only be achieved upon development of technique(s) that can
monitor the dimensional/structural changes and stress devel-
opment in the electrode materials in real-time (i.e., in situ)
during electrochemical cycling. The techniques that have been
used more commonly for the real-time monitoring of stress
development during electrochemical cycling have been based
on the substrate curvature methodology, in various
forms,1,6,22,48–50 which have been applied to simple lm elec-
trodes and the more usual ‘porous composite’ electrodes (viz.,
those having binders and conducting additives).5,27,32 Such in
situ investigations have provided rst-hand information on the
magnitudes of stresses, behavioral patterns of stress develop-
ment and associated integrities of electrodes as functions of
state-of charge, electrochemical conditions and number of
cycles.5–7,11–13,17–20,22,23,27,30–32,50–56 Furthermore, various other
important information-cum-understandings, especially those
related to Li-diffusivity, structural/phase changes, electro-
chemical potential, voltage hysteresis etc., have also been ob-
tained from such studies.6,17,26,30,57–75 Overall, the results and
inferences based on these innovative research studies are
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Voltage vs. capacity profiles obtained during galvanostatic cycling of Si in a Li ‘half cell’ for the 1st, 2nd, 3rd, 5th and 10th cycles, showing
drastic fade in the Li-storage capacity.8,262 (Reproduced with permission.262 Copyright 2004, The Electrochemical Society). (b) Drop in the open
circuit potential (OCV) at a given state-of-charge due to the presence of stress in the electrode (here Si film) (reproduced with permission.58

Copyright 2011, The Electrochemical Society). (c) Flow diagram depicting the types and origin of stresses in electrodes for Li-ion batteries and
beyond.
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already contributing immensely towards the development of
electrode materials and engineering of electrode/electrolyte
interfaces for achieving considerably enhanced cycle stability
and power density.

In the above context, aer this brief introduction to the
importance and scope of the associated research (as in Section
1), Section 2 discusses in detail the mechanistic aspects con-
cerning the development of stresses in electrode materials,
including the effects of electrode composition, structure, state-
of-charge, phase/structural transformations and electro-
chemical parameters towards stress development. Following
this, Section 3 elucidates the basic principles and assumptions
underlying the substrate curvature methodology for stress
measurement, which is the methodology more commonly used
for monitoring the stress development in electrodes. The con-
cerned experimental set-ups developed have also been
described, highlighting their suitability, advantages and
This journal is © The Royal Society of Chemistry 2019
drawbacks. Sections 4 and 5 provide detailed surveys of the
literature concerning monitoring of stress development during
electrochemical lithiation/delithiation of various electrode
materials for Li-ion batteries and beyond (sub-divided as anode
and cathode materials). Subsequently, Section 6 discusses the
interesting aspects associated with stress development due to
irreversible surface phenomena, involving solvated-ion inter-
calation and the formation of the irreversible surface ‘passiv-
ation’ layer (called the solid electrolyte interface or SEI). Section
7 presents a discussion on the complementary information
provided by the other types of in situ investigations conducted
during electrochemical cycling, highlighting the comprehen-
sive understanding on the electro-chemo-mechanical aspects of
electrodes which have been made possible by a combination of
results and inferences obtained from all such investigations.
Subsequently, i.e., in Section 8, the additional inferences
beyond stresses and electrode integrity which have been
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23681
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obtained from such in situ studies, viz., in terms of mass
transport, electrode/electrolyte interfaces, electrochemical
processes and phase transformations, will be discussed. Finally,
Section 9 summarizes the important ndings and understand-
ings developed based on such innovative research, while
pointing out the grey areas that necessitate further attention.

2. Stress development in electrode
materials

As introduced briey in the previous section, stress develop-
ment in electrode materials is a major issue because it not only
leads to drastic fade in the capacity during electrochemical
cycling due to cracking/disintegration of the electrodes (see
Fig. 1a), but also inuences the basic electrochemical behavior
(such as suppressing Li-transport and enhancing hysteresis
loss) (see Fig. 1b). These issues will be further discussed with
the help of relevant examples in the subsequent sections.
Additionally, upon pulverization due to stresses, the newly
formed ‘active’ electrode particles cause ‘microstructural inho-
mogeneity’ within the electrode, which, in turn, leads to non-
uniformity in the current/charge density across the electrode;
viz., the charge/current density being higher at pointed/sharp
edges. These oen lead to a differential local state-of-charge
(SOC), non-uniform accumulation of stress/strain, over-
charging, Li-plating etc.

In the present section, the causes for stress development will
be introduced in a fairly generic sense. These will again be
revisited in the subsequent sections focused on the real-time
measurements and concomitant understanding of various
aspects of such stresses. The mechanistic aspects associated
with stress development in a generic sense, as well as with
respect to typical scenarios for different electrode materials,
have been discussed in more comprehensive terms in other
review articles, focused primarily on the above.1,3,39

2.1. Classication of electrode stresses

Broadly, based on the origin, the stresses in electrode materials
can be classied as ‘external stresses’ or ‘internal stresses’ (see
Fig. 1c). The ‘external stresses’ arise primarily due to con-
straining effects of the surroundings (viz., other electrode
particles, current collector, binder etc.) towards changes in
dimensions. These may be further sub-divided into two sub-
categories based on when they get developed; viz., (i) prior to
electrochemical cycling and (ii) during electrochemical cycling.
By contrast, the ‘internal stresses’ include stresses due to the Li-
concentration gradient, occurrence of structural changes and
phase transformations, which typically occur during electro-
chemical cycling (i.e., Li-insertion/removal).

2.2. Stresses due to the constraining effect or ‘external
stresses’

2.2.1. Stress development during electrochemical cycling.
Battery electrodes are either in the form of a uniform dense lm
of active electrode materials deposited/coated on the current
collector (usually, Cu or Al foil/lm) or in the form of a ‘porous
23682 | J. Mater. Chem. A, 2019, 7, 23679–23726
composite’ having particles of the active material, along with
some conducting additive (such as carbon black) and polymeric
binder (such as PVDF, CMC, and Na-alginate), prepared by
casting the associated slurries on the current collector. In
addition to connecting the electrode to the external circuit, the
current collector also acts as a support for the active electrode
lm.

During Li-insertion, the volume of most electrode materials
either increases (as for graphitic carbon, Si Sn, Ge
etc.)1–4,6,8–10,12,15,16,18,20,22,31,32,67,76 or decreases1,24,27,33–38 (as for
LiCoO2, LiNixMnyCo1�x�yO2 etc.), of course, in varying degrees
depending on the material under consideration and the prog-
ress of lithiation. The reverse takes place during Li-removal, and
the change may or may not be fully reversible.11,15–17,31,77–79

However, the other ‘inactive’ components of the electrode, such
as the underlying current collector or the binder, provide
constraint to the aforementioned dimensional changes of the
‘active’ electrode particles/lms. In the case of particle-based
‘porous composite’ electrodes, the surrounding ‘active’ parti-
cles also constrain the increase in volume when they come into
contact with each other during dilation. All the above lead to the
development of stresses in the ‘active’ electrode
materials.1,11,15,18,22,31,67

In addition to constraining effects from the current collector,
binder and surrounding particles, irreversible surface
phenomena taking place on the electrodes during the initial
lithiation/delithiation cycles, viz., SEI layer formation, also
contribute to stress development in the electrodes.20,21,53,54,80–82

SEI layer formation can be considered akin to electrochemical
deposition of a ‘lm’ on a ‘substrate’, with the SEI layer being
the ‘lm’ here and the electrode the ‘substrate’. Accordingly, the
stress development due to SEI layer formation can be compre-
hended in terms of the ‘growth stresses’ occurring during lm
deposition.21,48,83

2.2.2. Stress development prior to electrochemical cycling.
While the above ‘external stresses’ get developed during elec-
trochemical cycling, the as-prepared electrodes themselves, to
start with, may also not be free from stresses that may get
developed prior to electrochemical cycling, viz., during elec-
trode preparation, cell assembly and initial conditioning. In the
case of lm electrodes, where the ‘active’ electrode lms are
directly deposited onto the current collector (also acting as the
substrate), usually at temperatures higher than the ambient
temperature, ‘growth’ (or residual) stresses are likely to get
developed due to mismatch in the lattice parameters and co-
efficient of thermal expansion between the ‘active’ material
and the substrate.17,22,48,55,83 Additionally, in the case of ‘porous
composite’ electrodes, even though not usually considered, the
process of casting of the electrode slurry, followed by drying and
pressing (typically by passing the electrode in-between two
rollers), is also likely to lead to some built-in ‘residual’ stresses.
Of note are the reported observations concerning the adoption
of a strong (003) texture by LiCoO2 particles in such electrodes
aer the pressing step.33,84

Another source of stress development during cell assembly
or conditioning is the swelling of the polymeric binder polymer,
when soaked in the electrolyte. Such irreversible swelling can
This journal is © The Royal Society of Chemistry 2019
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increase the volume of the binder by 50% upon absorption of
the electrolyte.85 In this context, even though oen neglected,
Sethuraman et al.27 experimentally measured a compressive
stress of �(�)2 MPa associated with binder swelling. In this
review (�) denotes compressive stress, while (+) denotes tensile
stress.
2.3. The ‘internal stresses’

During Li-insertion/removal into/from the active electrode
particles/lms, Li-concentration gradients get developed within
the particle/lm, which tend to become more non-uniform/
steeper with the increase in particle size (or lm thickness),
increase in current density used for electrochemical lithiation/
delithiation (i.e., C-rate) and decrease in Li-diffusivity of the
electrode material. In general, during the progress of lithiation,
the Li-concentration decreases from the outer surface to the
core of the ‘active’ electrode particle (or from the lm surface to
the lm/current collector interface in the case of a lm elec-
trode). If volume expansion takes place during lithiation, the
molar volume of the outer lithiated ‘shell’ becomes greater, as
compared to the relatively ‘unlithiated’ core. This leads to
a situation where different regions within the same particle/lm
(i.e., continuum) possess molar volumes. In such a scenario
(neglecting the occurrence of any real phase transformation, say
as for amorphous Si), the outer surface is likely to experience
compressive hoop stress, whereas tensile hoop stress is likely to
get developed in the interior of the particle. By contrast, in the
case of two-phase lithiation, as in the case of crystalline Si,
where both the lithiated and unlithiated regions are separated
by a sharp reaction front, it was found that the outer lithiated
shell and the unlithiated core experience tensile hoop stress
and compressive hoop stress, respectively.61,86,87 Overall, the
development of such ‘diffusion induced stresses’ during
lithiation/delithiation not only depends on the Li-diffusivity
and molar volumes of the lithiated and unlithiated regions,
but also on the occurrence/non-occurrence of phase trans-
formation, crystallographic orientation, particle/electrode
form/shape/dimension, electrode porosity etc. Nevertheless,
a fairly good understanding of such ‘internal stresses’ has been
obtained due to the modelling efforts by various groups world-
wide.1,13,39,88–93 As mentioned upfront, the severity of such
a diffusion induced stress increases with the decrease in Li-
diffusivity and increase in the C-rate, which has also been
demonstrated for different electrode materials, such as Si-based
anode13 and LiMn2O4-based cathode28 materials.

Another source of the development of ‘internal stresses’ is
the change in the structure and phase during Li-insertion/
removal into/from crystalline electrode materials. In the case
of occurrence of nucleation-growth induced 1st order phase
transformations, the formation of a new phase, having
a different molar volume with respect to the parent phase,
within the volume of the parent phase, leads to the development
of Eigen strain. The magnitude of this Eigen strain increases
with the difference in the molar volume between the new and
parent phases. It is this Eigen strain which is the source of the
‘internal stress’ in the new, as well as the parent, phase and
This journal is © The Royal Society of Chemistry 2019
leads to mechanical instability, including plastic deformation
and fracture.18,19,24,55 Furthermore, sharp changes in the struc-
ture, mechanical properties (primarily, stiffness) and Li-
concentration across the interface between the new and
parent phases also cause preferential build-up of the stress at
the interface during the progress of the phase transformation
front. In fact, in electrode materials that are lithiated/
delithiated via the propagation of the phase transformation
front, mechanical instability, including cracking, has been
noted primarily close to the interface between the new and
parent phases.94–97
3. Substrate curvature method for
monitoring stress development in real-
time
3.1. Basic principle, Stoney's equation and associated
modications

In the case of a lm–substrate system, if there is a change in the
dimension of the lm with respect to the substrate, provided
the adhesion at the lm/substrate interface is maintained,
a curvature is induced in the system. This is because the
substrate tries to constrain the relative dimensional change of
the lm, in turn, causing stress development in the same. In
such a case, without even disturbing or probing the active lm,
if the change in the radius of curvature of the substrate (R) is
measured, the in-plane bi-axial stress in the lm (s) can be
estimated based on Stoney's equation;98 the basic form of which
is mentioned in the following:

s ¼ Ehs
2

6ð1� nÞ hfR (1)

where, E, hs and n are the Young's modulus, thickness and
Poisson's ratio of the substrate, respectively, and hf is the
thickness of the lm.

There are certain assumptions involved in the above
‘Stoney's equation’, with the most important ones being
mentioned below. More details concerning the formulation of
the equation and the assumptions can be found elsewhere,
such as in ref. 83 and 98–100. The above equation is valid only
when the thickness of the lm (hf) under consideration is less
than the thickness (hs) of the substrate, with both being less
than the radius (or the in-plane dimension, r) of the substrate/
lm, viz., hf � hs � r. Furthermore, both the lm and substrate
should remain elastic during the course of the measurement.
Later in this article (i.e., in sections 4 and 5), the deviations that
occur when the lm undergoes plastic deformation will be
discussed, with examples. Finally, for very reliable estimation of
the lm stresses based on eqn (1), the lm needs to be void/pore
free and the dimensional changes should be isotropic.

Stoney's equation, in this original form, was extensively used
for ex situ and in situ measurements of stresses developed
during the deposition/growth of lms on substrates, including
via physical vapor deposition and electrodeposition.48,98 For the
systems under consideration here, viz., electrochemical Li-
insertion/removal into/from active electrode materials, if the
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23683
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dimension of the electrode changes as a function of the Li-
content/state-of-charge, while the ‘inactive’ substrate (which
also includes the current collector) provides constraint to the
same, the curvature of the lm–substrate system changes with
the progress of Li-insertion/removal. As a more specic
example, during lithiation of a Si lm present on a thicker stiff
substrate, the dilation of the Si lm gets constrained by the
substrate, causing the development of compressive stress in Si
and the substrate curvature to become concave. The reverse
takes place during delithiation, depending on the extent of
reversibility of lithiation, occurrence of any irreversible side
reaction and also change(s) in the nature/properties of the lm
during lithiation/delithiation. More detailed discussion on
these aspects, with examples,5–7,11–13,17,30,31,49,50,66,87,101–103 will be
provided in sections 4–6.

While the basic Stoney's equation [i.e., eqn (1) here] is
directly applicable to simple thin lm electrode systems, it has
been modied to render it better suited to the bulkier ‘porous
composite’ electrode architecture consisting of a binder and
conducting additive, in addition to particles of the active
material. For such a ‘porous composite’ electrode architecture
havingmultiple constituents and also porosity, one of the forms
of the modied Stoney' equation that has been used for esti-
mating the in-plane stress (s) from the substrate curvature can
be written as104

s ¼ Mshs
2

6hfRf ðhi;MiÞ (2)

f ðhi;MiÞ ¼ 
1þ hf

hs

"
1þ 4

hf

hs

Mf

Ms

þ 6
hf

2

hs
2

Mf

Ms

þ 4
hf

3

hs
3

Mf

Ms

þ hf
4

hs
4

Mf
2

Ms
2

#�1
(3)
Table 1 Comparisons between the laser beam position detector (LBPS; c
of measurement of in-plane stress in the film via measurement of the su

Laser beam position detector (LBPS) or cantilever method

Geometry of the lm–substrate system is rectangular (as for a cantilever)
The cantilever is xed at one end while the other end remains free for
deection/bending upon changes in the in-plane dimension(s) of the
lm w.r.t. the substrate

It is usually based on single point illumination and detection, viz., only
one laser beam is focused onto and deected from the back side of the
substrate. Thus, measurements made using this methodology can be
sensitive to mechanical vibrations, leading to possible errors/artefacts
The reected laser beam is detected by a laser beam position detector
(LBPS)

The rectangular geometry and the xture at one endmay sometimes lead
to uneven change in curvature along the length of the cantilever, which
may render the estimation of the change in the substrate curvature (and
the associated stress) a bit more complex
For reliable estimation, the deection of the cantilever has to be smaller
than the length of the cantilever

23684 | J. Mater. Chem. A, 2019, 7, 23679–23726
Mf ¼ Ef

1� nf
¼ Belectrode Eelectrode þ BbEb þ BcEc

1� ðBelectrode nelectrode þ Bbnb þ BcncÞ (4)

where Ms is the biaxial modulus of the substrate [i.e., E/(1 � n)],
hs is the thickness of the substrate (usually a thicker stiff
substrate on which the current collector foil is attached), hf is
the thickness of the active lm, Mf is the biaxial modulus of the
composite lm, Ef is the Young's modulus of the composite
lm, nf is the Poisson's ratio of the composite lm, f(hi,Mi) is
a factor developed for estimation with such thick composite
electrodes, B is volume fraction, n is Poisson's ratio, and
subscripts b and c stand for the binder and conductive additive,
respectively.

Again, while eqn (1) pertains to continuous (void/pore free)
thin lms, in case the lm architecture is in the form of regular
(patterned) islands, modications need to be done to the basic
Stoney's equation for obtaining more valid stress measure-
ments. In this context, the expression for substrate curvature k

(i.e., 1/R) for a lm composed of three dimensional circular
patterns (or ‘islands’) can be written as;49

k ¼ 6 s0r ð1� nsÞ
Eshs

2

pr2

4ðr þ sÞ2
 
1

3
� ~rp

3

3

!
sign

�
sf

�
(5)

where s0 is the interfacial sliding strength of the substrate, r is
the radius of the circular pattern/island, ns is the Poisson's ratio
of the substrate, Es is the Young's modulus of the substrate, hs is
the substrate thickness, s is half of the gap between two
patterns/islands, and rp is the radial distance from the edge of
the pattern to the point where sint(x) becomes equal to s0. For
another architecture of the patterned lm, viz., three dimen-
sional square patterns/islands having length 2l, the expression
antilever-based) andmulti-beam optical stress sensor (MOSS) methods
bstrate curvature

Multi-beam optical stress sensor (MOSS)

Geometry of the lm–substrate system is usually circular
The lm–substrate system is simply placed without additional support
(or xing), such that the entire circular lm–substrate system is free to
bend and, thus, usually experiences uniform curvature development
upon changes in the in-plane dimension of the lm w.r.t. the substrate
It is usually based on multi-point illumination and detection, viz.,
multiple laser beams are focused onto and deected from the back side
of the substrate. Thus, measurements made using this methodology
have almost negligible sensitivity to mechanical vibrations
The reected laser beam is detected by a CCD camera, which is passed
onto the associated soware as laser ‘spots’. It is the change in spacing
between the multiple reected spots (and not the position of a single
laser beam/spot), which is monitored in order to obtain a reliable
estimate for the associated change in the substrate curvature
Due to the circular geometry of the lm–substrate system, the change in
the curvature is usually uniform in all the ‘in-plane’ directions

The change in curvature (and not truly deection) of the lm–substrate
system is of interest here, where such limitations associated with the
magnitude of change are not stringent

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Schematic illustrations of the (a) set-up used for in situ monitoring of the stress development in electrodes via the cantilever method.
Overall, it consists of a light interferometry set-up and a custom-made electrochemical cell (which contains the active electrode mounted on
a cantilever), connected to a galvanostat/potentiostat (reproduced with permission.105 Copyright 2018, Elsevier); (b) custom-made electro-
chemical cell showing the different components; (c) deflection caused in the cantilever during the lithiation and delithiation processes.
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for substrate curvature k for the modied Stoney's equation can
be written as49

k ¼ 6s0Req ð1� nsÞ
Eshs

2

�
l

l þ s

�2
 
1

3
� ~rp

3

3

!
sign

�
sf

�
(6)

where Req is the equivalent radius of the pattern/island, such
that Req ¼ l~Req(~sf), with all the other symbols retaining the
meanings as dened earlier.

3.2. The commonly used techniques based on the substrate
curvature method

The more commonly used techniques for measuring the lm
stress based on the curvature method invoke the deection (viz.,
change in the angle of reection) of laser beam(s) reected from
the back side of the substrate to gauge the change in the
curvature of the lm–substrate system upon dimensional
change of the lm with respect to the substrate. This is partic-
ularly useful in the context of measuring/monitoring the stress
development in electrode materials upon/during electro-
chemical lithiation/delithiation because the ‘active’ lm side
remains in contact with the electrolyte. On the basis of the
methodology used for the detection of deected beam(s) by
a detector, the number of laser beams focused on the back side
of the substrate (viz., single or multiple) and the concerned
geometry of the lm–substrate system, the techniques can be
further classied into two sub-categories as discussed in the
following text. The two curvature based techniques have been
compared and contrasted, in explicit terms, as shown in Table
1.

3.2.1. Laser beam position detector (LBPS) or cantilever
method. In this technique, the change in the curvature of the
lm–substrate system (i.e., electrode), in the form of a canti-
lever, is measured using a laser light interferometry set-up (as
shown in Fig. 2a). This technique usually uses a single laser
This journal is © The Royal Society of Chemistry 2019
beam focused onto and reected from the back side of the
substrate, whose deection (or change in position) is detected.
Of course, in the case of in situ monitoring of stress develop-
ment in electrodes during electrochemical cycling, custom-
designed electrochemical cells are used (as shown in Fig. 2a).
In general, such a electrochemical cell has an outer wall made of
stainless-steel or Teon and has a suitable position for a refer-
ence/counter electrode (usually Li-metal placed at the bottom)
and a working electrode mounted on a rectangular cantilever.
Both the electrodes are placed as close to each other as possible,
but with due care to avoid short-circuiting, usually by the use of
a separator. The back surface of the cantilever, which faces
a properly designed optical window, is made reective in order
to facilitate the reection of the incident beam. One end of the
cantilever is xed with a rigid support while the other end
remains free for movement/deection (see Fig. 2a and b). An
optical window of quartz provides the passage to the incident
and reected light beam in and out of the electrochemical cell.
The entire cell assembly is made in a controlled atmosphere
(i.e., in an inert atmosphere, with oxygen andmoisture contents
below �1 ppm) and properly sealed using O-rings and screws.

