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Abstract: The operating potentials of the Li-ion batteries active
materials usually exceed the stability window of the electrolyte,
leading to its irreversible reduction or oxidation. Often, as an
effect of these side reactions, a surface layer is deposited onto
the electrodes’ materials. These surface layers play a pivotal role
on the battery performance, rate capability, irreversible charge
losses, and safety. Despite their importance, such interphases
are difficult to analyse because of their small thickness and
sensitive chemical composition. With this review, the authors
intend to describe the already established analytical tools for

1. Introduction and Scope of the Review
1.1. Solid-electrolyte Interphase: The Paradigm

In order to reach high operating voltage, Li-ion batteries are
conventionally based on aprotic organic electrolytes, because
of their broad stability window (more than 3 V compared to the
ca. 2V of water)."? Nevertheless, several active materials used
in today’s Li-ion batteries operate outside the thermodynamic
stability window of the non-aqueous electrolytes. These
conditions cause an irreversible decomposition of the electro-
lyte, often resulting in the formation of a more or less stable
surface layer, which is interposed between the electrode and
the electrolyte.

This surface layer was observed for the first time on metallic
lithium during the irreversible reduction of the electrolyte,
which occurs upon direct contact between the metallic lithium
and the electrolyte, and it was called “solid-electrolyte inter-
phase” (SEl) because of its 3D structure.®™ The SEI has some
very peculiar physicochemical characteristics: it is an electronic
insulator and a Li* conductor, thus by definition it can be
considered as an electrolyte. In this way, any further irreversible
decomposition of the organic electrolyte is prevented, or at
least is slowed down, whilst Li ions can still take part to the
electrode’s reactions.

Researchers soon understood the pivotal importance that
the SEI had on the overall battery system, since its presence
stabilised the graphite negative electrodes, thus enabling the
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the analysis of the interphase layers formed at the electrodes’
surface in Li-ion batteries, together with the novel, unconven-
tional ones under current development, focusing on the
strengths and weak points of each technique. Particular
attention will be given to the surface layers formed onto the
positive electrodes through a summary of their current under-
standing. This is of main importance since understanding the
interphase at the positive electrode side could enable the next
generation of high energy Li-ion batteries.

commercialisation of the Li-ion technology."™ In particular,

graphite can intercalate Li* in a potential range between 0.3V
and 0.05V wvs. Li/Li" (ca. —275V and —3V vs. SHE,
respectively), in which the electrolyte undergoes a severe
irreversible reduction. Since the lithium ions enter within the
graphite structure with at least part of their solvation shell,
solvent molecules are co-intercalated together with Li™. At such
low cathodic potentials, the solvent molecules inside the
graphite structure are irreversibly reduced, resulting in the
formation of gaseous products, which destroy the graphite
matrix (exfoliation).®** This deleterious phenomenon can be
prevented when a stable SEl is formed onto the graphite
electrode, allowing a reversible Li™ (de-)intercalation.®

The energy band model can well explain the thermodynamic
reasons of the interphase formation, together with its role in a Li-
ion battery."” To better understand the sketch of the energy
levels of the interfaces of a Li-ion battery, let us focus on the
system from a purely thermodynamic point of view.

A Li-ion battery can be described through a Galvani
representation (Figure 1) consisting of several phases in
contact: two solid electron conductive phases (o, o), the
electrodes (o', 0”), and the ion conductive phase, the electro-
lyte ().

At open circuit conditions, the Li-ion cell is thermodynami-
cally stable, thus all phases are at electrochemical equilibrium,
and all the species (electrons or ions) existing in both the
phases in contact are not subjected to any net transport from a
phase to another. Under this condition, the following equilibria
between the different phases in contact can be derived
[Egs. (1)-(4)]:

Phases a'/0’ : /)Zl :ﬂg’ m
Phases o' /¢ : /tf; :‘ag' + i, )
Phases /0" : ‘u‘L’i” = ﬂgu + i, 3)
Phases o”/a” : /2‘:’ = ﬁgu (4)

The open circuit potential Vy is the potential difference
measured at the two external contacts o' and a”, which
corresponds, considering Equations (1) and (4), to the differ-
ence in the electrochemical potentials of the electrons in the
solid phases (cathode and anode) [Eq. (5)]:
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+ The energy band model clearly shows that the electronically
insulating character is one of the most important characteristics
O—a'| o c " [a"H—O of the interphase layers, since it prevents the electrolyte