During the lithiation/delithiation cycle, the dimensions of
the electrode change, which, however, gets constrained by the
rigid substrate. In the case of in-plane dilation of the electrode
lm, upward bending of the cantilever (i.e., away from the
reference/counter electrode) takes place (see Fig. 2c). The
reverse takes place in the case of in-plane contraction of the
electrode lm. The change(s) in position of the laser beam re-
ected from the back-side of the substrate, as detected by the
LBPS, is used to gauge the change in substrate curvature (and,
accordingly, the stress in the active electrode material). The use
of this in situ technique during electrochemical cycling has led
to signicant contributions towards the understanding of
chemo-mechanical stress responses in various electrode
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23685
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Fig. 3 Schematic representations of the (a) experimental set-up consisting of the multi-beam optical stress sensor (MOSS) and custom-made
electrochemical cell, as connected to a potentiostat/galvanostat, for monitoring the stress development in electrodes in situ during electro-
chemical cycling; (b) ray-diagram showing the incident laser beam, which is focused onto and reflected back from the polished (back) surface of
the quartz wafer and collected by the CCD camera. The relations used for estimation of the curvature of the electrode–substrate system based
on the concerned geometry have also been presented. (c) Digital photograph of one of the types of custom-made electrochemical cells used for
the in situ stressmeasurements. Schematic representations of the (d) electrical connection to the electrode, as aided by a Cu tape attached to the
partially exposed current collector film present in-between the substrate and the active electrode film and (e) evolution of the curvature of the
electrode–substrate system during lithiation and delithiation processes.
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materials,5,6,11,18,20,22,23,30,51,66,76 including measurements of the
associated dimensional changes (i.e., strain),105 estimation of
‘electrochemical stiffness’ via simultaneous measurements of
stress–strain106 and also inferences on electro-deposition/
stripping of Mg on/from a Mg metallic electrode as the anode
material for upcoming Mg-ion battery systems.107

3.2.2. Multi-beam optical stress sensors (MOSSs). As
developed by researchers at Brown University,48 USA, a multi-
beam optical stress sensor (MOSS) uses more than one laser
beam, i.e., an array of parallel laser beams, focused onto the
reective back side of the substrate. In this system, it is the
change in spacing of the reected beams, as captured using
a CCD camera in the form of laser ‘spots’, which is measured/
monitored for estimating the change in substrate curvature,
and accordingly, the stress in the lm. Schematic representation
of the MOSS set-up and the associated ray-diagram has been
presented in Fig. 3a and b. The curvature of the substrate (k) is
estimated based on the following relation:5–7,11–13,30,31,50,61,66,87

k ¼ ðd � d0Þ
d0

1

Am

(7)
23686 | J. Mater. Chem. A, 2019, 7, 23679–23726
where d is the distance between two adjacent reected laser
beams (viz., spots), as captured using the CCD camera, d0 is the
initial distance and Am is the mirror constant, where Am ¼ 2L/
cos(q), with L being the optical path length between the
substrate and the CCD camera and q being the incident angle of
the laser beam on the substrate (see Fig. 3a and b).

Unlike the cantilever-based substrate curvature measure-
ment technique, where the lm–substrate system needs to have
a rectangular geometry (as mentioned in the previous sub-
section), the lm–substrate system for use with a MOSS
usually has a thin and circular geometry. For monitoring the
stress development in electrode materials in real-time during
electrochemical cycling, the fabricated circular electrode–
substrate system is assembled inside a custom-made electro-
chemical cell (as shown in Fig. 3c), which is similar, in prin-
ciple, to the type of cell used with the cantilever-based
technique, but with subtle differences to better suit the use of
the MOSS. In this case, the custom-made cell usually has
a Teon chamber, which is externally supported by stainless
steel lining. Again, the counter/reference electrode (i.e., Li metal
foil), preferably mounted on a stainless steel plate, is placed at
This journal is © The Royal Society of Chemistry 2019
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the bottom of the cell compartment, followed by a separator
soaked in the electrolyte and, nally, the working electrode ‘on
top’, with the reective/polished surface (i.e., the back side) of
the substrate facing a quartz window. The connection to the
reference-cum-counter electrode is made via the bottom stain-
less steel plate with the use of connecting stainless steel screws
protruding to the exterior, while that to the working electrode
lm is made with the use of Cu tape attached to the partially
exposed current collector lm present in-between the substrate
and the active electrode lm (as schematically depicted in
Fig. 3d). Again, the cell is assembled in a controlled (inert)
atmosphere chamber, with O2 and moisture ppm levels main-
tained below �1. Silicone O-rings and sufficient screws allow
proper sealing of the electrochemical cell aer assembly to
prevent leakage and exposure to atmospheric species during
electrochemical cycling.

A typical evolution of curvature of the substrate, say during
Li-insertion/removal into/from the active electrode lm, is
schematically presented in Fig. 3e. During Li-insertion, if the
electrode lm dilates in the in-plane direction, due to constraint
from the stiff substrate the entire substrate–electrode system
develops a negative curvature, with the reverse happening
during Li-removal. It is this change in curvature which is
monitored via the change in spacing of the array of reected
laser beams, as per eqn (7) and then converted to in-plane stress
in the active electrode lm, as per the basic or modied Stoney's
equation(s), as applicable.

The demonstration pertaining to the possibility of using
MOSSs for monitoring the stress development in electrode
materials (anodes, to start with) for Li-ion batteries in situ
during electrochemical cycling was made at Brown University
(in 2010–11).7,12,22 Since then researchers of different groups
world-wide have extensively used this technique towards
monitoring of the stress development in different electrodes in
real-time and deciphering important information on many
associated aspects, such as viscous ow during lithiation/
delithiation of Si,5–7,11–13,17,30,31,50,61,87,101,102,108 instability caused
by phase transformations18,19,24,54 and structural changes25 in
electrodes, effects of the presence of graphene-based buffer
interlayers17 and stress development due to irreversible surface
reactions (such as SEI layer formation).20–23,54 More detailed
discussions on the ndings, upon the usage of MOSSs, as well
as the cantilever method, appear in Sections 4–7.
3.3. Advantages and challenges associated with the
substrate curvature methodology

As already mentioned in a more generic sense in Section 3.1,
one of the advantages of the substrate curvature technique is
that the active electrode material does not need to be exposed/
used for the stress measurements, which can be done solely by
(optical) gaining access to the ‘back-side’ of the substrate. This
protects the active material from any laser induced damage.
More importantly, this, in turn, facilitates conducting
measurements in real-time (i.e., in operando) during electro-
chemical cycling because the active electrode material is wetted
by the electrolyte and faces the counter electrode and, thus, is
This journal is © The Royal Society of Chemistry 2019
not easily accessible for extraneous measurements, whereas the
‘back-side’ or substrate side is. Furthermore, measurements
can be made irrespective of the electrode (or the substrate)
being crystalline or amorphous in nature (unlike the X-ray
diffraction method of measuring internal stresses, which is
limited only to crystalline materials). Additionally, sample
preparation and cell design/assembly required for conducting
the in situ stress measurements based on the substrate curva-
ture technique are relatively simpler, as compared to those for
other in situ characterization techniques (such as in situ TEM,
AFM etc.). The practical difficulties and limitations associated
with the different in situ techniques have been explicitly
mentioned in Table 2.

In addition to the above advantages offered by the substrate
curvature methodology, in general, certain specic advantages
of the MOSS system, in particular, can be highlighted, as in the
following.

(i) Multi-point illumination and detection (i.e., usage of more
than one laser beams) reduce the sensitivity to ambient vibra-
tions. In simpler terms, if all the laser beams change position
together in response to any vibration, the measurement is not
affected because it depends only on the relative spacing
between the reected laser beams and not on the exact position
of the individual beams (unlike the situation when the position/
deection of a single laser beam is tracked).

(ii) Measurements can be made with substrates having
a curvature radius of at least as large as 4 km, which provides
a good resolution towards curvature measurement (and
accordingly, in-plane stress). In principle, for an active lm of
thickness �100 nm, the usage of MOSSs can allow the
measurement of a stress level down to �1 MPa.48

(iii) The MOSS does not have any moving part, with the
optical alignment being fairly simple.

On a different note, in contrast to the use of the MOSS set-
up and the associated custom-made cell-type, one of the
advantages associated with the use of the cantilever-type set-
up for monitoring the in-plane stress development is the
possibility to simultaneously monitor the change in dimen-
sions (or strain) of the electrode (as described in ref. 106).
Nevertheless, there are a few practical challenges associated
with the aforementioned techniques based on substrate
curvature. First of all, care must be taken that the back-side of
the substrate of the working electrode is reective enough for
the laser beams to be detected post reection. On similar lines,
the amount of electrolyte used in the custom-made electro-
chemical cell for such measurements needs to be carefully
optimized to ensure good wetting of the separator and elec-
trodes, while at the same time prevent any spill-over to the
back side of the substrate (to prevent loss of reectivity and
‘articial’ creation of apparent curvatures). Furthermore,
ensuring good connectivity to the electrodes and proper seal-
ing of custom-made cells are always challenging (as compared
to standard cell geometries). On a different note, estimation of
the correct value of the in-plane stress necessitates the use of
the right equations for the concerned electrode types (as
detailed in Section 3.1) and also ensuring that Stoney's law and
the corresponding equations are valid under the given
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23687
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Table 2 Comparisons of the practical difficulties and possible limitations associated with the various in situ techniques discussed in this
manuscript

Type of in situ
methodology/technique Practical difficulties Limitations

Substrate curvature � The back-side of the lm–substrate system must be
polished and reective

� Cannot be used for very thick electrode lms

� For ‘porous composite’ electrode materials, the
contributions from the various constituents (viz., binder,
conductive additive, buffer etc.) and porosity must be
taken into account for estimating/analyzing the stress
development

� Stiffness of the substrate should be higher than that of
the lm

� For ‘porous composite’ electrodes, modied Stoney's
equation is used which involves tedious calculations

� The substrate should not undergo plastic deformation
over the entire course of the measurement

� Cantilever-based method is sensitive to mechanical
vibrations
� The mechanical properties of the electrodes do not
remain constant over the entire electrochemical cycling,
which need to be taken into account while analyzing/
estimating the stress development

Transmission electron
microscopy (TEM)

� Complex micro-electrochemical cell design and sample
(electrode) preparation needed

� Limited to samples (i.e., electrode materials) with
dimension (or thickness) #100 nm (viz., thickness limit
for being electron transparent)

� The sample (electrode material) under consideration
should be stable under very high vacuum condition

� Prolonged exposure of the sample (electrode material)
to an electron beam may alter the properties

� The window of the micro-electrochemical cell should
be enough thin and electron transparent

� The electrolyte/electrode interfacial region, from where
the diffusion of Li/Na into/out of the electrode takes
place, is extremely small unlike in the case of a real
battery electrode. This may lead to some inconsistencies
and artefacts

� Application of current and voltage bias to the
electrodes under consideration is very critical, which
may, in turn, get disturbed during the electrochemical
cycling

� Unlike for real batteries, various events, such as SEI
layer formation (viz., reaction with the liquid electrolyte),
may get bypassed due to the usage of solid electrolytes
(such as Li2O) in in situ TEM cells
� If a liquid electrolyte is used, the SEI layer that may be
formed is usually sensitive to a high energy electron
beam
� The high energy electron beam can also lead to
breakdown of electrolyte/solvent molecules
� The application of high bias and high charge transfer
resistance may interfere with the results

Atomic force
microscopy (AFM)

� Complex design of the electrochemical cell. Both the
AFM set-up and the electrochemical cell (which is usually
open) need to be kept inside the glove-box

� Surface roughness increased due to SEI layer formation
during the electrochemical cycling and may lead to
artefacts

� AFM is very sensitive to mechanical vibrations and
require a vibration cancellation stage

� AFM is limited to topographic features only

X-ray diffraction (XRD) � The electrochemical cell must have a durable,
chemically inert and X-ray transparent window
membrane

� Direct estimation of strain/stress (or micro-strain/
micro-stress) is difficult, with the strain/stress oen
being estimated from just a localized region (may or may
not be representative of the entire electrode)

� The usually used Be window is not stable for cathodes
electrochemically active beyond �4.0 V (vs. Li/Li+)

� The other cell components may either contribute
additional/undesired signals or reduce the intensity of
the incident X-ray and transmitted radiation

� The incident X-rays need to have good intensity
because they and the diffracted X-rays have to travel
through a few different materials (viz., window, current
collectors, separator etc.) present in the cell prior to
being detected. Hence, absorption and concomitantly
low intensity for the X-rays that get detected are the
issues

� The availability and cost of high energy X-ray radiation
are critical

� Accordingly, high energy X-ray (viz., synchrotron
radiation) is desirable for obtaining good quality signal

� XRD is limited to crystalline and semi-crystalline
materials and cannot be used for amorphous electrode
materials

23688 | J. Mater. Chem. A, 2019, 7, 23679–23726 This journal is © The Royal Society of Chemistry 2019
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Table 2 (Contd. )

Type of in situ
methodology/technique Practical difficulties Limitations

Raman spectroscopy � Prolonged exposure to the laser source may ‘burn’/
damage the active material

� Properties of the active electrode may get altered due to
heating from the incident laser source

� The transparent window of the electrochemical cell
should be either Raman insensitive or it has to be taken
care that the signals from the window do not interfere
with the signals from the active material

� Due to the uorescence in some active materials, the
Raman signals are masked

� Additional lters or microscopes are usually required
to enhance the weak Raman signals

� The SEI layer formed on the surface of the active
materials decreases the intensity of Raman signals,
which sometimes get totally annihilated

� As compared to SEM and TEM, the electrochemical cell
used for Raman measurements is simpler, but leakage
and sealing are some of the major challenges

� Raman spectroscopy can only be applied to those active
materials which are Raman active

Digital image
correlation (DIC)

� The complex electrochemical cell with a transparent
window needed to observe electrode surface

� The estimated strain/stress is merely an average

� The experimental set-up is sensitive to mechanical
vibrations
� In the experimental set-up, the electrode should be
parallel to and face the digital image recording device
� To obtain good quality results, a laser illumination
source and high resolution camera are needed
� Requires advance numerical computation and image
processing skills to estimate the strain/stress

Scanning electron
microscopy (SEM) and
focused-ion beam (FIB)

� SEM and FIB are operated under very high vacuum � Usually, the resolution is limited to �1–10 nm
� Hence, SEM or FIB cannot usually be performed with
a liquid electrolyte

�With the use of solid or vapor electrolytes, performance
of an electrode and the associated electro-chemo-
mechanical response may be different from those with
a liquid electrolyte

� Ideally, the sample under consideration should be
conducting in nature

� Direct estimation of the strain/stress is not possible

� A complex experimental set-up and miniature
electrochemical cell are required to avoid environment
contamination

X-ray absorption
spectroscopy

� The practical challenges for in situ XAS are similar to
those of XRD

� Analysis and tting of the XAS signal is complicated
and tedious
� Estimation of strain/stress is not possible

Mössbauer
spectroscopy

� Requires a high energy g-radiation source � The Mössbauer effect is absent for Li, C, H, O, F, P etc.
Accordingly, it is not suitable for studying the electrolyte,
SEI layer or Li-dendrites

� The electrochemical cell design and the associated
challenges are similar to those for in situ XRD and XAS
measurements

Dilatometry � Complex electrochemical cell design, with the entire
experimental set-up being needed to be placed inside an
Ar-lled glove-box

� Separation of the expansion of anode and cathode
individually is usually not possible
� The actual pressure on the electrode surface cannot be
estimated
� For a ‘porous composite’ electrode, porosity may
change during electrochemical cycling, which is usually
not taken into account

Nanoindentation � The active material and the nano-indenter need to be
submerged in a uid cell environment

� Volumetric changes, structural degradation and SEI
layer formation/growth during electrochemical cycling
may interfere during the nanoindentation
measurements

� The electrochemical cell and the nano-indenter need to
be placed inside a controlled Ar-lled glove-box

� Contribution from the uid environment needs to be
eliminated

� The active material should get inserted into the uid
used for submerging the active material
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conditions. Additionally, correct interpretation of the stress
responses and associating the same to the actual physical/
chemical phenomena occurring at the electrode (such as
phase transformation, plastic deformation, SEI layer
This journal is © The Royal Society of Chemistry 2019
formation etc.) necessitate detailed knowledge-cum-
experience of the various phenomena that take place in the
concerned electrochemical cell(s) and electrode(s) at different
states-of-charges and voltage windows.
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23689
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4. Real-time monitoring of stresses
and associated instabilities in anode
materials

Considering that some of the ‘alloying reaction’ based anode
materials, such as Si, Sn, Ge, undergo colossal dimensional
changes upon lithiation/delithiation (up to even 400%, as for
Si), extensive research has been done to monitor the stress
development in such electrodes in situ during electrochemical
cycling using both the substrate curvature based techniques,
viz., MOSS, and cantilever methods (as described in detail in the
previous section). Nevertheless, quite a few such studies have
also been conducted with graphitic and graphenic carbon based
electrodes, which have resulted in unravelling some unknown
aspects associated with stress development even in such cases.
In these contexts, the following sub-sections will provide
detailed discussion on the as-reported electro-chemo-
mechanical responses of various anode materials.

4.1. For Si-based electrodes

The rst few reported studies on in situ monitoring of stress
development with Si lm electrodes (in custom-made Li ‘half
cells’) using the MOSS set-up6,7,12,30 conrmed the development
of compressive stress during Li-insertion into an amorphous Si
(a-Si) matrix (as also mentioned in Section 3). The more
interesting-cum-important observation was that aer an initial
monotonous compressive stress build-up during lithiation up
to between �(�)1.2 and 1.7 GPa (depending on the current
Fig. 4 (a) Potential and (b) in situ stress profiles obtained with 250 nm thi
Li+ at a current density equivalent to C/4 (reproduced with permission.3

sentation of a (lithiated) Si island on the current collector and free body di
50). Variations of the in-plane ‘nominal’ stress (black line with square symb
galvanostatic cycles (between 0.05 and 2.0 V vs. Li/Li+ at C/20) of 50 nm
(pattern dimension of 7 � 7 mm) electrodes. In contrast to that of the con
monotonous (reproduced with permission.50 Copyright 2011, The Electr

23690 | J. Mater. Chem. A, 2019, 7, 23679–23726
density and lm thickness used), attening of the stress
response, followed by stress relaxation, occurred due to viscous
ow (or plastic deformation) in Si beyond the aforementioned
‘elastic limit’ (see Fig. 4a and b). During the delithiation half
cycle, the overall compressive stress was observed to rst get
rapidly reversed towards the tensile direction, followed by
a similar viscous ow upon attaining a net tensile stress of �(+)
1 GPa. The (�) and (+) signs here indicate compressive and
tensile stresses, respectively. With regard to the magnitude of
the ‘elastic limit’ of Si during lithiation, Zhao et al.102 reported
the same to be�(�)2 GPa, which was slightly greater than those
reported in earlier studies. A similar magnitude for the ‘elastic
limit’ [i.e., �(�)2.5 GPa] was also observed by us during the rst
lithiation half cycle of a-Si lm,17 but it decreased to �(�)1 GPa
in the very next cycle. The spread in the observed magnitude for
the ‘elastic limit’ is likely to be partly inuenced by the Si lm
thickness (oen varying inversely with the thickness, due to
diffusion limited Li-storage7,13), growth stress developed during
deposition,7,11,48 current density used, irreversible surface reac-
tions (including SEI layer formation17,21) and specic features of
the set-up used (including possible aberration due to multiple
refraction of the laser6,12,30,31 and the equations used). Never-
theless, the very observation/information concerning the
occurrence of viscous ow (or plastic deformation) of Si during
lithiation/delithiation was made possible only by such in situ
stress measurements.

In the above context, considering that viscous/plastic ow in
an electrode material during lithiation/delithiation is extremely
detrimental towards the integrity of the same, efforts were
ck a-Si film when galvanostatically cycled between 1.2 and 0.01 V vs. Li/
0 Copyright 2010, The Electrochemical Society). (c) Schematic repre-
agram of half the Si island showing the force balance (adapted from ref.
ols) and voltage (thin black line) with the capacity during the 2nd and 3rd

thick (d) continuous a-Si film and (e) patterned a-Si (island-type) film
tinuous film, the stress evolution in the patterned a-Si film electrode is
ochemical Society).

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) Stress response (as monitored in situ) and voltage profiles for a 250 nm thick a-Si film electrode when subjected to electrochemical
lithiation and delithiation (via galvanostatic cycling). A sharp ‘dip’ in the stress profile towards the end of the first delithiation cycle is an indication
of stress release due to fracture of the Si film. (b) Schematic representation of the composite a-Si film electrode having a thin multi-layered
graphene film sandwiched between the Ni current collector and ‘active’ a-Si film. (c) The in situ stress and voltage profiles for the 250 nm thick a-
Si film electrode, in the presence of the MLG ‘buffer’ interlayer, showing the absence of the sudden sharp dip during the 1st delithiation half cycle.
(d) Variations of the delithiation capacities (i.e., reversible Li-storage capacities) with the electrochemical cycle number for the a-Si film elec-
trodes, in the absence and presence of the MLG interlayer, with the insets showing cross-sectional SEM images obtained after electrochemical
cycling (reproduced with permission.17 Copyright 2016, Elsevier).
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directed towards suppressing the ow in Si electrodes. Pio-
neering studies by Soni et al.50 and Habaradaran et al.49 indi-
cated that reducing the in-plane dimension of Si lms by
developing ‘patterned lms’, consisting of Si islands, enhances
the structural and (thus) electrochemical/cycle stabilities of the
Si lm electrode, especially when the in-plane dimensions of
the islands are below a ‘critical size’. In fact, in situ stress
measurements of patterned a-Si lms having island dimensions
#7 mm indicated nearly complete suppression of plastic ow
during lithiation/delithiation.50 Based on the consideration that
the stress in the electrode lm/island is balanced by the shear
resistance at the interface between the island and the current
collector, a manifestation of the shear lag model50,109 was used
to predict the critical lateral size (i.e., lateral or in-plane
dimension) of the a-Si islands (Lcr), as per the following rela-
tion (as schematically depicted in Fig. 4c):

Lcr z 2syt/sint (8)

where sy is the elastic limit (or yield strength) of Si, t is the out-
of-plane lm thickness and sint is the interfacial shear strength.
sint takes the value of either the interfacial friction/adhesion
strength at the electrode–collector interface or the shear yield
strength of the current collector (or any interlayer between the
current collector and electrode lm, as the case may be),
This journal is © The Royal Society of Chemistry 2019
whichever is lesser. In the case of the a-Si lm electrode on Cu
and Ti current collectors, the above model predicted a critical Si
island size of between �5 and 9 mm (depending on sint and lm
thickness, between 50 and 100 nm) for nearly completely sup-
pressing the plastic ow and concomitantly suppressing
cracking of the a-Si lm upon lithiation/delithiation to
a considerable extent.50,109 It was encouraging that the estimated
values agreed with the observations based on the in situ stress
measurements (see Fig. 4d and e) and also post-cycling SEM.

Looking beyond the occurrence of plastic ow in Si, in situ
stress measurements with a continuous crystalline Si (c-Si) lm
by Chon et al.31 and amorphous Si lm by us17 showed a sudden
and sharp ‘dip’ in the otherwise attened stress prole towards
the later stages of delithiation in the rst cycle itself (see
Fig. 5a). Coupling this with SEM observations indicated that the
sudden ‘dip’ in the stress prole is caused due to cracking of the
Si lms, usually in the form of ‘channel type cracks’.11,17,101 With
respect to the occurrence of cracking, an important inference
from the work by Soni et al.13 for the a-Si lm electrode is that
the fairly slow diffusion of Li in Si (viz., �3 � 10�13 cm2 s�1)
causes the average stress in the lm (as measured in situ using
the MOSS) to get reduced with increasing current density (or C-
rate) due to the suppressed degree of lithiation, but causes
severe local stress concentrations due to steep concentration
gradients (and associated differential expansion/contraction),
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23691
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which leads to cracking. Furthermore, the in situ stress obser-
vations facilitated the estimation of the fracture energy (G) of Si,
which was found to be fairly invariant with the degree of lith-
iation, viz., G ¼ 8.5 � 4.3 J m�2 for amorphous Li0.7Si, G ¼ 5.4 �
2.2 to 6.9 � 1.9 J m�2 for amorphous Li2.8Si and G ¼ 5–14 J m�2

for c-Si.11,101 In addition to the ndings and understanding
related to stress development during electrochemical lithiation/
delithiation and the associated mechanical integrity of Si-based
electrodes, in situ stress measurements with Si lm electrodes
using the MOSS have also provided important insights associ-
ated with the effects of stresses on the thermodynamics,
potential hysteresis and kinetics of the lithiation/delithiation
process.17,30,58,62 These aspects will be detailed later in this
review (viz., in Section 8).

In order to understand the inuence of a graphenic carbon
based interlayer between a-Si and current collector on the
structural and electrochemical stabilities of a-Si upon repeated
lithiation/delithiation, we performed in situ monitoring of
stress development during electrochemical cycling of the a-Si
lm electrode having a well-ordered multi-layer graphene lm
(MLG; �10 graphene layers) between the a-Si and current
collector (see Fig. 5b–d).17 The magnitude of compressive stress
developed during lithiation was suppressed to a good extent in
the presence of the MLG ‘buffer’ interlayer (viz., by �100% per
degree of lithiation). More importantly, the MLG interlayer
suppressed the occurrence of plastic ow of Si during lithiation
Fig. 6 Effects of the % loading of active materials (i.e., Si nanoparticles) an
alginate) on the stress response during lithiation/delithiation of composit
with permission.14 Copyright 2016, The Electrochemical Society). The va
via the cantilever deflection method in situ during the 2nd galvanostatic cy
Li+ (reproduced with permission.110 Copyright 2017, Elsevier). (e) Biaxial
thiation cycles (between 0.01 V and 3.0 V vs. Li/Li+) for a 100 nm thick am
1st delithiation cycle, showing the presence of cracks in the amorphous
Experimental Mechanics).

23692 | J. Mater. Chem. A, 2019, 7, 23679–23726
from the 2nd cycle onwards and also minimized cracking during
delithiation, as noted by the absence of the sudden ‘dip’ in the
stress prole towards the end of delithiation half cycles (in
contrast to that of a-Si, sans MLG). The suppression of plastic
ow of a-Si during lithiation of the a-Si/MLG electrode was
associated with the weaker adhesion (i.e., sint) at the Si/
graphene interface and, accordingly, the Lcr for plastic ow
[according to eqn (8)] being greater than the lateral dimensions
of the fractured a-Si ‘islands’ post the rst cycle. Furthermore,
the possible contribution from reversible sliding between the
constituent graphene layers of MLG in response to the in-plane
dimensional changes of Si, as well as from sliding at the Si/
graphene interface, towards the ‘buffering/accommodation’ of
the stresses was not ruled out. Overall, the above mechanisms
considerably improved the mechanical integrity, including near
complete suppression of delamination from the current
collector, and concomitantly the cycle stability upon repeated
lithiation/delithiation of the Si-based electrodes, in the pres-
ence of the MLG interlayer, in complete contrast to that of the a-
Si electrode, sans the MLG interlayer (Fig. 5d).

In situ monitoring of stress development in Si-based elec-
trodes has also been performed with porous ‘composite’ elec-
trodes (i.e., those having binders and conducting additives),
using a suitable version of modied Stoney's equation for esti-
mating the stresses from the curvature (as mentioned in Section
3).14,32 Not surprisingly, in the presence of pores and
d two types of binders (i.e., carboxymethyl cellulose (CMC) and sodium
e Si electrodes, with (a) 20 wt%, and (b) 60 wt% Si loadings (reproduced
riations of (c) elastic modulus and (d) stress development, as measured
cle of the Si-based composite electrode between 0.01 and 2.0 V vs. Li/
stress development during the first three galvanostatic lithiation/deli-
orphous SiO2 film electrode. (f) A SEM image obtained at the end of the
SiO2 film (reproduced with permission.116 Copyright 2018, Society for

This journal is © The Royal Society of Chemistry 2019
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components having lower stiffness (especially, for polymeric
binders), the overall magnitudes of stress developed during
lithiation in such ‘composite’ electrodes were found to be
signicantly smaller than those of the continuous dense lm
electrodes, with the stress magnitudes increasing with
increasing Si content, viz., �(�)40 and �(�)150 MPa, respec-
tively, for 20% and 60% Si loading (when using the stiffer Na-
alginate binder) (Fig. 6a and b). Nevertheless, the in situ stress
response still indicates the occurrence of a plastic ow,
accompanied by considerable increase in the thickness (i.e., out
of plane dimension) of the electrode (in comparison to the
change in the in-plane dimensions) and particle rearrange-
ment.14 Furthermore, across two studies,14,32 the yield stress and
the overall stress magnitude was observed to depend consid-
erably on the binder used, viz., increasing with the increase in
binder stiffness, i.e., polyvinylidene uoride (PVDF) < carbox-
ymethyl cellulose (CMC) < Na-alginate.

The cantilever method has also been used to perform in situ
stress measurements during electrochemical cycling of
composite Si electrodes.62,104,110–112 Based on the inferences from
the stress prole, Li et al.110 reported that the composite Si
electrode undergoes elastic soening and structural degrada-
tion during the rst lithiation half cycle itself (see Fig. 6c and d).
Furthermore, based on the in situ stress responses the elastic
modulus of the composite Si electrode was estimated to
decrease from �0.64 to �0.18 GPa with progress of lithiation.
This trend agreed with that observed earlier by Sethuraman
et al.6,66 while estimating the bi-axial modulus of the Si lm
electrode (viz., varying from �103 to �70 to �35 GPa for Si,
Li0.32Si and Li3Si, respectively) from in situ stress data (obtained
using the MOSS) and also the theoretical predictions for elastic
soening of Si upon lithiation.113,114 Interestingly, the elastic
modulus was observed to further decrease to �0.10 GPa mid-
way during delithiation, which could be attributed solely to
structural degradation, but with a slight increase to �0.20 GPa
towards the end of delithiation. Hence, such in situ stress
measurements are also capable of providing information con-
cerning the changes in the materials properties (which also
include ow stress66 and fracture energy,11,101 presenting similar
trends as stiffness) with change in the chemical composition
(viz., degree of lithiation in this case). Nevertheless, with respect
to stress development, the overall compressive stress build-up
at the end of lithiation was found to be �(�)12 MPa (see
Fig. 6d), which, again more or less agreed with the studies done
using the MOSS. An interesting piece of inference obtained
from another work with a Si-based composite electrode using
the cantilever method is that the electrode deformation slows
down with increasing Li-concentration in Si, which was attrib-
uted to ‘slowing down’ of the lithiation itself due to compressive
stress development in the electrode.62 In another work, in situ
stress measurements with a multilayered composite cantilever
consisting of single crystalline Si (as the working electrode),
LiAlF4 (as the solid electrolyte), Li2WO4 (as the Li reservoir)
indicated the development of a compressive stress of greater
than (�)1 GPa at the Si–LixSi reaction front.111

In addition to Si-based electrodes, in situ stress measure-
ments during electrochemical lithiation/delithiation have also
This journal is © The Royal Society of Chemistry 2019
been conducted with SiOx-based electrodes.115–117 In this
context, Rakshit et al.116 observed isotropic volume expansion/
contraction of the SiO2 lm during lithiation/delithiation,
with compressive stress development [up to a peak value of
�(�)3.1 GPa] during the lithiation half cycle and tensile stress
development [up to a peak value �(+)0.7 GPa] during the
delithiation half cycle. Similar to the case of Si, such a high
compressive stress development in the SiO2 lm (which is in
fact greater than the average stress recorded in Si) led to
plastic deformation and fracture during the rst cycle itself
(Fig. 6e and f). Few other studies on in situ stress monitoring
using the MOSS with ‘composite’ SiOx electrode materials115,117

have shown results similar to those for the composite Si
electrode (as discussed above), with the overall stress magni-
tudes being considerably smaller than those of the SiOx lm
electrodes.

However, it must be mentioned here that, to date, there has
been no systematic study concerning the measurement of stress
development during electrochemical lithiation/delithiation of
Si electrodes having different contents and types of native Si-
oxide(s) and Si-sub-oxide(s). This assumes very high impor-
tance, especially in light of our recently reported study indi-
cating considerable inuences of the presence/absence/types/
contents/combinations of different Si-oxide(s)/sub-oxides
(such as Si2O, SiO, Si2O3, SiO2) on the surface of Si towards
not only the irreversible capacity loss, but also the cycle stability
in Li ‘half’ and ‘full’ cells.118
4.2. For Sn-based electrodes

Aer Si, among the ‘alloying reaction’ based anodematerials for
Li-ion batteries, the Sn lm electrode was used next for in situ
monitoring of stress development during galvanostatic
lithiation/delithiation using the MOSS, for the rst time by our
group.18 Similar to the case of Si, the overall compressive stress
was observed to get developed during the lithiation half cycle up
to a peak average stress of �(�)1.4 GPa (when corrected for the
change in lm thickness with lithiation) with nearly complete
reversal during the delithiation half cycle. The potential prole
of Sn has distinct ‘potential plateaus’ corresponding to 1st order
phase transformations between Sn and different Sn–Li inter-
metallic phases during the progress of lithiation and delithia-
tion. It was very interesting to note that the stress proles
during lithiation, as well as delithiation, also showed attening-
cum-release (i.e., ‘stress plateaus’) at almost exactly the same
time (and duration) as the onset and progress of the phase
transformations, i.e., exactly coinciding with the ‘potential
plateaus’ (see Fig. 7a and b), despite being fairly monotonous in
nature during lithiation/delithiation in the single phase regions
(i.e., the solid solution regimes). Preliminary analysis based on
internal stresses associated with the nucleation and growth of
a new Sn–Li intermetallic phase(s) having different molar
volumes (Vi) compared to the parent phase (Vm) (i.e., Eigen
strains or 3*, as per 3* ¼ [(Vi/Vm)

1/3 � 1]dij, where dij is the
Kronecker delta) indicated that huge internal stresses (as per s
¼ B(SI + 2SII � 1)(33*)dij, B is the bulk modulus and SI and SII are
Eshelby's tensors18) got developed during the phase
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23693
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Fig. 7 (a) Voltage and in-plane stress profiles obtained for a 200 nm thick b-Sn film electrode during 2nd galvanostatic lithiation at C/20 between
0.02 and 1.5 V vs. Li/Li+, showing the presence of ‘stress plateaus’ during the phase transformations between Sn and Sn–Li intermetallic phases
(reproduced with permission.18 Copyright 2014, Elsevier). (b) Fitting of the in situ stress profile with that obtained via mathematical modelling,
which considered the influence of Eigen strains arising from phase transformations, leading to ‘transformation induced plasticity’, during
electrochemical lithiation of the Sn film electrode (reproduced with permission.19 Copyright 2018, American Chemical Society). (c) Cross-
sectional SEM image (obtained by FIB-SEM) obtained with a heat treated Sn film (on the Cu current collector) leading to the formation of Cu3Sn
and Cu6Sn5 intermetallic phases, co-existing with Sn. (d) In situ stress profiles obtained during galvanostatic lithiation/delithiation (between 0.01
and 2.0 V vs. Li/Li+ at C/20) of such a Sn/Sn–Cu film electrode, showing the absence of ‘stress plateaus’ (reproducedwith permission.56 Copyright
2016, Elsevier).
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transformations. For example, the estimated internal stress
based on the Eigen strain corresponding to the phase trans-
formation [(4/3)Li + LiSn4 (1/3)Li7Sn3] was estimated to be up
to �(�)8.4 GPa, otherwise typically varying between �(�)1–
5 GPa for other phase transformations. Subsequently, detailed
modelling of the bi-axial stress development in the Sn lm
during lithiation conrmed that the attening of the stress
response during the phase transformation regimes was indeed
due to internal stresses caused by Eigen strains, leading to
‘transformation induced plasticity’19 and instabilities of
a similar nature in the stress responses during the Sn/ Li2Sn5

phase transformation upon potentiostatic lithiation of thicker
Sn lms were also reported. Overall, the in situ experiments
provided important insights into the mechanical instability of
Sn during lithiation/delithiation, which was noted to happen
primarily during the phase transformation regimes. Apart from
Sn-based electrodes, such an instability in the stress response
23694 | J. Mater. Chem. A, 2019, 7, 23679–23726
during phase transformation has also been observed by us for
other ‘alloying reaction’ based anode55 and Li-TM-oxide based
cathode materials for Li-ion batteries,24 as will be discussed
later.

In situ stress measurements with a composite lm electrode
consisting of Sn and Sn–Cu intermetallic phases (i.e., Cu3Sn and
Cu6Sn5 phases) (Fig. 7c), as obtained by annealing treatment of
the Sn lm deposited on Cu under optimized conditions,
indicated that the ‘stress plateaus’ or instabilities associated
with the 1st order phase transformations during lithiation/
delithiation of the pure Sn phase can be alleviate to some
extent (Fig. 7d).56 Accordingly, such a ‘phase assemblage’
improved the structural and cycle stability of the Sn lm elec-
trodes upon repeated electrochemical lithiation/delithiation.

In another work with Sn-based intermetallic phases,
Mukaibo et al.119 reported the development of tensile stress in
the Cu current collector/substrate initially (via the cantilever
This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) The first two cyclic voltammograms and (b) associated
surface stress responses of the SnOx film electrode, when scanned
between 2.0 and 0.1 V vs. Li/Li+ (reproduced with permission.120

Copyright 2014, WILEY-VCH).
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method) in response to the lithiation induced dilation of the
pure Sn lm electrode, which was followed by ‘stress accom-
modation’ and ‘stress release’ (between potentials of 0.24 and
0.19 V vs. Li/Li+). By contrast, the signatures of ‘stress accom-
modation’ and ‘stress release’ were absent during lithiation of
a Ni0.62Sn lm, leading to an experimentally observed average
overall stress development of �(�)490 MPa, but which was
apparently suppressed due to the ‘stress release’ phenomena to
�(�)52 MPa in the case of the pure Sn lm electrode. In fact,
during the delithiation half cycle, the occurrence of ‘stress
release’ in the case of the pure Sn lm electrode was seen to be
associated with cracking. Such observations were in agreement
with our aforementioned work on a Sn/Sn–Cu intermetallic lm
electrode.56

Gewirth and co-workers120 studied the stress evolution
during lithiation/delithiation of SnOx lm electrodes. In the
case of SnOx, during the cathodic scan of cyclic voltammetry,
compressive stress build-up was initially noted at �0.7 V (vs. Li/
Li+), which was followed by transition to a tensile nature (unlike
Sn). This ‘compressive-to-tensile’ transition in the stress state
during lithiation of SnOx was attributed to the typicality of the
conversion mechanism, where metallic Sn, having less volume
(per Sn atom) by �35% with respect to that of Sn-oxide, forms
from the oxide. Of course the tensile stress subsides upon
subsequent lithiation of metallic Sn. During the anodic scan
(i.e., delithiation), the as-developed tensile stress was found to
become compressive fairly rapidly (in contrast to that for Sn).
Nevertheless, at potentials greater than 0.5 V (vs. Li/Li+), tran-
sition to tensile stress was noted, which was attributed to the
formation of delithiated metallic Sn (and not SnOx). Interest-
ingly, continued anodic scan caused the tensile stress to
This journal is © The Royal Society of Chemistry 2019
increase until about 1 V (vs. Li/Li+), which was tentatively
attributed to the partial delithiation of Li2O (Fig. 8a and b).
4.3. For carbon-based electrodes

In the rst report on real-time monitoring of stress develop-
ment during electrochemical lithiation/delithiation of graphitic
carbon based electrodes using the MOSS set-up, Mukhopadhyay
et al.22 observed that a c-axis oriented graphitic carbon lm (of
�200 nm thickness) experiences fairly low in-plane compressive
stress development of �(�)250 MPa due to Li-intercalation,
which gets nearly completely reversed during Li-de-
intercalation (Fig. 9a). Such a stress level is considerably lower
compared to those observed in the cases of the ‘alloying reac-
tion’ based anode materials, as discussed in the previous sub-
sections. In addition to the lower degree of dilation/
contraction of the basal planes upon lithiation/delithiation
(viz., �1%), possible reversible sliding between the constit-
uent graphene layers of the well-ordered graphitic carbon lm
was tentatively associated with the low stress development.
More importantly, no signature for attening of the stress
response due to plastic deformation or cracking could be
observed in the in situ stress proles. In fact, estimation based
on simple thin lm mechanics suggested that the low in-plane
stress development might render it feasible to use continuous
graphitic carbon lms with a thickness of up to �300 mm as the
active material without problems related to delamination from
stress development during lithiation/delithiation. This will
allow the development of lm-based electrodes of fairly high
overall capacity for graphitic carbon. Such observations tie-up
nicely with the good cycle stability of the presently used
graphitic carbon based anode materials in Li-ion cells.
However, some of the more interesting and signicant obser-
vations include the development of irreversible compressive
stresses associated with irreversible surface reactions
(including the formation of the solid electrolyte interface or SEI
layer121–123), in the initial few cycles of graphitic/graphenic
carbon based electrodes.20–23 Such observations, mechanisms
and implications will be discussed in detail, later in Section 6.

In contrast to the stress magnitudes recorded with c-axis
oriented graphitic carbon lm based electrodes, in our more
recent work with c-axis oriented well-ordered few layer graphene
(FLG; �7 layers) lm based electrodes, a reversible compressive
stress development of �(�)10–12 GPa was recorded upon gal-
vanostatic lithiation.23 In fact, such amagnitude agrees very well
with the expected in-plane stress based on a�1% dilation along
the nearly defect free graphene planes (considering in-plane
elastic modulus of �1 TPa). This indicates that the stress
relaxation mechanisms are better operative in c-axis oriented
graphitic/graphenic carbon lms having greater thickness (i.e.,
the number of constituent graphene layers). Another very
interesting observation in the case of FLG was that of signatures
of ‘stress attening’ and ‘stress release’ in the in situ stress
proles within narrow voltage windows during the initial stages
of lithiation and later stages of delithiation (Fig. 9b). Such
signatures became more severe with increasing current density
(as indicated in Fig. 9b). Detailed analysis indicated that the
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23695
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Fig. 9 Voltage and in situ stress profiles recorded during galvanostatic lithiation/delithiation of CVD-grown (a) graphitic carbon film (�200 nm
thick) (reproduced with permission.22 Copyright 2015, Elsevier) and (b) few layer graphene film (FLG; �7 layers) electrodes (reproduced with
permission.23 Copyright 2015, Elsevier). In the case of the FLG film electrode (i.e., b), ‘stress plateaus’ can be seen during lithiation (between 0.5
and 0.25 V vs. Li/Li+) and delithiation (between 0.6 and 1.0 V) cycles when cycled at a current density of 2.7 mA cm�2, which changed to signatures
of stress release when cycled at a higher current density of 8.1 mA cm�2. (c) Schematic representation of the stretching and bending of individual
graphene layers around the Li-ion at the interfaces of the different co-existing Li-GICs (reproduced with permission.23 Copyright 2015, Elsevier).

23696 | J. Mater. Chem. A, 2019, 7, 23679–23726 This journal is © The Royal Society of Chemistry 2019
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Fig. 10 (a) Potential and (b) in situ stress responses of the composite graphite electrode (having 92% graphite particles and 8% binder) during the
1st galvanostatic lithiation/delithiation cycle between 1.2 and 0.01 V vs. Li/Li+ at a current density equivalent to C/36 (reproduced with
permission.5 Copyright 2012, Elsevier). (c) Developments of stress and strain during cyclic voltammetry of the composite graphite electrode in a Li
‘half cell’. (d) Changes in the potential-dependent stiffness of the composite graphite electrode during the cathodic scan (i.e., lithiation). (e) CV at
different scan rates and (f) the corresponding stress response (N m�1) of the composite graphite electrode (reproduced with permission.106

Copyright 2016, Springer Nature).
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stress instability was associated withmechanical degradation of
the individual constituent graphene layers due to localized
stretching beyond the fracture strain at interfaces between co-
existing dilute stage I and stage IV Li-graphite intercalation
compounds (Li-GICs) (see Fig. 9c). It may be pointed out here
that, in addition to the lower stress magnitudes, signatures for
such instabilities were also not apparent in the in situ stress
proles obtained with the thicker graphitic carbon lm elec-
trode.22 Hence, further investigations concerning in situ stress
measurements with well-ordered c-axis oriented graphenic/
graphitic carbon lms of systematically varied thicknesses are
likely to allow better understanding of the above differences.

Moving ahead from lm-based electrodes, Sethuraman et al.5

monitored the stress development during electrochemical
cycling of the more usual composite graphite electrode (having
binders, conducting additives etc.) using the MOSS set-up. In
this case, a maximum compressive stress of (�)12 MPa was
measured during lithiation, with the in situ stress prole having
signatures of intermediate ‘stress plateaus’, almost coinciding
with the ‘potential plateaus’ corresponding to the transition
between the different Li-GICs (Fig. 10a and b), an observation
similar to that made for Sn-based electrodes (as discussed in
Section 4.2).18,19 Such measurements also showed that the
binder swells up upon coming into contact with the electrolyte
This journal is © The Royal Society of Chemistry 2019
and this additionally contributes �(�)1–2 MPa of compressive
stress.

The cantilever method has been used by a few groups to
monitor the stress (and also strain) responses of ‘composite’
graphite electrodes during electrochemical Li-storage.105,106,124

In agreement with the inferences drawn from the studies done
with lm electrodes, Mickelson et al.124 reported that the major
sources of stress development in graphitic carbon electrodes are
the classical Li-intercalation between the constituent graphene
layers and SEI layer formation. The measured stress magni-
tudes due to lithiation and delithiation were �(�)3.7 � 0.4 and
�(+)1.9 � 0.2 MPa, respectively. Similar to the observations
made by Sethuraman et al.,5 very faint signatures of ‘stress
plateaus’ during the ‘staging’ transitions of graphitic carbon
upon Li-intercalation/de-intercalation were seen even in the in
situ stress proles. This aspect needs better understanding in
the case of graphitic carbon based electrodes. Nevertheless, the
stress data were also used to estimate the in-plane ‘composite’
bi-axial modulus of the graphite electrode, which was found to
be as low as �2.3 � 0.5 GPa due to the presence of voids,
binders and conductive additives.

With regard to the stiffness, by monitoring the stress and
strain responses simultaneously during electrochemical
lithiation/delithiation, Tavassol et al.106 indicated that the
stiffness of graphitic carbon based composite electrodes
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23697
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Fig. 11 (a) Voltage and (b) in situ stress responses of amorphous Ge films of different thicknesses during galvanostatic lithiation/delithiation
cycles between 2.0 and 0.05 V vs. Li/Li+ at a current density equivalent to C/16. The SEM images of the a-Ge films obtained after the 1st cycle, (c)
showing no crack present for the 100 nm thick a-Ge film, (d) whereas cracks can be seen for the thicker a-Ge film (viz., 320 nm thick)
(reproduced with permission.67 Copyright 2015, Elsevier). Voltage and in situ stress profiles of composite Li4Ti5O12 (LTO) electrodes when
galvanostatically cycled at C/5 between voltage ranges of (e) 1.02.1 V and (f) 1.0–3.0 V, vs. Li/Li+ (reproduced with permission.127 Copyright 2013,
Elsevier).
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changes with the degree of lithiation (referred to as ‘electro-
chemical stiffness’). Initially, the formation of disordered dilute
stage I of Li-GICs (i.e., at �0.3 V vs. Li/Li+, during lithiation)
resulted in lowering of the ‘electrochemical stiffness’. By
contrast, the formation of more ordered Li-GICs at �0.24 (i.e.,
stage IV Li-GIC), �0.13 (i.e., stage II Li-GIC) and �0.08 V (i.e.,
stage I Li-GIC) (vs. Li/Li+) upon continued lithiation caused the
‘electrochemical stiffness’ to increase (see Fig. 10c–f). The steep
increase in the ‘electrochemical stiffness’ just before the
formation of the rst ordered phase (viz., stage IV Li-GIC) was
associated with the hindrance to Li-ion transport, causing
a considerable stress gradient. It was also found that the
mechanical responses of graphitic carbon electrodes are rate
dependent, with the stress magnitudes decreasing with
decreasing voltage scan rates (in cyclic voltammetry) due to the
strong dependence of Li-insertion/removal (and associated
gradients) on kinetics, but with the strains increasing with
decreasing scan rates due to more Li being inserted.
4.4. For other anode materials

Similar to the cases of Si (and also Sn), compressive stress
development, followed by stress release due to plastic defor-
mation, was observed during electrochemical Li-alloying of
amorphous germanium (a-Ge) lm electrodes.63,67,76,112,125,126

However, the overall magnitude of the stress developed in the
case of a-Ge was less than that for Si. Accordingly, plastic
deformation of Ge lms was found to occur at a relatively low
compressive stress level of �(�)0.76 GPa during lithiation (see
23698 | J. Mater. Chem. A, 2019, 7, 23679–23726
Fig. 11a and b). Nevertheless, similar to that of Si, the elastic
modulus of Ge was found to decrease upon lithiation from �95
� 10 GPa (pristine a-Ge lm) to �22–36 GPa (upon lithiation).67

With regard to cracking and degradation, discontinuity in
the in situ stress proles for thicker a-Ge lms (viz., 320 and
1160 nm thick lms) indicates that thicker lms get cracked
during the rst cycle itself, whereas the thinner lm (viz.,
100 nm thick lm) remains crack free (Fig. 11c and d). The
stress development and cracking of a-Ge lm electrodes were
found to be sensitive to the rate of lithiation/delithiation (via
the current density or C-rate),76 similar to the case of Si lm
electrodes.67 The fracture energies, estimated at different
degrees of lithiation of the Ge lm (viz., 8.0 J m�2 and 5.6 J m�2

for a-Li0.3Ge and a-Li1.6Ge, respectively), are indicative of brittle
fracture and embrittlement upon lithiation67,76 (similar to the
case of Si11,101).

Observations similar to the case of Sn was made by us with
aluminium (Al) lm electrodes, such as the development of
compressive stress initially during lithiation in the solid-
solution regime, followed by attening of the stress response
and stress release due to plastic deformation and cracking
during the 1st order phase transformation from Al to an Al–Li
intermetallic phase.55 More importantly, it was observed that
inducing a pre-cycling tensile residual stress [of �(+)1 GPa] was
benecial towards improving the structural integrity and
electrochemical/cycle stability of Al lm electrodes, with the
signatures of ‘stress release’ in the in situ stress proles getting
suppressed in the presence of the pre-cycling residual stress.
Furthermore, the tensile residual stress also reduced the
This journal is © The Royal Society of Chemistry 2019
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Fig. 12 (a) Schematic illustration of the various stages, corresponding inter-planar distances and stress evolution during sodiation of few layer
MoS2 (reproduced with permission.128 Copyright 2019, The Authors, some rights reserved; exclusive licensee American Association for the
Advancement of Science). (b) The first two cyclic voltammograms in a K ‘half cell’ for a 1 mm thick Sn film electrode, indicating the occurrence of
irreversible surface reactions during anodic scans. (c) Voltage and in situ stress profiles obtained during the first two galvanostatic cycles
(between 0.01 and 2.0 V vs. K/K+) of the Sn film electrode (reproducedwith permission.54Copyright 2017, The Electrochemical Society). (d) Cyclic
voltammogram of the working Pt cantilever electrode against Mg foil (as the counter and reference electrode) during Mg-deposition/stripping
using an ‘all phenyl complex’ electrolyte and (e) the corresponding evolution of surface stress response (reproduced with permission.107

Copyright 2016, The Electrochemical Society).
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overpotential needed for initiation of the Al / Al–Li phase
transformation and hysteresis between the lithiation and deli-
thiation potentials. This highlights the importance of engi-
neering the initial stress state towards achieving improved
electrochemical performance and cycle stability in an insertion
electrode.

With respect to an oxide anode material, viz., Li4Ti5O12

(LTO), negating the erstwhile speculation as to it exhibiting
‘zero strain’ upon lithiation/delithiation, Choi et al.127 reported
the development of stresses during electrochemical cycling of
LTO-based composite electrodes using the cantilever method.
During lithiation and delithiation within a narrow voltage range
of 1.45–1.65 V (vs. Li/Li+), linear development of tensile and
compressive stresses, respectively, was noted, which were due to
contraction of the volume upon the formation of Li7Ti5O12

during lithiation and reversal of the same, primarily during the
potential plateau at �1.55 V (vs. Li/Li+). Of course, the overall
stress magnitude was only �50 kPa, which is signicantly less
compared to the other anode materials discussed above, and
indicates that the lattice strain, even though not zero per se, is
fairly small. However, much greater stress build-ups (up to even
larger by a factor of �70) were noted upon lithiation/
delithiation beyond the plateau voltage due to volume expan-
sion upon ‘over-lithiation’ past Li7Ti5O12 (leading to compres-
sive stress) and reverse upon ‘under-lithiation’ past Li4Ti5O12

stoichiometries (see Fig. 11e and f). The above observations
indicate that the integrity and cycle stability of LTO-based
anode materials can suffer considerably upon going to poten-
tials considerably away from the plateau potential.
This journal is © The Royal Society of Chemistry 2019
4.5. For anode materials beyond the Li-ion chemistry

With a recent surge towards looking beyond the Li-ion battery
system due to the localized and more expensive Li-precursors
compared to Na-, K- and Mg-precursors, a few reports are
available on the measurement of stress development in anode
materials for the upcoming battery systems. For example, very
recently Li et al.128 monitored the stress development in 2H-
MoS2 based electrodes during electrochemical Na-insertion/
removal using the cantilever method. The in situ experiments
allowed stresses to be measured at different stages of sodiation,
viz., during Na-intercalation in-between the constituent MoS2
layers at potential plateaus of �0.85 and �0.4 V vs. Na/Na+ and
conversion to Mo and NaxS particles at �0.1 V. While stress
thicknesses corresponding to the compressive stress develop-
ment during the rst two stages were just �(�)2.1 and �(�)
9.8 N m�1, those associated with the conversion reaction were
�(�)43 N m�1 (see Fig. 12a). In fact, the well-dened potential
plateau at �0.1 V (vs. Na/Na+) was not observed beyond the rst
sodiation half cycle, in complete contrast to the potential
plateau at�0.85 (vs. Na/Na+). This indicates that the conversion
reaction is likely to contribute primarily towards the
mechanical/cycle instability of MoS2-based electrodes for Na-
ion cells.

With respect to the K-ion battery system, our work con-
cerning in situ monitoring of the stress development during
electrochemical K-alloying/de-alloying in Sn lm electrodes
indicated the occurrence of severe mechanical instability
during 1st order phase transformations between Sn and Sn–K
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23699

https://doi.org/10.1039/c9ta06474e


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 0
5 

Se
pt

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

23
/2

02
5 

5:
31

:3
7 

PM
. 

View Article Online
intermetallic phases (viz., K4Sn4), as well as during the irre-
versible surface reactions54 (see Fig. 12b and c). The post-cycling
observations conrmed the above inferences drawn from the in
situ stress prole.

In the context of a ‘Mg metal’ battery system, Ha et al.107

studied the mechanisms concerning electrochemical Mg
deposition on and stripping from Mg metal (on different crys-
tallographic planes) in the presence of different electrolytes via
monitoring the stress development in situ using the cantilever
technique (complemented by DFT calculations). It may be
pointed out here that unlike in the case of Li- or Na-ion systems,
the possibility of using Mg metal as the anode itself (due to less
or negligible propensity towards dendrite formation under the
concerned conditions), is promising in terms of the potential
energy density of ‘Mg metal’ cells. With regard to the stress
response, overall, a similar stress response was observed for all
the four electrolytes. During the deposition half cycle (or
cathodic scan), a slight compressive stress was developed due to
adsorption of Mg-ion/anion/solvent complexes, followed by
a steeper compressive stress development due to deposition of
Mg in the form of nuclei (but sans crystallization). During the
reverse scan, compressive stress continued to build up till the
onset of Mg stripping, which, then caused the development of
steep tensile stress, followed by compression (associated with
the formation of MgO) and again tension, with the stress level
ultimately returning to the level where it was prior to the start of
the deposition process (see Fig. 12e and f).
Fig. 13 Potential profiles and in situ stress obtained for (a) 100 nm th
charging) half cycle (up to 4.2 V vs. Li/Li+) at a current density equivale
trochemical Society) and (b) 1 mm thick Li-excess Li-transitionmetal oxide
two galvanostatic delithiation/lithiation cycles between 2.5 and 4.8 V vs. L
stress and (d) voltage profiles obtained with a slurry cast Li-excess Li-TM
nostatically cycled at C/20 in the ‘full cell’ configuration against a compos
Electrochemical Society).

23700 | J. Mater. Chem. A, 2019, 7, 23679–23726
5. Real-time monitoring of stresses
and the associated instabilities in
cathode materials

As compared to anode materials, investigations pertaining to in
situ monitoring of stress development in cathode materials
have been relatively sparse. This is possibly because it was
believed that the relatively less lattice strains accompanying Li-
extraction/insertion would not cause considerable mechanical
degradation. However, it is oen overlooked that even a much
smaller strain (such as �0.1%) may be considered fairly severe
for brittle ceramic materials classes (such as oxides, phosphates
etc.), which form the usual cathode materials,1,33,129 unlike
metallic materials and graphitic carbon, which form the usual
anode materials. In fact, quite a few pieces of evidence indicate
the development of deformation induced defect substructures
and cracks in LiCoO2,130,131 LiFePO4 (ref. 132) and
LiNixMnyCo1�x�yO2.133–135 Furthermore, chemo-mechanical
breakdown of layered Li-TM-oxide based cathode materials
due to phase transformation and oxygen release during Li-
extraction has been recognized as one of the major issues
with the concerned cathode materials.133–135

In the rst reported work concerning in situ monitoring of
stress development in cathode materials, we used a �100 nm
thick c-axis orientated LiCoO2 (LCO) lm electrode (as depos-
ited via the pulsed laser deposition technique) and monitored
ick LiCoO2 film electrode during the 1st galvanostatic delithiation (or
nt to C/75 (reproduced with permission.24 Copyright 2015, The Elec-
(Li-TM-oxide; Li1.2Ni0.125Mn0.55Co0.125O2) film electrode during the first
i/Li+ (reproduced with permission.26 Copyright 2017, Elsevier). (c) In situ
-oxide composite cathode (viz., Li1.2Ni0.15Mn0.55Co0.1O2) when galva-
ite graphite anode (reproduced with permission.27 Copyright 2015, The

This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ta06474e


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
5 

Se
pt

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

23
/2

02
5 

5:
31

:3
7 

PM
. 

View Article Online
the stresses during electrochemical delithiation and lithiation
using the MOSS.24 During the initial delithiation up to x � 0.1
for Li1�xCoO2, i.e., until �3.9 V (vs. Li/Li+), fairly monotonous
development of the tensile stress was noted up to �(+)0.3 GPa
due to contraction along the a-axis (viz., the in-plane direction)
by �0.12% within the initial HI phase (where H stands for
hexagonal) (see Fig. 13a). However, upon further delithiation
(i.e., from x � 0.1 to �0.22 in Li1�xCoO2) when phase trans-
formation from HI to HII takes place, ‘attening’ of the stress
response, followed by continuous ‘stress release’, was observed,
until the upper cut-off potential of 4.2 V (vs. Li/Li+) was reached
(Fig. 13a). Such observations were attributed to mechanical
instability (including cracking) in the lm electrode during the
two-phase co-existence, as also conrmed by ex situ SEM
observations. Similar to the case of Sn lm electrodes, as dis-
cussed in Section 5.2, the additional internal stress associated
with the nucleation and growth of the 2nd phase during the
phase transformation was believed to be the cause for such an
instability.

Moving ahead from LiCoO2, using a sputter deposited �1
mm thick lm of Li-excess Li-TM-oxide having the composition
Li1.2Ni0.125Mn0.55Co0.125O2, Nation et al.26 also observed
a somewhat similar stress response. Again, in this case,
monotonous development of the tensile stress [up to �(+)150
MPa] was observed during the initial period of delithiation
until �4 V (vs. Li/Li+), but which was followed by fairly
monotonous ‘stress release’ over the entire remaining deli-
thiation half cycle (till �4.8 V; vs. Li/Li+) (see Fig. 13b). In fact,
the ‘stress release’ (or build-up of compressive stress) in this
case was much steeper, as compared to that for LCO, resulting
in the development of net average compressive bi-axial stress
(by a few MPa) by the end of the delithiation half cycle. Unlike
the proposed hypothesis for LCO, SEM observations ruled out
cracking as the cause for the ‘stress release’ or the compressive
stress build-up in the case of the Li1.2Ni0.125Mn0.55Co0.125O2

lm electrode. The formation of a surface spinel structure
(which is, in fact, denser) and/or SEI layer would also not
account for the observed compressive stress development in
the 1st cycle. Nevertheless, the net expansion of the lattice due
Fig. 14 (a) Voltage and (b) in situ stress profiles of a 150 nm thick LiMn2O
cycles, along with (c) zoomed-in view of the voltage and stress profiles d
1.45 GPa until �4.05 V vs. Li/Li+, but continuous stress release after that
2016, The Electrochemical Society). (d) Potential and in situ stress profiles
10% binder) during the 1st lithiation/delithiation cycle (reproduced with p

This journal is © The Royal Society of Chemistry 2019
to oxygen release upon charging beyond 4.5 V (vs. Li/Li+) was
proposed as the cause for the irreversible compressive stress
development during the rst delithiation half cycle, which was
also supported by DFT-based calculations. In a different work,
in situ stress measurements by Nadimpalli et al.27 with a Li-
excess Li-TM-oxide (Li1.2Ni0.15Mn0.55Co0.1O2) based porous
‘composite’ electrode (viz., having a binder and C black) in Li-
ion ‘full cells’ (viz., against graphitic carbon anode) again
indicated instabilities in the stress response aer the initial
monotonic build-up of tensile stress up to a ‘full cell’ voltage of
�3.8 V during delithiation (see Fig. 13c and d). This was
somewhat similar to the observations made earlier with the
LCO24 and later with Li-TM-oxide26 lm electrodes. However,
despite pronounced ‘stress attening’, the ‘stress release’
towards the compressive direction was not pronounced at all,
unlike the observations made with the Li-TM-oxide lm elec-
trode.26 In fact, a net average bi-axial tensile stress of �(+)
1.5 MPa got developed at the end of the delithiation half cycle
(viz., at an upper cut-off ‘full cell’ voltage of 4.7 V). Neverthe-
less, fairly monotonous build-up of compressive stress was
noted during the lithiation half cycle, with the net average bi-
axial stress attaining a value of �(�)6 MPa at the end (viz., at
a lower cut-off ‘full cell’ voltage of 2.0 V). Even though it is not
clear as to what all may have caused the difference in the stress
response during the delithiation half cycle between the studies
by Nation et al.26 and Nadimpalli et al.,27 the type of electrode
used (viz., lm vs. ‘porous composite’) and the crystallographic
orientations with respect to the in-plane direction are de-
nitely some of the factors. However, the type of electrode is
expected to primarily inuence the magnitude of the average
bi-axial stress, rather than the nature of the stress prole.

While monitoring the stress development during electro-
chemical delithiation of the LiMn2O4 lm electrode (prepared
by spin coating of the corresponding sol), Sheth et al.25

observed a fairly steady build-up of tensile stress up to �(+)
1.45 GPa (at a potential of 4.05 V vs. Li/Li+) due to lattice
contraction, but which was followed by ‘stress release’ until
the end of the rst delithiation half cycle. Thus, the tensile
stress level eventually decreased to �(+)1.3 GPa at the end of
4 film electrode during the first ten galvanostatic delithiation/lithiation
uring the 1st cycle, showing steady build-up of tensile stress up to �(+)
until the end of delithiation (reproduced with permission.25 Copyright
for a composite sulphur cathode (50% S, 40% conductive additive and
ermission.136 Copyright 2018, Elsevier).

J. Mater. Chem. A, 2019, 7, 23679–23726 | 23701
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the rst delithiation half cycle (viz., at 4.3 V; vs. Li/Li+).
Nevertheless, a fairly steady compressive stress build-up was
noted during the lithiation half cycle, as expected based on the
associated lattice expansion (see Fig. 14a–c). Qualitatively,
such observations with the LiMn2O4 electrode are somewhat
similar to those with the LCO and Li-excess Li-TM-oxide elec-
trode (as discussed earlier). In the absence of evidence con-
cerning mechanical instabilities and the predominant
inuences of surface reactions, the anomalous ‘stress release’
during the rst delithiation half cycle was attributed to irre-
versible changes in the bulk structure (viz., oxygen loss and/or
loss in crystallinity). Of course, post the rst cycle, the stress
build-up was fairly monotonous and reversible for LiMn2O4,
being tensile and compressive during the delithiation and
lithiation half cycles, respectively.

In possibly the only work concerning in situ stress
measurements with S-based cathodes, Zhang et al.136 used
a spin-coated lm electrode composed of a mixture of 50% S,
40% carbon (graphite + C black) and 10% binder. During the
discharge or lithiation half cycle, monotonous compressive
stress development was recorded during the initial conversion
of S8 to the soluble Li2Sn (n ¼ 8, 6 and 4) liquid polysulphides.
Fig. 15 A few examples for the detection of irreversible stress developm
stress development during galvanostatic lithiation/delithiation (in Li ‘half
thick (a) CVD-grown graphitic carbon film electrode during the first 20 cy
the 1st lithiation half cycle with an intermittent holding at 0.4 V vs. Li/Li+ (vi
expected), (c) the same type of graphitic carbon film electrode, but with
technique), showing no compressive stress development during the 0.4 V
with permission.21 Copyright 2012, Elsevier) and (d) Sn film subjected t
continuous build-up of compressive stress (reproduced with permission

23702 | J. Mater. Chem. A, 2019, 7, 23679–23726
The next step or the elongated potential plateau, which corre-
sponds to the deposition of solid Li2Sn and conversion to Li2S
(via intermediate Li2S2), rst produced tensile stress, followed
by compressive stress, somewhat akin to the nucleation and
growth process of solid islands during lm deposition. Part of
the compressive stress was also attributed to 30% volume
expansion during the Li2S2 / Li2S transformation (see
Fig. 14d). A attening of the stress response, as seen towards the
end of only the 1st lithiation half cycle, was tentatively attributed
to either slowing down of deposition or plastic deformation of
the Li-sulphide. During delithiation, dissolution of Li2S caused
the development of tensile stress, which was followed by almost
no change in stress due to the subsequent conversions
happening in the liquid state. Towards the end of delithiation,
deposition of the higher order poly-sulphides caused develop-
ment of tensile stress, followed by compressive stresses, again,
akin to the nucleation-growth process during lm deposition.
Nevertheless, the complex nature of the conversions during
lithiation/delithiation of the S electrode demands further
studies pertaining to in situ stress measurements with different
electrode types/morphologies in order to better understand the
stress responses and the associated processes.
ent due to SEI layer formation on electrodes during in situ monitoring
cells’). The voltage and in situ stress profiles obtained with a �200 nm
cles at C/10, (b) the same type of graphitic carbon film electrode during
z., where compressive stress development due to Li-intercalation is not
a 0.5 nm thick Al2O3 coating (deposited via the atomic layer deposition
hold, unlike that for the electrode sans the Al2O3 coating (reproduced
o a constant voltage hold at 1.25 V vs. Li/Li+ for 50 hours, showing
.54 Copyright 2017, The Electrochemical Society).

This journal is © The Royal Society of Chemistry 2019
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6. Real-time monitoring of stress
development during irreversible
surface reactions

The occurrence of irreversible surface reactions, including SEI
layer formation, is one of the major problems in Li-ion cells,
since it permanently consumes some fraction of the available
Li-ions in the cell and also contributes towards capacity
fade.1–4,21,53,118,121–123,137,138 The irreversible surface reactions take
place primarily during the 1st or rst few cycles and start prior to
Li-insertion in most anode materials.

As has been mentioned in Section 4.3, the compressive
stress development during electrochemical Li-intercalation in
c-axis oriented graphitic carbon based lm electrodes was
nearly completely reversed during the subsequent Li de-
intercalation.22 However, this was the case only from the 19th

cycle onward, since prior to that the net compressive stress
developed during the lithiation half cycle was not completely
reversed during the delithiation half cycle, but remained
‘locked-in’ as irreversible compressive stress (see Fig. 15a and
b).21 In fact, a bulk of the irreversible compressive stress
development took place during the very rst cycle. It was also
found that even though the irreversible compressive stress in
the rst cycle, as estimated by normalizing the stress-
thickness (directly obtained from the substrate curvature;
see Section 3) by the graphite lm thickness, apparently
decreased with increase in the lm thickness, the stress-
thickness values were actually the same irrespective of the
lm thickness. This indicated that that the irreversible
compressive stress was not associated with the bulk of the
‘active’ graphite lm, but was rather associated with the
surface. Similar variations, but with opposite trends, of the
irreversible stress and the ‘coulombic efficiency’ (known to be
governed primarily by the irreversible surface processes) with
the number of cycles and also the observation concerning
initiation of the compressive stress from the electrochemical
potentials where SEI formation is also known to get initiated
indicated that the irreversible compressive stress was associ-
ated with SEI layer formation. Furthermore, coating of the
graphitic carbon lm with a very thin (<1 nm thick) layer of
Al2O3 (via atomic layer deposition) prevented SEI formation
and also the irreversible compressive stress development (see
Fig. 15c). Accordingly, the above observations and supporting
analysis of the electrochemical and associated stress proles
conrmed that the electrodeposition process leading to the
formation of the SEI layer on the exposed basal plane of the
graphite lm leads to the development of the irreversible
compressive stress. The overall magnitude of this irreversible
compressive stress was found to be greater than that of the Li-
intercalation induced compressive stress by factor of �4 [viz.,
�(�)1 GPa for a 200 nm thick lm]. A more detailed study
indicated that disruption at the surface of the graphitic carbon
lm due to co-intercalation of solvent species, viz., of
a complex, composed of 1 Li+, 0–2 PF6

� (from LiPF6 salt of the
electrolyte) and 2–5 solvent ions (i.e., EC and/or DEC)
primarily during the 1st lithiation half cycle also partly
This journal is © The Royal Society of Chemistry 2019
contributes towards the irreversible component of stress.53 In
fact, the observations suggested that the stress associated with
this disordered region formed close to the graphite surface
may play a role in stabilizing the inorganic part of the SEI
layer.

Similar to the graphitic carbon lms, irreversible compres-
sive stress build-up during the rst 20 cycles with a net
magnitude of �(�)35 GPa nm of stress-thickness was recorded
even with our c-axis oriented few layer graphene based elec-
trodes (having �7 constituent graphene layers). Such observa-
tions were also made in the case of multi-layered graphene lm
electrodes, having �10 constituent graphene layers.17 Again,
with �200 nm thick graphenic carbon lms, having vertically
aligned graphene layers, i.e., a-axis oriented, development of
irreversible compressive stress of �(�)2 GPa was observed right
in the rst cycle.20 This relatively greater magnitude of locked-in
compressive stress associated with SEI formation on the edge
planes (due to a-axis orientation), as compared to that on the
basal planes (for the c-axis oriented graphitic carbon lm21) for
the same net lm thickness, was believed to be due to the
greater fraction of inorganic components in the SEI layer
formed on the edge planes.137 Hence, irrespective of the thick-
ness and crystallographic orientation of the graphitic/graphenic
carbon lm, irreversible surface reactions, including SEI layer
formation, result in the development of irreversible compres-
sive stress. In fact, in a very recent work by Xie et al.,138 even in
situ Raman spectroscopic measurements with graphene nano-
platelets (GNPs) have indicated the development of compressive
stress due to SEI layer formation (more details on such
complementary in situ measurements will be presented in
Section 7).

With ‘porous composite’ graphite electrodes (viz., having
a binder and conducting additive), Mickelson et al.124 also
observed initial overall compressive stress build-up prior to the
onset of Li-intercalation, with SEI layer formation presumably
contributing towards the same. However, in this work, the SEI
layer itself was associated with a tensile stress of �(+)1.6 MPa.

In the case of ‘alloying reaction’ based anode materials, like
Si, Sn etc., the colossal dimensional changes during electro-
chemical cycling render the SEI layer quite unstable such that
it breaks and reforms at newly exposed electrode surfaces.1–4

Hence, stresses associated with the SEI layer formation in such
electrodes can have even greater implications towards the
cycle stability. In a bid to remove the contribution from SEI
layer formation towards the overall compressive stress devel-
opment upon lithiation of Si lm electrodes (where separating
out stress development due to lithiation and SEI formation
may be challenging), Nadimpalli et al.11 rst monitored the
stress development due to SEI layer formation or growth
during ‘lithiation’ of the Cu current collector lm. It was found
that the maximum stress-thickness associated with the SEI
layer formed on the Cu lm was �(�)24 GPa nm. This implies
that if the SEI layer on Si is similar to that on Cu, for a Si lm
electrode having a 100 nm thick SEI layer, the associated stress
would be �(�)240 MPa. This can be quite signicant, espe-
cially considering that the SEI layer can grow even thicker due
to continuous reformation.
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23703
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In the case of Sn lm electrodes, stress measurements
during the initial lithiation via holding at 0.8 V (vs. Li/Li+) for
20 h (i.e., prior to Sn / Li2Sn5 phase transformation) showed
a linear build-up of compressive stress up to an average
compressive stress of �(�)16 MPa.68 Nevertheless, further
analysis suggested that the SEI layer formed was actually under
a tensile stress of �(+)9 MPa, similar to the conclusion by
Mickelson et al.124 for composite graphite electrodes. By
contrast, in one of our studies, in situ stress measurement
during a constant voltage hold for 50 h at an even higher
potential (viz., �1.25 vs. Li/Li+) indicated monotonous devel-
opment of compressive stress [reaching �(�)0.3 GPa in 50 h]
(see Fig. 15d).54 This has to be associated with surface reactions,
including SEI formation on the Sn lm electrode, because Li-
insertion into Sn at the concerned potential is not expected at
all. In fact, as partly mentioned in Section 4.5, irreversible
compressive stress development due to such surface reactions
occurring at potentials between 1.5 and 1.2 V (vs. K/K+) was
found to be one of the primary reasons for the loss in
mechanical integrity and cycle stability of Sn lm electrodes
during electrochemical K-alloying/de-alloying (as the anode
material for upcoming K-ion battery systems). Here, it needs to
be mentioned that despite irreversible surface reactions and SEI
layer formation on the cathode side also inuencing the
Fig. 16 (a) Schematic representations of a few types of electrochemic
electrochemical cycling (reproduced with permission.263 Copyright 20
evolution due to anisotropic lithiation of crystalline silicon (c-Si) nanowire
Society). (c)–(f) Morphological evolution of amorphous Si (a-Si) nanopa
sequential disappearance of the unlithiated a-Si core, with SAED patt
nanoparticle being presented in (g) and (h), respectively (reproduced w
Morphology evolution of c-Si particles of diameter 940 nm (i.e., beyond t
onset of cracking and pulverization during lithiation (reproduced with pe
situ TEM images of SnO2 nanowires during lithiation, showing themigratin
the crystalline unlithiated and lithiated amorphous regions1,96 (reproduce

23704 | J. Mater. Chem. A, 2019, 7, 23679–23726
electrochemical behavior of the same,139–141 in situmonitoring of
stress development is yet to be performed in that context.
7. Coupling with complementary
information from other in situ
techniques

In the previous sections, evaluation of various chemo-mechanical
aspects associated with electrochemical cycling and stress
development via curvature-based stress measurements conduct-
ed in operando has been discussed. Such measurements allow
direct estimation of the magnitudes and observation of the
behavioural patterns of stress development in electrodes during
electrochemical cycling. However, various other in situ tech-
niques have also been used to obtain complementary informa-
tion pertaining to structural changes, deformation and evolution
of strain (i.e., dimensional changes) and integrity of electrode
materials, oen at micron- or nano-scale levels. In this context,
inferences obtained from some of themore important andwidely
used techniques, such as in situ X-ray diffraction (XRD), Raman
spectroscopy, transmission electron microscopy (TEM), scanning
electron microscopy (SEM), focused ion beam (FIB), atomic force
microscopy (AFM), and digital image correlation (DIC) have been
discussed in the following.
al cells or ‘micro-batteries’ used for in situ TEM observations during
13, American Chemical Society). (b) Dumb-bell shaped morphology
s (reproduced with permission.142 Copyright 2011, American Chemical
rticles during lithiation (as observed during in situ TEM), showing the
erns obtained from the unlithiated and lithiated regions of the a-Si
ith permission.144 Copyright 2013, American Chemical Society). (i)–(l)
he critical size of 150 nm for fracturing), showing anisotropic lithiation,
rmission.86 Copyright 2012, American Chemical Society). (m) and (n) In
g reaction front and ‘dislocation cloud’ at the reaction front, separating
d with permission.1 Copyright 2014, Elsevier).

This journal is © The Royal Society of Chemistry 2019
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7.1. In situ TEM

In situ TEM allows direct observations pertaining to the
chemical/morphological/structural/phase changes taking place
in an electrode material during electrochemical lithiation/
delithiation, which can be helpful towards understanding the
associated mechanistic/kinetic aspects and chemo-mechanical
response. However, for such observations, the sample (i.e., the
electrode material) needs to be of a suitable (nano)dimension
such that it is electron transparent and also the electrochemical
lithiation/delithiation needs to be conducted inside a suitably
modied TEM sample holder. Hence, specially designed elec-
trochemical cells, usually containing the working electrode
material either in the form of a single nanowire or nanosized
particle, a miniature counter electrode, the electrolyte either in
the form of a solid Li-oxide or liquid droplet and some mech-
anism to apply electrical bias to drive lithiation are used inside
the TEM holder (see Fig. 16a).96,143–153 Such investigations have
been done extensively with the anode materials, such as Si,142–146

SnO2,96,147,148 Sn,149 Al,150 Ge,151 and TiO2.152,153

While performing in situ TEM observations during electro-
chemical lithiation/delithiation of crystalline silicon (c-Si)
nanowires, Liu et al.142 observed the anisotropic lithiation
behaviour of c-Si, with Li-diffusivity along the h110i direction
being �100 times faster than that along h111i. Accordingly,
upon lithiation the c-Si nanowires swelled more along the h110i
direction (viz., �170% dilation in diameter), as compared to
along h111i (viz., only �20% expansion) thus evolving into
a dumbbell shape (see Fig. 16b). Such observations indicate that
stress development during lithiation/delithiation of c-Si elec-
trodes is also expected to be anisotropic, which is a matter of
concern especially considering the magnitude of stress that gets
developed in the case of Si. With respect to amorphous Si (a-Si),
against the more common belief concerning single phase lith-
iation,154,155 McDowell et al.144 observed that the lithiation of a-Si
nanoparticles during the rst cycle takes place via a distinct
two-phase process, as separated by the ‘reaction’ front between
lithiated (i.e., LixSi) and unlithiated a-Si (see Fig. 16c–h). In
general, a closer look at the potential proles recorded during
lithiation of a-Si indicates that the prole corresponding to the
rst cycle is much atter in appearance (with sharper features),
as compared to that from the 2nd cycle onwards (see Fig. 5a and
b). With regard to the mechanical integrity upon lithiation/
delithiation of c-Si vs. a-Si, it was observed that while c-Si
nanoparticles of �150 nm diameter get fractured (Fig. 16i–l),86

the critical size for getting fractured is much larger for a-Si
particles, so much so that a-Si particles of up to 870 nm in
diameter were not observed to get fractured. As already
mentioned above, anisotropic lithiation in the case of c-Si is
expected to negatively affect the mechanical integrity of the
same. Furthermore, it was observed that the reaction front in
the case of c-Si slows down drastically with increasing thickness
of the lithiated portion, whereas that of a-Si does not slow down
considerably with lithiation.143 Thus the concentration gradient
and hydrostatic stress are expected to be less in the case of a-Si.

The pioneering in situ TEM studies conducted during the
lithiation of SnO2 nanowires by Huang et al.96 and Wang et al.147
This journal is © The Royal Society of Chemistry 2019
showed the progress of a reaction front from where the nano-
wire contacts the electrolyte to away from the nanowire/
electrolyte interface, causing expansion in the radial, as well
as longitudinal, direction of the nanowire getting lithiated. The
reaction front was found to separate the unlithiated and lithi-
ated regions of the SnO2/Sn nanowires, leading to the formation
of an amorphous/crystalline interface. It was adjacent to this
interface that the unlithiated and lithiated regions were
observed to experience large tensile and compressive stresses,
respectively, which caused spontaneous nucleation of disloca-
tions and associated plasticity (see Fig. 16m and n). This agrees
with the observations made during in situ stress measurements
of Sn-based electrodes, which indicated the occurrence of
plastic deformation and loss in integrity primarily during the
phase transformations18,19,54,56 (as discussed in Section 4). In
fact, the estimated dislocation density at the lithiation front, as
per the in situ TEM observations, helped us estimate the ow
stress of lithiated Sn (found to be �1 GPa).18,19 Furthermore,
with increasing Li-concentration, the initially straight SnO2

nanowires turned into bended, twisted and/or curled
morphology, which is the indication of lithiation induced
severe plastic deformation. Wang et al.147 demonstrated that the
dispersion of LixSn particles in the LiyO matrix, as formed
during lithiation, improves the structural integrity of the SnO2

nanowires. With carbon coated Sn nanowires, in situ TEM
observations by Li et al.149 revealed that large grains of pristine
Sn get converted into ner crystalline Li22Sn5 grains of a few
nanometers in dimension, thus ruling out the formation of
amorphous LixSn phases.156 It was also observed that during the
1st lithiation Sn experienced �324% volume expansion, but
which could not be fully recovered aer one complete cycle due
to pulverization of lithiated Sn during delithiation.

In situ TEM has also been used to look into the structural
evolutions during sodiation/desodiation of Sn. Wang et al.157

observed that sodiation of Sn nanoparticles occurs in two steps.
In the rst step (i.e., until x ¼ 0.5 for NaxSn), sodiation takes
place via a two-phase mechanism, viz., un-sodiated Sn and
poorly sodiated amorphous Sn (i.e., NaSn2) being separated by
a moving reaction front. Following this, the second step of
sodiation (i.e., till x ¼ 3.75) takes place via sequential formation
of various intermediate NaxSn phases (viz., amorphous Na9Sn4

and Na3Sn) until the formation of crystalline Na15Sn4. More
importantly, a huge overall volume change was observed during
sodiation, with the volume change being �60% during the rst
step and �420% during the second step (which renders the
latter detrimental towards the mechanical integrity of the
electrode). Nevertheless, no signature of mechanical degrada-
tion of Sn nanoparticles could be observed in this work under
the associated conditions, within the concerned time frame and
for the particle size of Sn used.

During the lithiation of Al nanowires having a �5 nm thick
naturally grown native oxide (i.e., Al2O3) layer, Liu et al.150

observed that the native Al2O3 layer got lithiated prior to the Al.
Due to the early lithiation of the Al2O3 layer, a Li–Al–O type glass
sheath/tube is formed around Al, which provides structural
stability to the nanowires undergoing the lithiation/
delithiation. Unlike Si142–146 and Ge151 (as discussed later in
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23705
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Fig. 17 A few examples of in situ TEM observation during electrochemical lithiation/delithiation of (a)–(d) Al nanowires (reproduced with
permission.150 Copyright 2011, American Chemical Society) and (e)–(l) a-Ge nanowires (reproduced with permission.158 Copyright 2011,
American Chemical Society). (a) Pristine Al nanowire having a native coating of Al2O3, (b) with the Al2O3 coating reacting first, followed by Al,
during lithiation, (c and d) causing the appearance of voids and pulverization by the end of delithiation. (e)–(l) Ge nanowires showing the ‘memory
effect’ of pores/void formation during electrochemical lithiation and delithiation, viz., voids/pores disappearing during lithiation and reappearing
with almost similar size and at same location during delithiation.
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this section), Al nanowire electrodes did not undergo solid state
amorphization but rather got converted into polycrystalline
LixAl. However, during delithiation, nanosized voids were
formed, whose population and size increased with the degree of
delithiation, eventually leading to pulverization of the Al
nanowires (Fig. 17a–d). Accordingly, in situ TEM observations
conrmed that the loss in integrity happens primarily during
the delithiation step.

In situ TEM observations made by Liu et al.158 during lith-
iation of crystalline Ge (c-Ge) indicated that it undergoes lith-
iation via two phase transformations happening in sequence.
Initially the c-Ge nanowire undergoes solid state amorphiza-
tion, only to later get converted to crystalline Li15Ge4 (viz., the
most Li-rich phase of Ge). Similar to Si, the reaction front was
observed to move from the surface to core, leading to the
formation of a core–shell structure composed of a crystalline Ge
core, surrounded by amorphous LixGe.151 Again, similar to the
case of Si,142–146 the lithiation kinetics was observed to either
slow down or cease with increasing degree of lithiation due to
the large lithiation induced compressive stress. Similar to the
case of Al, pores/voids were observed to form in the Ge nano-
wires during delithiation, bestowing it with a sponge-like
appearance. Interestingly, due to the preferential and rapid Li-
transport along the internal surfaces of the pores as
compared to bulk Ge, a type of ‘memory effect’ was observed
with regard to the formation of pores/voids in the subsequent
cycles, with the pores/voids disappearing during lithiation and
re-appearing (with similar size/shapes and at similar locations)
during delithiation (see Fig. 17e–l).158
23706 | J. Mater. Chem. A, 2019, 7, 23679–23726
Even though not as extensively studied as the anode mate-
rials, in situ TEM observations during electrochemical cycling
have also been made with a few cathode materials, such as
LiCoO2,159 LixNiyMnzCo1�y�zO2 (Li-NMC),160 and LiFePO4.161

Hwang et al.160 investigated the critical role played by the stoi-
chiometry of Li-NMC in the balance between thermal stability
and energy density. It was found that in the discharged (or
lithiated) state, Li-NMCs maintained their surface, crystallo-
graphic and electronic structures, irrespective of the composi-
tion, viz., NMC811, NMC622 and NMC433, where the numbers
denote the ratio of the transition metal elements present. For
NMC811, despite possessing the maximum Li-storage capacity,
thermal stability was found to be minimal during charging and
it underwent changes in the surface, crystallographic and
electronic structures at 100 �C. On the other hand, NMC622
exhibited excellent thermal stability. The inferences from this
work further indicate that it will be interesting and informative
to study the stress development during delithiation/lithiation of
the different Li-NMCs as a function of temperature. Karakulina
et al.161 conducted in situ electron diffraction tomography using
TEM to investigate the changes in the unit cell of LiFePO4 in
detail during electrochemical cycling. Additionally, electron
irradiation induced phase transitions in LiFePO4 and Li2FeSiO4

and the associated structural changes have been investigated
using in situ TEM.162

7.2. In situ AFM

In situ AFM scans during electrochemical lithiation/delithiation
have been used to investigate structural/mechanical changes
occurring in the bulk (viz., volume change, fracture/cracking
This journal is © The Royal Society of Chemistry 2019
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Fig. 18 (a) In situ AFM observations during electrochemical lithiation/delithiation, showing the variations in the length (+), width (�), % change in
height and % change in volume for a-Si tower/island during the first two and a half cycles (reproduced with permission.165 Copyright 2003, The
Electrochemical Society). (b) 3D images as obtained via in situ AFM scans at different stages during lithiation and delithiation of Si nano-pillars of
different diameters (viz., 100, 200, 300, 500 and 1000 nm), showing lateral and vertical changes in diameter and height (reproduced with
permission.167 Copyright 2013, American Chemical Society).
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etc.) and at the surface (viz., SEI formation) of electrodes. In one
of the earlier studies, using in situ AFM, Aurbach and Cohen163

observed that a surface layer (now known as SEI layer) gets
deposited on the Cu substrate at potentials higher than the
potential of actual Li-deposition. Dahn and co-workers164

detected the occurrence of surface corrugation/roughness
during lithiation of Si–Sn alloy lms. In another set of studies
related to in situ AFM studies during lithiation/delithiation of
a host of ‘alloying reaction’ based anode materials, it was
observed by Beaulieu et al.165 that the Si–Sb lm gets cracked
during delithiation, with the cracks getting more pronounced
with repeated cycling. In the same work, for a-Si and amorphous
Si0.64Sn0.36 (a-Si0.64Sn0.36) lm electrodes, the volumetric and
morphological changes were found to be reversible upon lith-
iation and delithiation (Fig. 18a). However, it was not the same
for crystalline Al and Sn lm electrodes, which exhibited
inhomogeneous-cum-nonlinear and irreversible volume
changes due to irreversible structural/morphological changes
during lithiation and delithiation.165,166 During electrochemical
cycling, the average volume changes experienced by a-Si and a-
Si0.64Sn0.36 were �311% and �289%, respectively. In another
work by Dahn's group,166 in situ AFM studies could correlate the
observation of a voltage plateau at �1.6 V (vs. Li/Li+) during
lithiation of Sn to SEI layer formation. Upon bypassing the
formation of the surface layer by rapidly lowering the potential
to �0.8 V (vs. Li/Li+), the dimensional changes occurring during
lithiation/delithiation of Sn were monitored in fairly reliable
terms. In fact, these results formed the basis for estimating the
‘corrected stress’ (viz., those taking into account the changes in
lm thickness during lithiation) from the substrate curvature
values obtained by us in real-time using the MOSS during lith-
iation of Sn lm electrodes.18,19 Overall, the ability to observe the
dimensional changes in real-time in all directions (i.e., in-plane
and out-of-plane) and also the occurrence of cracking during
This journal is © The Royal Society of Chemistry 2019
electrochemical cycling via in situ AFM was thoroughly estab-
lished from the above studies.

In situ AFM observations during electrochemical cycling of Si
nano-pillars of constant height (�100 nm), but different
diameters (varying from�100 to �1000 nm) revealed that those
having diameter >�200 nm got fractured during continued
electrochemical cycling (see Fig. 18b).167 Interestingly, while the
volume expansion upon lithiation, as observed with the
‘thicker’ nano-pillars, was �300%, the expansion was only
�150% for the pillar having an initial diameter of �100 nm.
Nevertheless, all the pillars adopted a porous morphology aer
lithiation/delithiation, suggesting the loss in mechanical
integrity. Again, it was this study by Becker et al.,167 which,
coupled with the in situ AFM observations made by Beaulieu
et al.165 and the results obtained by Jerliu et al.168 from in situ
neutron reectometry studies during lithiation of a-Si lm
electrodes, allowed us to estimate the ‘corrected stress’ values
from the in situ substrate curvature measurements in the case of
lithiation/delithiation of Si and Si/graphene lm electrodes.17

He et al.169 also recorded volume expansion/contraction by
�300% via in situ AFM during lithiation/delithiation of Si,
which was also observed to change shape permanently from
square shaped columns to ‘domes’ upon lithiation and ‘bowls’
upon delithiation. In addition to cracking, another important
observation was the occurrence of aggregation or merging
together of Si columns spaced less than 1 mm apart; which has
also been speculated in other studies based on post-cycling SEM
observations of Si.17,164,167,170 With respect to the evolution of the
surface of ‘alloying reaction’ based anode materials, in situ AFM
studies revealed that the formation of the SEI is a continuous
process in the sense that it forms, grows, breaks, and
reforms.81,171–173 In fact, Tokranov et al.81 cautioned that the
changes in lateral dimensions of Si-based structures, as
observed with in situ AFM, might have some contributions from
the build-up of the SEI layer. Overall, such observations may be
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23707
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considered as proof for the unstable nature of the SEI that
forms on ‘alloying reaction’ based anode materials, which can,
in turn, be attributed to the colossal dimensional changes upon
lithiation/delithiation.

In a pioneering study with a graphitic carbon electrode,
Hirasawa et al.174 had observed SEI layer formation at�0.9 V (vs.
Li/Li+) during electrochemical lithiation via in situ AFM. The SEI
layer was found to be composed of two types of layers, which
agrees with other models proposed for the structure of the
SEI.80,121–123,175–178 On a different note, observations with in situ
AFM indicated about 24 � 7% irreversible increase in height
aer completion of the rst CV scan of graphitic carbon, which
was attributed primarily to SEI formation on the surface.179

However, during the subsequent CV scans, �17% change in
height was observed due to Li-intercalation in graphite, which
was reversible.

In situ AFM observations made during electrochemical
cycling of LiCoO2 (ref. 180) showed �1.28–1.3% volume
changes when x in LixCoO2 changes from 1 to 0.35, which was
considered to be fairly small to cause considerable mechanical
degradation. This, however, does not agree with the inferences
based on in situ stress measurements.24
7.3. In situ XRD

The in situ XRD technique allows fairly straightforward moni-
toring of the changes in the structure, phase and lattice
dimensions of electrode materials taking place during electro-
chemical lithiation/delithiation, which in turn provides insights
into the strains/stresses and possible causes of loss in integrity
upon electrochemical cycling. In addition to looking into the
reaction mechanisms, the structural changes and phase
evolutions/transformations, micro-strain developed in elec-
trode materials during electrochemical cycling can also be
estimated using high resolution XRD. Based on Williamson–
Hall analysis, the micro-strain (3) and crystallite size (D) can be
Fig. 19 (a) The phase evolutions during the 1st lithiation (discharge), 1s

particles, as inferred from the associated in situ XRD scans (reproducedwi
plot obtained from in situ XRD scans conducted during electrochemica
permission.156 Copyright 2012, The Electrochemical Society).
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de-convoluted from the full width at half-maximum (bhkl) (cor-
rected for instrumental broadening) and diffraction angle (2q)
of a particular peak corresponding to a (hkl) plane, as per the
following relations:181,182

3 ¼ bhkl/4 tan q (9)

D ¼ Kl/bhkl cos q (10)

where K is the crystallite shape factor and l is the wavelength of
the X-ray used. Lee et al.181 reported on the estimations con-
cerning the build-up of micro-strains in Li-TM-oxide based
cathode materials during electrochemical delithiation/
lithiation (over multiple cycles) upon recording the diffraction
patterns ex situ. Nevertheless, if performed based on in situ data,
one may be able to obtain real-time and possibly additional
information on the related aspects. Overall, in situ XRD is also
much easier to perform and, in principle, electrodes of any form
can be used. One just needs to ensure that the X-ray beam is
incident on the concerned active material inside the sealed
electrochemical cell (having a small hole, usually covered by
Kapton tape or a beryllium window) and the diffracted beam is
able to reach the detector. This technique has been used
routinely for various electrode materials24,54,156,183–211 and
reviewing most of them here is beyond the scope of this
manuscript.

In one of the pioneering studies, Reimer and Dahn194 per-
formed in situ XRD during electrochemical cycling of LixCoO2 to
reveal the changes in lattice parameters corresponding to the a-
and c-axes, as well as the occurrence of three distinct phase
transformations, during electrochemical cycling of LiCoO2 (when
x varies from 1 to 0.4). These inferences were invoked to explain
the stress evolution during delithiation of LiCoO2.24

In the context of upcoming greater Ni-containing layered Li-
TM-oxide based high capacity and high voltage cathode mate-
rials (such as LiNi(1�x�y)CoxMnyO2), in situ XRD has been
t delithiation (charge) and 2nd lithiation (discharge) half cycles of c-Si
th permission.190 Copyright 2007, The Electrochemical Society). (b) Iso-
l lithiation and delithiation of the Sn film electrode (reproduced with

This journal is © The Royal Society of Chemistry 2019
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regularly used to ‘observe’ the rapid and anisotropic collapse of
the layered structure (i.e., shrinkage of the c-axis parameter)
below a certain Li-content during electrochemical delithiation
at the higher cell voltages.201–203,205 In this context, a very recent
study by Li et al.201 indicated that the anisotropic shrinkage of
the c-axis (by �5%) takes place upon Li-extraction beyond 80%
and is probably independent of the Ni content, unlike the more
popular belief, which associates it with greater Ni
content.202,203,212 In another recent study, in situ XRD results, in
combination with detailed electrochemical analysis, indicated
that the presence of Co in high Ni-containing Li-TM-oxide does
not truly help in suppressing the deleterious phase transitions,
structural distortions and safety aspects during electrochemical
delithiation.204 By contrast, Al, Mn and Mg, as substituents for
Ni in amounts as low as even 5%, help with the above. On
similar lines, Xie et al.205 reported that the presence of just 2%
Mg in Li0.98Mg0.02Ni0.94Co0.06O2 suppressed the anisotropic
lattice shrinkage, associated structural distortions and cracking
of the particles at deep states of delithiation, along with raising
the peak exothermic temperature by �35 �C (viz., improvement
in safety aspects). It was believed that the presence of Mg2+ in
the Li layers acts as pillars towards suppressing the contraction
of the c-axis upon the removal of Li beyond �60%. Additionally,
this work also indicates that just the mere presence of Co does
not help suppress the lattice distortions and the associated
negative impacts. Looking beyond Li-ion battery systems, in situ
XRD has also been more recently used to ‘observe’ and under-
stand the occurrences/non-occurrences of the reversible/
irreversible phase/structural changes during electrochemical
desodiation/sodiation of Na-TM-oxide based cathode mate-
rials,206–211 where also Mg, Cu, Ti etc. have again been found to
be some of the substituents that supress/delay some of the
deleterious phase/structural transformations during electro-
chemical cycling.

In situ XRD studies during lithiation/delithiation of crystal-
line Si (c-Si) established that during lithiation pristine c-Si rst
transforms into amorphous LixSi (a-LixSi), but with further
lithiation down to�60 mV, (vs. Li/Li+) a crystalline Li15Si4 phase
(c-Li15Si4) is formed (see Fig. 19a), which is detrimental towards
the integrity of Si-based electrodes.188,190,191 In the case of lith-
iation of amorphous Si, the detrimental c-Li15Si4 phase forms at
a slightly lower potential (i.e., 30 mV vs. Li/Li+).188 Such ndings
help set the cut-off voltages to improve the cycle stability of Si-
based electrodes.

In situ XRDmeasurements with Sn electrodes conrmed that
lithiation/delithiation of Sn takes place via sequential forma-
tion of various Sn–Li intermetallic phases.156,192 During lith-
iation of Sn, Rhodes et al.156 found that Li2Sn5 is the 1st Sn–Li
intermetallic phase that can be detected via in situ XRD, with b-
LiSn and Li22Sn5 phases being detected upon further lithiation
(see Fig. 19b). These phase transformations were found to be
reversible upon delithiation. The volume changes associated
with the formation of LixSn phases, viz., Li2Sn5, b-LiSn and
Li22Sn5, were estimated to be �19%, �50% and �290%,
respectively. In the above context, it may be recalled here that
our in situ stress measurements have revealed the deleterious
This journal is © The Royal Society of Chemistry 2019
effects of such changes in volume during the phase trans-
formations between different Sn–Li intermetallic phases.18,19

In the case of graphitic carbon, the formation of various
lithium graphite intercalated compounds (Li-GICs) during elec-
trochemical Li-insertion/de-insertion into/from the graphite
anode was conrmed using in situ XRD.187,195,196 Interestingly,
when graphite was cycled either with higher current densities
(viz., C/3) or at higher temperatures (viz., 47 �C), Li-intercalation
in graphite was observed to be different from the classical Li-
intercalation mechanism via the usual ‘staging’ phenom-
enon.195,196 At higher temperature, several other phases were
found to coexist.196 Additionally, the change in the lattice
parameter of graphite upon lithiation (i.e., from graphite to LiC6)
was found to be greater (i.e., �10.605%) at 47 �C, as compared to
the corresponding change at room temperature (i.e., �10.509%).

Due to the inability of graphitic carbon to intercalate Na-ions
(unlike for Li-ions), ‘alloying reaction’ based anode materials,213

in particular, Sb,197 SbSn198,199 and SbSn/graphene compos-
ites,200 have been of interest. This, of course, has become
exacerbated by the very good Na-storage capacity (�600–
800 mA h g�1) and safety aspects of the ‘alloying reaction’ based
anode materials, as compared to hard carbon, where the
sodiation potential is very close to that of Na plating.213,214

However, similar to the case of Li-ion chemistry, cycle (in)
stability is the major issue with ‘alloying reaction’ based anode
materials in the Na-ion chemistry as well, due to volumetric
changes and the associated loss in mechanical integrity during
electrochemical sodiation/desodiation.

Nevertheless, in an interesting and informative piece of work,
Darwiche et al.197 reported better cycle stability for Sb upon
repeated electrochemical sodiation/desodiation, as compared to
lithiation/delithiation. In situ X-ray diffraction experiments con-
ducted during electrochemical cycling suggested the formation
of an intermediate amorphous NaxSb phase during sodiation of
crystalline Sb (followed by the formation of an interesting ‘high
pressure’ cubic or hexagonal Na3Sb) and nearly complete
amorphization towards the end of desodiation. Based on the
inputs from such measurements, it is believed here that the
formation/transition/involvement of the amorphous phase
perhaps leads to less build-up of internal stresses during the
sodiation/desodiation cycles, as compared to those in the case of
lithiation/delithiation, which proceeds via phase transformations
in the crystalline form. This opens up another possibly inter-
esting aspect to be investigated and better understood via in situ
monitoring of stress development during electrochemical
cycling. In another study with SbSn microparticles, Darwiche
et al.198 observed excellent cycle stability for at least 125 cycles at
C/2 for a Na-storage capacity of 525 mA h g�1. In situ XRD indi-
cated amorphization also in this case during sodiation/
desodiation, but preliminary evidence suggested the possible
formation of Na3Sb directly, instead of going via the intermediate
phase. Nevertheless, in situ XRD, as well as in situ Mössbauer
spectroscopy, suggested that sodiation of the SbSn alloy does not
correspond tomere sodiation of Sb, with ‘extraction’ of Sn, as one
might otherwise expect. Similar to Sb, during the discharge cycle,
SbSn reacts with Na, leading to the formation of amorphous
NaxSb and Sn. Following on from that, a combination of in situ
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23709
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XRD and in situ Mössbauer studies allowed obtaining improved
insights into the sodiation/desodiation mechanism of SbSn
electrodes.199 It was found that Sb (of the SbSn alloy) rst forms
Na3Sb upon sodiation, which is then followed by the ‘extraction’
of Sn, but in the form of nanocrystalline a-Sn (and not b-Sn),
which is otherwise not known to be stable under ambient
conditions. a-Sn gets further sodiated to form Na15Sn, unlike
what can be achieved during lithiation. In this work it was
believed that the stepwise sodiation (and concomitantly gradual
volume change), in addition to the amorphization (as mentioned
earlier), allows better retention of mechanical integrity upon
sodiation/desodiation, thus providing enhanced cycle stability,
as compared to the case of lithiation. Furthermore, the structural
and cycle stabilities of SbSn were found to further improve when
SbSn was combined with a 3D graphene network, presumably
acting as a ‘buffer’ material200 (see Section 4.1). Again, all the
above interesting aspects denitely encourage further studies by
means of in situ monitoring of stress development during elec-
trochemical lithiation and sodiation of such ‘alloying reaction’
based anode materials.
Fig. 20 A few examples of the estimation of strain/stress via in situ Rama
during the first 6.5 h of lithiation of Si nanoparticles. (b) Schematic re
nanoparticles having a thin native oxide layer on the surface (reproduced
shift and associated stress development in Si nanoparticles at the end of t
permission.216 Copyright 2017, American Chemical Society). (d) The variat
and micro-stress during the first two full cycles and the 3rd lithiation cyc
during the lithiation half cycles (conducted at current densities of 160
permission.138 Copyright 2018, Elsevier). Stress development in the V2O
voltages of (f) 2.8 V (for the 1st cycle), (g) 2.1 V (for the 3rd cycle), and (h) 1
Elsevier).

23710 | J. Mater. Chem. A, 2019, 7, 23679–23726
7.4. In situ Raman spectroscopy

One of the advantages of Raman spectroscopy over XRD is that
unlike XRD, it can extract information from crystalline and
amorphous phases. For performing in situ Raman spectroscopy
during electrochemical cycling, the working electrode is usually
coated on a mesh-type current collector, which allows optical
access to the active material via a top quartz/glass window of the
custom-designed cell. The in situ Raman cell design is oen
similar to that used for in situ stress measurement with the
MOSS set-up (see Section 3.2) and is also sometimes a modied
coin cell, but in this case optical access to the active material is
also needed, which is aided by the mesh-type current collector.
In situ Raman spectroscopy has been used to detect phase
transformations, understand reaction mechanisms and also
estimate strain/stress development during electrochemical
cycling of various electrode materials, such as Si,215–217 graphite/
graphene,138,218 and V2O5.219,220

While performing in situ Raman studies during electro-
chemical cycling of crystalline Si nanoparticles, Zeng et al.215

and Tardif et al.216 observed that with increase in the degree of
n spectroscopy during electrochemical cycling. (a) Stress development
presentation of the lithiation process and stress development in Si

with permission.215 Copyright 2016, Elsevier). (c) Variations in the Raman
he 1st, 10th and 100th lithiation and delithiation cycles (reproduced with
ions in Raman peak shift (for 2D peak) and development of micro-strain
le of graphene nano-platelet based electrodes. (e) Stress development
, 80 and 40 mA g�1) of graphene nano-platelets (reproduced with

5 film electrode during lithiation/delithiation cycle with lower cut-off
.5 V (for the 5th cycle) (reproduced with permission.219 Copyright 2017,

This journal is © The Royal Society of Chemistry 2019

https://doi.org/10.1039/c9ta06474e


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
5 

Se
pt

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

23
/2

02
5 

5:
31

:3
7 

PM
. 

View Article Online
lithiation, the intensity of the signature 1st order peak at
�520 cm�1 of c-Si nanoparticles decreased. The associated
stress development in the Si particles was estimated using the
relation Du ¼ �4.4s, where Du is the Raman peak shi (cm�1),
s is the stress (GPa) and the (�) sign indicates the compressive
nature of the stress.215 It was observed that prior to lithiation of
Si, the native oxide layer present on the surface is lithiated and
the 1st order Raman peak shis towards a lower wave number,
which corresponds to a peak tensile stress of (+)0.2 GPa in the c-
Si nanoparticle. Furthermore, during the actual lithiation of Si,
pristine c-Si develops a core–shell structure, with the core being
made of c-Si and shell being made of amorphous LixSi.
Accordingly, the tensile stress developed earlier due to the
lithiation of the native oxide layer decreased upon actual lith-
iation of Si. Eventually, with increase in the degree of lithiation
of Si, the 1st order Raman peak was observed to shi to higher
wave numbers, corresponding to a tensile-to-compressive stress
transition (see Fig. 20a and b), leading to a peak compressive
stress of (�)0.3 GPa aer 6.5 h of lithiation. It was also
hypothesized that the development of compressive stress in the
c-Si core and tensile stress in the amorphous LixSi shell during
lithiation of Si particles may induce fracturing/cracking during
the lithiation step itself, unlike for the Si lm electrodes which
experience cracking primarily during the delithiation.11,17,31,102

Using Raman studies, Tardif et al.216 estimated a peak
compressive stress development of (�)0.14 GPa during the rst
delithiation half cycle of Si and also found that the magnitude
of compressive stress increases with continuous electro-
chemical cycling, eventually nearing (�)0.9 GPa aer 100
lithiation/delithiation cycles (Fig. 20c). It may be pointed out
here that even though the magnitude of the lithiation induced
stresses estimated from in situ Raman data is less compared to
the ‘external stresses’ measured via the substrate curvature
method with continuous Si lm electrodes, they are fairly close
to those measured with patterned Si lm electrodes50 and
slightly greater than those measured with the ‘porous
composite’ particle-based electrodes.14 In the later context, it
may be noted that the stress estimated from Raman data is
likely to be a combination of ‘internal’ and ‘external’ stresses,
whereas those measured from substrate curvature is primarily
‘external’ in nature. In a different study with pristine and
carbon coated Si nanowires (SiNWs), Krause et al.217 showed
that the decrease in the intensity of the 1st order Raman peak
during lithiation was due to a combination of SEI layer forma-
tion on the Si surface and amorphization of bulk Si, but with the
‘skin effect’ from the thick SEI layer formation playing a more
dominant role. Furthermore, the SEI layer formation and,
accordingly, the ‘skin effect’, could be suppressed by a thin
carbon coating on the SiNWs.

Using in situ Raman studies, Xie et al.138 studied the kinetics
of Li-storage (i.e., charge/discharge rates), the strain/stress
development and the associated mechanical deformations at
the microscopic levels for graphene nano-platelets during
lithiation/delithiation. The in-plane biaxial strain (3) and stress
(s) developed in the graphene nano-platelets during lithiation
were estimated by monitoring the shi in the 2D peak position
using the relations 3 ¼ �Du/13500 and s ¼ �EDu/13500(1 � n)
This journal is © The Royal Society of Chemistry 2019
where Du is the Raman peak shi associated with the 2D peak,
E is the elastic modulus and n is the Poisson's ratio of graphene.
Interestingly, it was found that the stress development at the
microscale, as estimated based on the in situ Raman data, was
found to be tensile during lithiation (Fig. 20d). This was very
different from the observations made with the other in situ
techniques, such as substrate curvature, DIC, XRD and also ex
situ Raman spectroscopy,218 where the overall nature of the
stress development during lithiation of graphite/graphene was
found to be compressive. Here, it may be recalled that unlike in
the case of Raman, the stresses measured via substrate curva-
ture are primarily ‘external’ in nature and usually averaged out
over the entire electrode. Nevertheless, to start with, the
contribution from SEI layer formation was found to be
compressive in nature, viz., (�)0.12 GPa, which qualitatively
agreed with the observations made with in situ substrate
curvature techniques.20,21 However, with increasing degree of
lithiation of graphene, the C–C bonds get elongated due to the
formation of various Li-GICs. Accordingly, compressive strain
got converted to tensile strain, which rapidly increased to a peak
strain of �0.32% by the end of the 1st lithiation half cycle, with
the peak strain further increasing to�0.354%, corresponding to
a peak tensile stress of �(+)13 GPa in the subsequent cycles.
During delithiation, the strain prole appeared to be sigmoidal,
remaining almost at until the voltage went up to 0.3 V (vs. Li/
Li+). This was associated with the extraction of Li from graphene
layers being difficult initially, causing the lithiated graphene to
experience a kind of ‘ow’ deformation. Subsequently, due to
rapid Li extraction, the built-in strain decreases at a faster pace,
but again slows down towards the end of delithiation. An
important observation was that the stress/strain development is
fully reversible even at microscopic levels, with no evidence of
residual stress/strain. It was also observed in the same work that
the stress development is fairly sensitive to the applied charge/
discharge rates due to the varying steepness of Li-concentration
gradients from surface/edges to inside of graphene layers. In
a qualitative sense, this observation is very similar to the
observations made by Tavassol et al.106 while monitoring the
stress development in graphitic carbon electrodes using the
cantilever technique (viz., via the substrate curvature method-
ology). Accordingly, at three different current densities, viz.,
160, 80 and 40 mA g�1, the stress magnitudes estimated from
the in situ Raman data were (+)16.7, 13.7 and 9.7 GPa, respec-
tively (Fig. 20e). Accordingly, a higher current density is ex-
pected to cause mechanical degradation of graphenic/graphitic
carbon based electrodes at the microscale, which, in turn,
qualitatively aggress with the inferences based on our study
related to in situ stress measurement using the MOSS for few
layer graphene based lm electrodes.23

In situ Raman studies, coupled with in situ interferometry,
have been used to understand the stress development and
structural evolution during electrochemical cycling of V2O5-
based cathode materials.219,220 During lithiation, V2O5 was
found to undergo multiple phase transformations to various
LixV2O5 phases, viz., a-, 3-, d-, g-, and u-V2O5 at x ¼ 0, 0.4, 1.0,
1.4, and 2.0, respectively. It was also observed that the structure
of LixV2O5 remains fairly stable and reversible upon the
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23711
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formation of a-, 3-, and d-phases (i.e., down to 2.8 V vs. Li/Li+)
(see Fig. 20f). However, the formation of g-LixV2O5 (and beyond)
with increasing lithiation (down to 2.1 V) causes the structure to
become puckered/curled. More importantly, it was estimated
that during the a- to d-phase transformation, a tensile stress of
up to �0.2 GPa got developed due to the shrinkage of the lattice
parameter along the a-axis (see Fig. 20g). Furthermore, similar
to observations quite oen made with the substrate curvature
based techniques (see Sections 4 and 5),18,24,25,55 anomalous
stress uctuations (or ‘stress release’) were observed during the
co-existence of two LixV2O5 phases, with the stress uctuations
being very sensitive to the Li-concentration and applied current
density, with structural degradation being more likely at the
higher current densities.220 With regard to the reversibility of
stress development, it was observed that the compressive stress
development during lithiation was fully reversible during deli-
thiation upon cycling between 3.75 and 2.1 V (i.e., up to g-
LixV2O5), whereas lithiation below 2.1 V caused the compressive
stress to drop suddenly and become tensile in nature due to the
formation of u-LixV2O5 (see Fig. 20h). The above two examples
highlight the versatility of the in situ Raman technique towards
evaluating and understanding the strain/stress response of
electrode materials during lithiation/delithiation. With respect
to the more important cathode materials like LiCoO2, LiNix-
MnyCo1�x�yO2, and LiNixAlyCo1�x�yO2, even though a host of
useful information, including Li-transport/kinetics, has been
obtained by conducting in situ Raman studies during electro-
chemical cycling,221–223 aspects concerning the development of
strain/stress as a function of states-of-charge are yet to be
studied in detail.
Fig. 21 A few examples of strain/stress measurements via the in situ
galvanostatic lithiation/delithiation cycles of the composite graphite e
(reproduced with permission.225 Copyright 2014, Elsevier). Real-time stra
at 100% SOC for the (c) 1st cycle, (d) 25th cycle and (e) 50th cycle (reprod
residual stress and in-plane normal stress with respect to the time d
permission.228 Copyright 2018, Elsevier).

23712 | J. Mater. Chem. A, 2019, 7, 23679–23726
7.5. Digital image correlation (DIC) in real-time

In the case of DIC, digital images of the electrode surface
exposed through a transparent (quartz) window are captured via
a CCD/CMOS camera in real-time during electrochemical
cycling and reconstructed in 2D/3D via computational tools/
algorithms. This aids in the evaluation and estimation of the
deformations taking place during electrochemical cycling.
Using such a technique, Qi and Harris224 measured the micro-
structural strain developed in ‘porous composite’ graphite
electrodes during lithiation/delithiation. The strains associated
with swelling of the composite electrode and rigid body/particle
motion were estimated to be �1% and �3–4%, respectively.
Additionally, the stiffness of graphite was found to increase
with the degree of lithiation to�3 times that of pristine graphite
upon complete lithiation. In another work, it was also found
that the thickness of the current collector is also likely to
inuence the strain development during electrochemical
cycling of the graphite electrode.225 The bi-axial strain was
found to be �2 times greater for the graphite electrode on
a thinner Cu substrate, as compared to that on a thicker Cu
substrate due to the greater overall rigidity of the thicker
substrate (Fig. 21a and b).

DIC studies with a SiO@C electrode indicated that an
irreversible (residual) strain of �0.8 gets developed during the
rst cycle itself, and increases with electrochemical cycles.226

Such an observation is in sync with the irreversible increase in
height detected for Si-based electrodes by in situ AFM
studies.167 On a similar note, �0.13% residual strain was
estimated also for the LiMn2O4-based cathode material during
digital image correlation (DIC) technique. Strain development during
lectrode on (a) 16 mm and (b) 635 mm thick Cu current collectors
in maps for a Li-ion cell having a LiCoO2 cathode and a graphite anode
uced with permission.227 Copyright 2016, Elsevier). (f) Variations in the
uring lithiation/delithiation of the V2O5 electrode (reproduced with

This journal is © The Royal Society of Chemistry 2019
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the 1st cycle, which was attributed to surface reactions and the
removal of the native oxide layer from the cathode surface.25

DIC has also been used to conduct strain measurement during
prolonged electrochemical cycling of pouch-type commercial
Li-ion batteries comprising a carbon based anode and LiCoO2

as the cathode.227 Such measurements showed that the prin-
cipal strain at the surface of the cell increased with the number
of cycles, reaching a maximum value of �0.35% aer 55 cycles
(see Fig. 21c–e). Additionally, the measurement of the rate of
change in overall volume indicates a maximum rate of �4.27%
at the end of 52 cycles.

Strain/stress studies via DIC during electrochemical cycling
of V2O5 (ref. 228) revealed that during lithiation, heterogeneous
in-plane compressive strain gets developed due to the shrinkage
of lattice cell volume during d- to g-LixV2O5 phase trans-
formation. This strain was also found to be not fully recoverable
during the delithiation cycle.228,229 The average in-plane strains
in the x- and y-directions (i.e., 3xx and 3yy) were estimated to be
�(�)1.8% and (�)2.5%, respectively. The component of the
average normal stress in the x-direction (�sxx) increased during
lithiation and decreased during delithiation, with the magni-
tudes being estimated to be �21.4 and �3.7 MPa, respectively.
However, the component in the y-direction (�syy) showed
Fig. 22 In situ SEM observations of different Si structures at various stage
(reproduced with permission.233 Copyright 2016, The Author(s), Creativ
cycling, (b and e) at the end of the 1st charge (or lithiation) half cycle and (c
Si flakes: during the 3rd cycle, (g) prior to cycling, (h) at the end of the 3rd c
the Si micron-sized particles (a–f), cracking is not observed during the c

This journal is © The Royal Society of Chemistry 2019
uctuations (Fig. 21f). Wang et al.229 also reported similar
observations with 20 wt% MWCNT-containing V2O5, but the in-
plane strains were tensile and compressive in nature during
lithiation and delithiation cycles, respectively. Additionally, in
the presence of MWCNT networks, the strain magnitudes were
smaller as compared to the pristine V2O5.

7.6. In situ SEM and in situ FIB-SEM

As one of the pioneering studies, Orsini et al.230 performed in
situ SEM observations during electrochemical cycling of pouch
type Li-metal batteries. With Li metal as the anode, upon pro-
longed cycling at a current density equivalent to �C/5, the
formation of a mossy type product (SEI) was observed, which
adversely affected the Li/separator interface and caused fading.
However, when the cell was cycled at 1C, Li dendrites were
observed to form at the Li/separator interface, which may
negatively affect the safety aspects (due to possible short cir-
cuiting231). Obtaining such rst-hand information on the
formation of a mossy-type product or sharper Li dendrites was
possible due to the in situ SEM observations. Again, in the
context of a Li-metal cell having a solid-polymer-electrolyte
(SPE), Golozar et al.232 observed that during the initial cycles,
regions with a higher stress concentration form, leading to
s of lithiation/delithiation, when cycled against LiCoO2 as the cathode
e Commons license). For Si micron-sized particles: (a and d) before
and f) at the end of the 1st discharge (or delithiation) half cycle. For thin
harge half cycle, (i) at the end of the 3rd discharge half cycle. Unlike for
ycling of thin Si flakes.

J. Mater. Chem. A, 2019, 7, 23679–23726 | 23713
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Fig. 23 SEM observations during lithiation/delithiation of Si particles in situ in FIB-SEM, (a) at 10% of its theoretical capacity, and (b) at 25% of its
theoretical capacity (reproduced with permission.236 Copyright 2016, American Chemical Society). SEM images of SnO2 particles obtained in situ
in FIB-SEM (c) before start of lithiation and (d) at the end of the 1st lithiation half cycle (reproduced with permission.238 Copyright 2011, Elsevier).
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cracking in the SPE, eventually causing Li to protrude as a nee-
dle-like structure through the cracks.

In situ SEM observations made during electrochemical
cycling of Si particles indicated that the occurrence of cracking
is highly dependent on the initial shape and size of Si.233–235

While performing in situ SEM studies during electrochemical
cycling of three types of Si nanostructures (viz., micron-sized Si
particles, nanoparticle agglomerates and thin akes), Chen
et al.233 observed that the micron-sized Si particles got severely
cracked/pulverized, with some of the particles losing electrical
contact within only a few cycles (see Fig. 22a–f). By contrast, Si
nanoparticle aggregates and thin Si akes do not experience
cracking during electrochemical cycling (see Fig. 22g–i). This
agrees with the size-dependent stress response observed during
in situmonitoring of stress development with a continuous and
patterned Si lm electrode.50 Observations made by Hovington
et al.234 indicated that ‘electrochemical sintering’ of smaller Si
nanoparticles (up to 100 nm in size) during lithiation leads to
the formation of a rigid continuous network structure, which
gets fractured during cycling. It was also observed that the
fracturing/cracking of the Si particles can be mitigated by
raising the lower cut off voltage, which is primarily to avoid the
formation of the c-Li15Si4 phase (despite sacricing the
capacity), as discussed in Section 7.3.188,190,191 Bordes et al.236

performed in situ FIB studies, coupled with time of ight
secondary ion mass spectrometry (TOF-SIMS), during electro-
chemical cycling to ‘map’ the lithiation mechanism in Si and
the associated structural evolution during the rst cycle. The in
situ elemental mapping revealed that during the initial lith-
iation (viz., up to a SOC of �5%), a major portion of the
incoming Li is consumed in surface reactions. With increasing
SOC, the Si particles adopt a core–shell structure (viz., unli-
thiated core and lithiated shell), as also reported in the cases of
in situ TEM and Raman studies,144,215 with cracking getting
initiated at �50% SOC. In the unlithiated core, a continuous
network of lithiated Si is formed which acts as the Li-diffusion
pathway (Fig. 23a and b).

Zhou et al.,237 in their study with micron-sized Sn particles,
revealed that volume change aer complete lithiation is
�386%, which to some extent agrees with the theoretical
predictions.1 Additionally, cracks were observed to appear on
the surface at much early stages of lithiation (viz., at �20%
lithiation), which grew from the surface to core of the Sn
23714 | J. Mater. Chem. A, 2019, 7, 23679–23726
particle with further lithiation. During contraction upon deli-
thiation, nanopores were observed to form and grow with
increasing delithiation, nally leading to severe pulverization.
Nevertheless, it was also observed that the mechanical degra-
dation of Sn can be controlled/minimized by limiting the degree
of lithiation. In situ SEM observations during cycling of SnO2

particles revealed that bigger SnO2 particles are more prone to
cracking and formation of Sn/Sn–Li extrusions, as compared to
the smaller particles of sizes below �100 nm (Fig. 23c and d).238
7.7. In situ X-ray absorption spectroscopy (XAS) and in situ
Mössbauer spectroscopy

While the use of X-ray diffraction is limited to crystalline or
semi-crystalline materials (viz., necessitating long-range
ordering), techniques like X-ray absorption spectroscopy (XAS)
enable obtaining valuable information even from the local
environment of atoms of choice present in electrode materials,
irrespective of them being crystalline or amorphous. XAS uses
X-ray radiation (of energy between 3 and 35 keV) to measure the
absorption edge of a particular element. In terms of sensitivity,
XAS is capable of obtaining information from very short range
ordering (of even �4–5 Å). In XAS, specic absorbed energies
(known as ‘absorption edges’), which are similar to the char-
acteristic binding energies of specic elements, get probed. The
technique can be further sub-divided into X-ray absorption near
edge spectroscopy (XANES; before and aer the edge region)
and extended X-ray absorption ne structure (EXAFS; the post
edge region). While XANES provides information on the elec-
tronic transition and oxidation state of the concerned element,
EXAFS allows obtaining information concerning the local
structure around an atom, with respect to the coordination
number, bond-length and bond distortions. In a classic review
paper, McBreen et al.239 discussed in more detail about con-
ducting in situ XAS, applicability of the same towards electro-
chemical energy storage, and the associated advantages and
limitations. The cell design for conducting in situ XAS during
electrochemical cycling can be quite similar to the set-up used
for in situ XRD, as described earlier (in Section 7.3), viz., usually
a coin cell having a suitably placed hole covered with either
Kapton tape or a beryllium window.

By observing the changes (shis) of transition metal (TM) K-
or L-edges in real-time, in situ XAS has been regularly used for
probing the changes in oxidation states of TMs in Li-TM-oxide
This journal is © The Royal Society of Chemistry 2019
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and also Na-TM-oxide based cathode materials during charge
and discharge in Li- or Na- ‘half cells’.240,241,243,244 The same has
also been used for conrmation of non-participation of Mn4+

during charge and partial reduction of the same during
discharge.71,243,244 In situ XAS also allows probing the oxidation
states and structures with depth from the surface of the elec-
trode particles upon using the TM L-edges and either the Auger
electron yield (AEY; for a depth of up to �2 nm), total electron
yield (TEY; for depths between �2 and 5 nm) or uorescence
yield (FY; for depths up to �50 nm).245 Looking beyond the
oxidation states of TMs, in situ (or ex situ) XAS has been one of
the more important characterization techniques that has
allowed obtaining conrmation and insights into the
occurrence/non-occurrence of oxygen-ion redox (i.e., anionic
redox or oxidation of O2�) and the associated structural changes
to allow for enhanced Li-extraction (or Na-extraction), typically
towards the end of the charge cycle for many (Li-rich) Li-TM-
oxides and also TM-decit Na-TM-oxides.72,73,242,246,247 Such
information and understanding are usually obtained by corre-
lating the changes (shis and intensity variations) in the O K-
edge with those for TM K-/L-edges and also the local structure
around TMs (including lengths/distortion of TM–TM bonds, as
obtained from EXAFS). Here, it is intriguing that the present
literature base is presently devoid of any systematic study per-
formed to correlate the aforementioned local structural changes
with the stress development (monitored in real-time).

Mössbauer spectroscopy is a technique based on nuclear g-
resonance and usually contains four specic features, viz.,
isomeric shi and quadrupole splitting (related to the oxidation
state and coordination state), line width (related to particle size
and crystallinity) and absorber (related to spin and bond
strength).248 This technique is very sensitive towards the local
electronic structure and magnetic environment of an atom
present in a compound and is, thus, nding increasing usage
for probing the structure and electronic state of battery cathode
materials at different states-of-charges (oen in combination
with XAS).

For example, in situ Mössbauer spectroscopy has allowed
probing the reversible changes in oxidation states of Fe in Lix-
Ni1�yFeyO2 (ref. 249) and Li(Fe1�xMnx)SO4F250 based cathode
materials for Li-ion batteries during charge and discharge. In
fact, the in situ Mössbauer studies for Li(Fe0.8Mn0.2)SO4F
showed complete reversibility of Fe2+ 4 Fe3+ during the charge
and discharge cycles, with just �0.6% volume change between
the lithiated and delithiated triplite phases, in contrast to
�10.4% volume change between the tavorite phases (i.e.,
LiFeSO4F4 FeSO4F). This indicates the superior stability of the
former. Mössbauer spectroscopy has also been used for
obtaining (complementary) insights into the occurrence/non-
occurrence of oxygen release, as for Li-rich Li–Fe–Te–O based
cathode materials,253 where the oxidation state of Fe was found
to remain unchanged during charge. However, quadrupole
splitting suggested that �24% of the Fe atoms were in a dis-
torted local environment towards the end of the charge cycle,
with the distortion happening primarily close to the surface of
the particles due to oxygen release. With respect to the anode
materials, Mössbauer spectroscopy has been used to detect the
This journal is © The Royal Society of Chemistry 2019
phase transformations and structural changes during electro-
chemical lithiation/delithiation, sodiation/desodiation and
now potassiation/depotassiation of Sn-based electrodes (such
as Sn, SnSb, Sn2Fe, SnO2 etc.).198,199,254–258
7.8. In situ dilatometry and nanoindentation

While in situ dilatometry can aid in observing changes in the
dimensions of electrode materials in real-time during electro-
chemical cycling, in situ nanoindentation helps evaluate the
changes in mechanical properties. For example, in situ dila-
tometry studies performed with Si and Si/metal multilayer lms
(metal ¼ Ti, Al, and Zn) revealed that the volume expansion at
a given SOC is less for the multi-layered lms, as compared to
Si.259 The expansions at the end of lithiation for Si, Si/Ti, Si/Zn
and Si/Al lms were measured to be �140%, �3%, �4.5%
and �16%, respectively. In operando nanoindentation
measurements with the Si lm electrode (performed inside an
Ar lled glove-box) indicated that the elastic modulus and
hardness decreased by �52% and �78% during lithiation.260

The above, in turn, agrees with the theoretical predictions
concerning elastic soening of Si upon lithiation.
8. Inferences possible beyond stress
development and integrity of
electrodes

In addition to providing insights into the mechanical
properties/behavior and loss in integrity of electrode materials
as functions of composition, cell voltage, state-of-charge and
number of cycles during electrochemical lithiation/delithiation,
the data obtained from in situmonitoring of stress development
can be carefully analyzed for obtaining quite a few other infor-
mation pertaining to the lithiation/delithiation process. One of
the important features of electrochemical cycling is the gap or
hysteresis between the discharge and charge potential proles
(viz., lithiation and delithiation here), where the discharge
potential is below the ‘equilibrium’ potential and the charge
potential is above the same. As per the more conventional
understanding of electrochemical processes, such a hysteresis
is caused due to a combination of electrochemical overpotential
associated with the concerned overall electrochemical reac-
tion(s) (including charge transfer at the electrode/electrolyte
interface and other associated processes) and resistance los-
ses (i.e., ‘IR effect’) for sustaining a given current density.
However, when there is an associated stress, the elastic strain
energy stored in the electrode material is also likely to inuence
the hysteresis loss (i.e., further lower/raise the discharge/charge
curves)30,57,58 (see Fig. 1b).

In fact, the presence of stress is expected to alter the very
chemical potential (mi) of the concerned electro-active species
(i), as per the following relation:58,59

mi ¼ m0i + RT ln[giNi/
P

Ni] + ziFf + Vsjj(d3jj/dNj)T,P (11)

where m0i is the reference chemical potential of i, R is the
universal gas constant, T is the temperature under
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23715
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consideration (in absolute scale), gi is the activity co-efficient of
i, Ni is the number of moles of i, zi is the charge of i, F is
Faraday's constant, f is the electrical potential, V is the total
volume of the electrode material under consideration, and sjj

and 3jj are the elastic stress and strain tensors. It is to be noted
here that the last term on the right hand side of eqn (11), viz.,
Vsjj(d3jj/dNi)T,P, accounts for the elastic strain energy present in
the material under stress. Incorporation of this last term into
the Nernst equation can allow for estimation of the inuence of
stress on the open-circuit electrode potential (Df0 or OCV, viz.,
at 0 current). This can then be modied to suit a lm electrode
containing a uniformly distributed electroactive species (i)
having partial molar volume of Vi (say, �9 cm3 mol�1, as for Li
in Si), as per the following relation proposed by Soni et al.;58

Df0 z �(RT/F)ln[gix/(1 + x)] + (2F/3)Vihsjji (12)

where x is the content of electroactive species (i) in the electrode
(as in the composition of LixSi for lithiated Si) and hsjji is the
equi-biaxial in-plane stress in the lm electrode. It may be noted
here again that the last term of eqn (12) predicts the inuence of
stress on the open circuit potential. A similar formulation by
Sethuraman et al.,30 starting with the Larché and Cahn chemical
potential for solid solution,59,60 had also led to a similar relation
for the effect of bi-axial stress in the Si lm electrode (upon
lithiation) on the electrochemical potential, as in the following:

Df0 ¼ (nSihDsjj)/(3F) (13)

where h is the rate of change of volumetric strain of Si due to
lithiation (�0.7) and nSi is the molar volume of silicon (�12.7
cm3 mol�1). In light of the bi-axial stresses (within the elastic
regime) measured in Si lm electrodes in situ during
lithiation/delithiation using the substrate curvature method-
ology (viz., between 1 and 2 GPa; see Section 4), the above
formulations predict a change in the OCV, just due to the
inuence of the stresses by �60–120 mV, i.e., a ‘stress–
potential coupling’ by �62 mV GPa�1.30 In fact, a systematic
set of experimental studies conducted by carefully varying the
stress while, at the same time, monitoring the potential at
different states-of-charge during electrochemical delithiation
of LixSi also indicated a fairly similar ‘stress–potential
coupling’ of 100–125 mV GPa�1. Here it may be noted that even
though the above studies have been done with Si as the elec-
trode material, the generic formulations and methodologies
(based on substrate curvature and associated in situ stress
measurements) can be used for predicting and observing the
inuence of electrode stress on the electrochemical potential
during lithiation/delithiation of other materials as well
(including cathode materials, some of which may have more
locked-in elastic stresses, but lower Vi). Such information,
having roots at basic thermodynamic principles, will provide
valuable information concerning the expected cell voltages
and energy efficiencies of different cell chemistries involving
insertion-based electrodes.

Another formulation, again invoking basic thermodynamic
principles, suggests that stress development may have inuence
23716 | J. Mater. Chem. A, 2019, 7, 23679–23726
on the ease of lithiation, which will then inuence the overall Li-
storage capacity obtained with a particular electrode at a given
current density. In this regard, an expression for the overall free
energy change (DG) for the reaction concerning lithiation of any
host (H) (viz., Li + 1/xH 5 1/xLixH) can be written as17,61

DG ¼ DGi � ef + DGstress (14)

where DGi is the chemical free energy change for lithiation of H,
the term ef is associated with the effects of electrical potential
(f) (e being the charge on one electron for insertion of one Li+)
and, again, the rightmost term DGstress denotes the contribu-
tions from work done by stress towards the DG. At any stage of
lithiation, when the un-lithiated host (H) co-exists with lithiated
H (viz., LixH), DGstress can be denoted as

DGstress ¼ 1/x(hsiHUH � hsiLixHULixH
) (15)

where hsi is the bi-axial stress in either H or LixH and U is the
atomic volume. A combination of the above eqn (14) and (15)
indicates that the compressive stress (which has a ‘negative’
sign) in the lithiated region (viz., hsiLixHULixH) is likely to lessen
the driving force for further lithiation (i.e., DG will be rendered
less negative).

The above logic has been invoked in our work17 to explain the
lower Li-storage capacity (by about half) obtained in Si lm
electrodes (see Fig. 5a, b and d), which develop greater
compressive stress per degree of lithiation (as per in situ stress
measurements), as compared to similar Si lm electrodes, but
have a graphene-based interlayer, under identical electro-
chemical conditions (see Fig. 24a). This view-point is also sup-
ported by observations concerning slowing down of the
deformation of Si-based composite electrode (in the form of
a cantilever) with increased Li-concentration, as made by Xie
et al.,62 who associated this partly to the diffusion of Li getting
suppressed due to the development of compressive stresses (see
Fig. 24b). With regard to amorphous Ge (a-Ge) based lm elec-
trodes, in situ stress measurements during potentiostatic and
galvanostatic intermittent titrations (viz., PITT and GITT) indi-
cated that the Li-diffusion coefficient increases with increasing
Li-concentration.63 More importantly, in support of the above
discussion, the Li-diffusion coefficient was found to be strongly
inuenced by the nature of the stress developed (i.e., compressive
or tensile) in a-Ge lm, with tensile stress (during delithiation)
promoting Li-diffusion and vice versa. Similar observations con-
cerning compressive stress retarding lithiation and vice versa
were also noted for Ge nanowires via in situ TEM observations,
coupled with chemo-mechanical modelling.64 However, ab initio
molecular dynamics calculations by Pan et al.65 indicated that in
the case of lithiation of Si, Li-diffusivity can be enhanced in the
presence of both tensile stress (via enhanced free volume) and
compressive stress (via changes in the local structure). However,
even with respect to the Li-diffusivity values estimated in that
work, for a given level/magnitude of hydrostatic stress, the
diffusivity was found to be greater in the case of tensile stress by
factor of �2, as compared to that in the case of compressive
stress. With respect to the possible impact of stress on the
This journal is © The Royal Society of Chemistry 2019
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Fig. 24 Variations, with the electrochemical cycle number, of the in-plane nominal stress developed upon electrochemical lithiation/delithiation
of a-Si film electrodes, in the absence and presence of the MLG interlayer, as normalized by the respective Li-storage capacity (reproduced with
permission.17 Copyright 2016, Elsevier). (b) Variations of relative deformation and potential with respect to capacity (i.e., Li-content) during the 2nd

lithiation half cycle of the Si-based composite electrode (reproduced with permission.62 Copyright 2016, The Electrochemical Society).
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composition of an insertion electrode, considering that, as per
eqn (12), the presence of stress (i.e., hsjji) is likely to alter the
composition (i.e., x) at a given potential (i.e., f), Soni et al.58

estimated the same based on the ow stress obtained during in
situmeasurements of stress development in the Si lm electrode
during lithiation. Interestingly, it was found that the Li-content
was indeed lower in the presence of compressive stress, but
with stress having a fairly modest impact on the Li-content for
this system. Such a modest inuence of stress was explained on
the basis of the fairly large enthalpy (and hence, free energy) of
mixing of Li in Si.

From a more generic perspective, it may be noted that the
voltage/current proles recorded during electrochemical
lithiation/delithiation are manifestations of various inter-
linked phenomena, such as equilibrium potential, electro-
chemical overpotential, effects of concentration of the electro-
active species at the electrode/electrolyte interface, resistance
effects, surface/bulk features of the electrode materials and
also stress development in the electrode (see above). Hence,
very reliable and specic information on some of the aspects,
such as the Li-content in the electrode at a given instant, may
be challenging to obtain just from the electrochemical data. By
contrast, the stress proles are primarily dependent on the Li-
content of the electrode, especially in the cases where bi-axial
stresses in lm electrodes are measured in situ using substrate
curvature, albeit only when the deformation is elastic in
nature. Accordingly, in situ stress proles simplify the process
of obtaining information on the above aspect(s), as has been
partly utilized in some of the aforementioned studies related
to information on materials properties and composition as
a function of the Li-content and electrochemical
potential.6,58,66,67

In addition to the above analyses, due to the dependence of
the stress state primarily on the Li-content (within the elastic
regime), in situ stress measurements can be used for determi-
nation of various kinetic aspects associated with electro-
chemical lithiation/delithiation. For example, stress
measurements during potentiostatic lithiation of Sn lm
This journal is © The Royal Society of Chemistry 2019
electrodes allowed Chen et al.68 to estimate the Li-diffusivity in
the rst Sn–Li intermetallic phase (i.e., Li2Sn5), which was
found to be of the order of 10�12 cm2 s�1. Furthermore, in the
same work, another very important kinetic parameter, viz., the
‘reaction rate co-efficient’, which relates the velocity of the
phase transformation front to the local supersaturation of the
reacting species (Li, here) at the interface between the parent
and new phases, could be estimated from the stress response,
which was found to be of the order of 10�6 cm4 mol�1 s�1 for Sn
/ Li2Sn5 transformation.

In the above contexts, it may be mentioned here that
monitoring of the changes in stress states of electrode mate-
rials can also be used to analyse the kinetic aspects of spon-
taneous delithiation or desodiation (i.e., self-discharge/
relaxation) of some electrode materials believed to undergo
such changes (such as Na4Ti3O7 or Na2Ti3O7 in the Na-ion
battery system69,193). It may be noted that despite such
aspects having lot of signicance in the context of electro-
chemical performance and cycle stability, they are very chal-
lenging to study via conventional electrochemical means.
Furthermore, the in situ stress measurements can also be used
for thoroughly studying the aspects concerning oxygen evolu-
tion and creation of oxygen vacancies within the lattice of the
Li-TM-oxide (TM: transition metal) based cathode materials
(such as LiNixMnyCo1�x�yO2 and Li–Mn-excess Li-TM-
oxides70–74) upon charging to higher cell voltages (i.e., beyond
�4.4 V vs. Li/Li+). Even though such studies were initiated by
Nation et al.,26 more systematic sets of studies are needed to
arrive at a comprehensive understanding of the associated
stress response and the exact role(s) of the creation of lattice
vacancies towards the same. In this context, it needs to be
mentioned that earlier Mandowara and Sheldon75 had
demonstrated the possibility of using such a substrate curva-
ture methodology for monitoring the stress development due
to oxygen release from CeO2 lms in situ during exposure to
high temperature and associating the same to the creation of
oxygen vacancies in the lattice.
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23717
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9. Summary and outlook
9.1. Summary

The occurrences of dimensional/structural changes, phase
transformations and irreversible surface phenomena during
electrochemical lithiation/delithiation of electrode materials
for Li-ion batteries lead to stress development in the electrodes.
Such stresses have pronounced inuences, not only on the
integrity of the electrodes upon repeated lithiation/delithiation,
but also on various aspects related to the electrochemical
behavior (including voltage hysteresis). Accordingly, they play
signicant roles towards determining (oen, limiting) the cycle
life and other electrochemical performances of electrodes, and,
in turn, of the electrochemical cells, as a whole. This has been
one of the major bottlenecks towards the successful develop-
ment of Li-ion cells possessing considerably improved energy
density, power density and safety aspects. In order to evaluate
and better understand such electro-chemo-mechanical
responses of electrode materials, numerous studies have
focused on in situ monitoring of stress development in elec-
trodes during electrochemical cycling; more commonly using
different manifestations of the substrate curvature
methodology.

Suchmeasurements have been instrumental towards nding
the absolute values of the stresses, the stress evolution patterns
and the mechanical behavior/integrity (including occurrence/
non-occurrence of plastic ow, cracking etc.) at various states-
of-charges and different electrochemical
cycles.6,7,11–13,17,18,20,22–27,30,31,50,55,56,61,87,102,103,261 They have also
served as the basis for evaluating and understanding the effects
of presence of different components of the electrodes, including
binders27 and ‘buffer’ interlayers (such as graphene)17 on the
stress development and integrity of the electrode upon repeated
electrochemical lithiation/delithiation. In addition to stress and
integrity related aspects, such measurements have also
provided complementary and valuable information concerning
the electro-chemical phenomena (including chemical potential,
voltage hysteresis etc.), associated mass transport processes and
the structural/phase changes that take place in the electrode
materials during the course of lithiation/delithiation.6,17,26,30,57–75

In fact, understanding of the effects of 1st order phase trans-
formations in the electrode materials on the overall stress
development, integrity and electrochemical performance of the
electrode could only be possible due to the ability tomonitor the
stress development in real-time during lithiation/
delithiation.18,19,24–26,55

Such in situ experiments have also served as an indirect means
towards studying the impacts of the formation of passivation
layer (i.e., solid electrolyte interface; SEI) on the surface of elec-
trodes, usually during the rst few cycles.20–23,54,80 Here it may be
recalled that at any stage (or instant), the net stress measured by
the substrate curvature methodology is the overall (average) in-
plane stress developed in the electrode. This may, in turn, have
contributions from the actual reversible process of charge storage
within the bulk/surface, the associated structural changes and
irreversible surface phenomena (including the formation of the
23718 | J. Mater. Chem. A, 2019, 7, 23679–23726
SEI layer). In this context, as demonstrated by the aforemen-
tioned studies that report on the stress associated with the
formation of SEI layer,20–23,54,80 the respective contributions from
the actual reversible intercalation/deintercalation phenomena
and irreversible ‘surface’ processes towards the overall stress
development can be de-convoluted via systematic and clever
designing of experiments, combined with careful analysis of the
as-recorded stress data.

On another note, the in situ stress measurements have been
duly complemented by other in situ characterization studies, such
as in situ X-ray diffraction (including synchrotron diffrac-
tion),54,156,183–196 Raman spectroscopy,138,215–223 TEM,96,142–162 dila-
tometry259 etc. A combination of the inferences obtained from all
such in situ studies has led to fairly comprehensive understand-
ings of the various compositional/structural/dimensional
changes, stress development, associated integrity and electro-
chemical performances of electrode materials upon repeated
electrochemical cycling. A comprehensive summary of all the in
situ techniques discussed in this review article, the main
observations/inferences that can be made upon their usage and
some of the electrode materials that have been subjected to such
investigations (along with the corresponding references) have
been presented in Table 3. Upon further expansion of in situ
capabilities with more ‘modern day’ andmore advanced facilities,
like via the usage of synchrotron XRD,54,193 high pressure TEM etc.,
additional information and concomitant understanding can be
obtained, which has so far eluded the research community.
9.2. Outlook and perspectives

A closer look into the literature base still indicates considerable
differences in the results and interpretations across different
studies, even when investigating the evolution of stresses in
a particular type of electrode material. The reasons for the same
may be summarized, as in the following. First, the types of
stresses measured with the different techniques are oen not
the same. For example, while substrate curvature based tech-
niques directly measure the average overall in-plane stresses, X-
ray diffraction and Raman spectroscopy can be used to measure
the local (or micro-) strains/stresses. Second, the set-ups and
area/volume of the electrode probed are different for different
techniques. Third, the type (viz., lm vs. ‘porous composite’)
and dimension/thickness of the electrode under consideration
oen vary, even when the same technique is used. These
inuence the development of stresses during electrochemical
cycling of even the same material-type. Finally, some of the
studies have been seen to better de-convolute the stresses that
arise due to irreversible surface phenomena (refer to Section 6)
and reversible charge storage in the bulk, and also take care of
the aspects concerning deformation in the elastic or plastic
regime and other changes in the associated physical/
mechanical properties of the electrodes (such as stiffness), as
compared to the other studies (which seem to neglect some of
the above aspects), thus also contributing to the variations of
the stresses that are measured.

Nevertheless, it is the inferences concerning mechanistic
aspects associated with the electrode deformation and stress (as
This journal is © The Royal Society of Chemistry 2019
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Table 3 A summary of the variousmethodologies and techniques used for in situmonitoring of stress development and associated dimensional/
structural/phase changes in electrode materials (as a function of Li-content/states-of-charge) during electrochemical cycling has been pre-
sented. The main observations and/or inferences that may be obtained and some of the electrode materials looked into with the use of the
respective techniques have also been summarized

Type of in situ methodology/technique

Main observation(s)/inference(s) (in real-time
during the occurrence of electrochemical lithiation/
delithiation)

Some electrode materials looked into and the
associated references

Substrate curvature Cantilever method Observations concerning in-plane stress
development in lm and ‘porous composite’
electrodes, primarily due to the constraining effect
of the substrate (or the current collector) and other
electrode components

‘Porous composite’ electrodes of Si,62,104,110,266

SiO2,
115,117 Sn,119,120 SnOx,

120 graphitic
carbon,105,106,124 Ge,112 and Li-TM-oxide (TM ¼
transition metal)27

Inferences on the effects of internal stress
development due to the occurrences of phase
transformations, structural changes, changes in
materials properties (such as stiffness) and Li-
concentration gradients in ‘active’ electrode
materials

Film electrode of Si111,112,127

Multi-beam optical
stress sensor (MOSS)

Inferences on loss in mechanical integrity (such as
cracking and plastic deformation) and
enhancement of voltage hysteresis

‘Porous composite’ electrodes of Si,14,32

graphitic carbon,5 and Li-TM-oxide
27

Film electrodes of Si,6,7,11–13,30,31,49,50,
58,65,66,101,102,108,109,264,265 SiOx (ref. 116) Si/
graphene,17 Sn,18,19,56,68 Sn/Sn–Cu
intermetallic,56 Al,55 Ge,63,67,76,125,126 graphitic/
graphenic carbon,20–23,53,249,267 and Li-TM-
oxide24–26

Transmission electron microscopy (TEM) Observations of dimensional, structural, and phase
changes and cracking of ‘active’ electrode materials

Si,142–146,268,269 Sn,149 SnO2,
96,147 Al,150 Ge,151,158

TiO2,
152,153 Li-TM-oxide,

159,160 and Li-TM-
phosphate161,162

Atomic force microscopy (AFM) Observations of dimensional changes of ‘active’
electrode materials/structures

Si,80,81,165,167,171,172 Si/Sn,164,165 Sn,166,173,274

graphitic/graphenic carbon,174,179,272–275 and Li-
TM-oxide

180,274,276

X-ray diffraction (XRD) Inferences concerning the occurrences of phase
and structural changes in ‘active’ electrode
materials, as well as changes in lattice parameters

Graphite,187,195,196 Si,188,190,191,216 Sn,156,192 Sb
(and SnSb),197–200 Ge,185 SnOx,

189 MnO2,
288 Li-

TM-oxide,
194 high Ni-containing Li-TM-

oxide,201–205 and Li-TM-phosphate
287

Raman spectroscopy Inferences on strain and/or stress development in
‘active’ electrode materials, including kinetics of Li-
storage

Graphite,218,289 graphene,138 Si,216,217 Sb,262,278

Li-TM-oxide,
221 and V2O5

219–220,279

Digital image correlation (DIC) Mapping and estimation of strain of ‘active’
electrode materials and electrodes

Graphite,224,225 Si-oxide,226 V2O5,
228,229 and Li-

TM-oxide
227,277

Scanning electron microscopy (SEM)
and focussed-ion beam (FIB)

Observations of dimensional changes and cracking Li,232,280 Si,233–236,284 Ge,285 C,230,281 SnO2,
237

V2O5,
219,220,286 Li-TM-oxide,

230,282–284 and Li-TM-
phosphate232

X-ray absorption spectroscopy and
Mössbauer spectroscopy

Inferences on electronic states and local structures
associated with specic atoms

Sn-based,254–257 Li-TM-oxide,
240–245,249,253 Li-TM-

sulphate,250 Li-TM-phosphate,
251,252 and Na-TM-

oxide246

Dilatometry Observations of dimensional changes of electrode
materials and electrodes

Si,259 Si/M multilayer (M ¼ Ti, Al, or Zn),259 and
graphite78

Nanoindentation Estimation of changes in the mechanical properties
of electrode materials and electrodes

Si260
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obtained in real-time with the techniques described here),
which are of greater importance, rather than the absolute
magnitude of the stresses. For example, it is only upon usage of
the substrate curvature methodology for in situ monitoring of
stress development in electrodes during electrochemical
lithiation/delithiation that the phenomena concerning occur-
rence/non-occurrence of plastic (or viscous) deformation of
electrode materials (such as Si, Sn, Al etc.) at certain stages of
lithiation/delithiation, the effects of characteristic dimensions
This journal is © The Royal Society of Chemistry 2019
towards the same, effects of phase transformations on the
electrode deformation/integrity, changes in mechanical prop-
erties of the electrodes as functions of Li-content (or state-of-
charge), effects of buffer interlayers on the stress develop-
mental patterns, stress development due to irreversible surface
processes (such as, SEI layer formation), and so on, could be
detected (identied) and studied. Such phenomena and asso-
ciated knowledge are inherent to the electrode material(s) and
electrochemical condition(s) under consideration, and thus, in
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23719
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principle, are applicable to any electrode architecture. It is the
knowledge of these aspects that are presently contributing
towards better selection of the form/type/dimension of the
electrode material and electrochemical conditions for achieving
improved electrochemical performance.

However, some of the aspects, such as stress development
during delithiation of Si lm electrodes (compare ref. 7, 11–13
and 30 with ref. 17 and 104), the very nature of the stress
development associated with SEI formation (compare ref. 18–21
and 23 and ref. 68 and 124), effects of stress on the Li-transport
(compare ref. 17, 61 and 62 with ref. 58, 63 and 65) and the
causes for observations concerning ‘attening’ of stress
response and ‘stress release’ in the case of the transition metal
oxide based cathode materials (compare ref. 24–27) are yet to be
fully understood and the associated debates settled. In fact, the
differences in the stress responses recorded with simple lm
electrodes and ‘porous composite’ electrodes (viz., those having
binders and conducting additives) are yet to be properly
understood.

On a different note, some of the very important aspects, such
as effects of creation of oxygen vacancies (and surface structural
reorganization) on the stress development in the case of the Li-
TM-oxide based cathode materials, the associated chemo-
mechanical response, self-discharge and micro-cracking of
electrodes,26,70–74,181 have not yet received the extent of focus, in
terms of conducting systematic sets of experiments related to in
situ stress measurement, that is needed. Furthermore, it has
been ‘observed’ that the presence of suitable substituents (like
Mg, Cu, or Ti) suppresses the deleterious shrinkage of the c-axis
parameter (i.e., collapse of the layered structure) for high Ni-
containing Li-TM-oxides at deep states of delithiation201–205 and
the deleterious phase/structural transformations during elec-
trochemical desodiation/sodiation of Na-TM-oxides.206–211 These
aspects and the associated benecial effects concerning
suppression of cracking and improved cyclic stability necessi-
tate further understanding by conducting in situ monitoring of
the stress development during electrochemical cycling of the
concerned electrodes. On similar lines, even though in situ XRD
studies have revealed different pathways for lithiation/
delithiation and sodiation/desodiation of some of the ‘alloy-
ing reaction’ based anode materials, including pathways which
involve intermediate amorphization and thus potentially reduce
the severity of stresses (otherwise associated with solid–solid
phase transformation),268–271 systematic and thorough in situ
monitoring of stress development directed towards under-
standing of such aspects have not yet been performed.

Furthermore, the inuences of prior (internal) stress state or
externally imposed stress on the electrochemical performance
(including polarization and potential hysteresis) and cycle
stability is another aspect which has not yet been subjected to
thorough observation/analysis and understanding. Such an
understanding may pave the way towards tuning the perfor-
mance of electrodes via imposition of stresses (at optimized
levels) prior to and during electrochemical cycling, as was
demonstrated in one of our previous studies.55 Here, it may be
pointed out that many a times deterioration of the performance
of electrodes is observed upon moving from a coin cell (where
23720 | J. Mater. Chem. A, 2019, 7, 23679–23726
external stress is imposed during cell assembly/fabrication) to
pouch cell conguration (which does not necessitate applica-
tion of stress during cell assembly/fabrication). Nevertheless, it
is expected that with increasing expertise, capabilities and
understanding in this area, coupled with the development of
and better exposure to complementary in situ techniques, more
valuable insights into some of the aforementioned grey areas
will be obtained in the near future.
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168 B. Jerliu, E. Hüger, L. Dörrer, B. K. Seidlhofer, R. Steitz,
V. Oberst, U. Geckle, M. Bruns and H. Schmidt, J. Phys.
Chem. C, 2014, 118, 9395–9399.

169 Y. He, X. Yu, G. Li, R. Wang, H. Li, Y. Wang, H. Gao and
X. Huang, J. Power Sources, 2012, 216, 131–138.

170 L. Y. Beaulieu, K.W. Eberman, R. L. Turner, L. J. Krause and
J. R. Dahn, Electrochem. Solid-State Lett., 2001, 4, A137–
A140.

171 R. Kumar, A. Tokranov, B. W. Sheldon, X. Xiao, Z. Huang,
C. Li and T. Mueller, ACS Energy Lett., 2016, 1, 689–697.

172 B. Breitung, P. Baumann, H. Sommer, J. Janek and
T. Brezesinski, Nanoscale, 2016, 8, 14048–14056.

173 I. T. Lucas, E. Pollak and R. Kostecki, Electrochem.
Commun., 2009, 11, 2157–2160.
J. Mater. Chem. A, 2019, 7, 23679–23726 | 23723

https://doi.org/10.1039/c9ta06474e


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 0
5 

Se
pt

em
be

r 
20

19
. D

ow
nl

oa
de

d 
by

 Y
un

na
n 

U
ni

ve
rs

ity
 o

n 
8/

23
/2

02
5 

5:
31

:3
7 

PM
. 

View Article Online
174 K. A. Hirasawa, T. Sato, H. asahina, S. Yamaguchi and
S. Mori, J. Electrochem. Soc., 2006, 144, L81–L84.

175 F. Single, B. Horstmann and A. Latz, J. Electrochem. Soc.,
2017, 164, E3132–E3145.

176 S. J. Harris and P. Lu, J. Phys. Chem. C, 2013, 117, 6481–
6492.

177 P. Lu, C. Li, E. W. Schneider and S. J. Harris, J. Phys. Chem.
C, 2014, 118, 896–903.

178 M. Steinhauer, M. Stich, M. Kurniawan, B.-K. Seidlhofer,
M. Trapp, A. Bund, N. Wagner and K. A. Friedrich, ACS
Appl. Mater. Interfaces, 2017, 9, 35794–35801.
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