Figure 1. Galvani representation of a Li-ion battery, in which each Greek
letter represents a phase. In particular: o’ is the external (copper) metallic
contact of the negative electrode; o’ is the negative electrode; € the
electrolyte, 6" the positive electrode, and o the external (copper) metallic
contact of the positive electrode. It is worth pointing out that the external
contacts (o’ and o) do not have to be confused with the electrodes current
collectors.

oM — Fe i~ [ 5
Ve = £ = £ (5)

Voc = Va” -

By subtracting Equation (3) from equation (2), it can be
concluded that the open circuit potential of a Li-ion battery
depends on the difference of the chemical potential of the
lithium in the two solid phases [Eq. (6)]:

Uy —uf =ag —ug = F Vo (6)

In the energy diagram this can be translated at equilibrium
(i.e., open circuit conditions) in a difference of the Fermi levels of
the electrodes, as shown in Figure 2a. In this scheme, the stability
window of the electrolyte (i.e. the energy gap, E) is represented
by the difference in energy of its lowest unoccupied molecular
orbital (LUMO) and its highest occupied molecular orbital
(HOMO). The Fermi levels of the positive and the negative battery
electrodes (which correspond to the cathode and the anode only
during the discharge of the battery) must lay within the stability
window of the electrolyte in order to ensure the thermodynamic
stability of the battery at open circuit.

Upon charge (Figure 2b), the electrons flow in the negative
electrode, thus increasing its Fermi level (E¢) which is now
above the LUMO level of the solution, inducing the (irrever-
sible) reduction of the electrolyte. At the same time upon
charge, electrons leave the positive electrode, thus lowering its
Fermi level (E{’), which is now below the HOMO level of the
solution, inducing in this case the (irreversible) oxidation of the
electrolyte. The irreversible reductive and oxidative decomposi-
tion of the electrolyte can only be prevented kinetically, if a
protective “passivating-like” layer is formed, which acts as a
barrier against the electron transfer between the electrodes
and the electrolyte (Figure 2c).
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decomposition. Of course, an ideal interphase should have
other very important properties, such as:

high ionic conductivity and selectivity towards Li ions, in order
to ensure the battery operation in high power regime;

high thermal stability in order to allow the operation of the
battery at high temperature and/or in spite of thermal
oscillations occurring during the battery operations;

high mechanical stability against the volume expansion/
shrinkage during the Li* (de-)insertion processes;

low charge consumption, in order to avoid a low coulombic
efficiency of the overall battery system.

Several models have been proposed during the years to
describe the structure of the SEI formed on carbonaceous
materials upon the irreversible reduction of the electrolytes, some
of which are schematically represented in Figure 3. Besenhard and
co-workers proposed that a portion of the SEI could penetrate
into the graphite layered structure, with consequent partial
inclusion of solvent molecules."" The solid polymer layer model
(Figure 3a) considers the SEI as a dispersion of solid inorganic
compounds in a polymeric/oligomeric matrix.'? The mosaic
model (Figure 3b) suggests that the SEl could be formed as an
agglomeration of several micro-phases, and assumes that the
deposition of the organic and the inorganic compounds occurs
simultaneously."* " In the compact stratified layer model instead
(Figure 3c), the SEl is seen as constituted by two sub-layers, a rigid
one mainly inorganic, which lies closer to the electrode surface,
and a soft one mainly organic/polymeric, which lays closer to the
electrolyte."*"

Following the compact stratified model, recently a mem-
brane model has been proposed."® This model assumes that
the inner inorganic-based layer of the SEl is not homogeneous,
but rather contains active sites allowing the electron-transfer
up to a certain extent. Moreover, the organic-based outer layer
of the SEl in this case is supposed to behave like a membrane,
selectively rather than sterically allowing or hindering the
transport of ions and/or molecules."®

Although an ideal SEl is supposed to block completely the
electron transfer and concomitantly to allow only the transport of
Li* cations, the real situation is different. Even excluding the aging
of the electrode materials per se, at least some of the irreversible
reactions occurring during the cycle life of a Li-ion battery involve
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Figure 2. Schematic representation of the energy levels of a lithium ion
battery, where the negative and the positive electrode phases, 6’ and o”
respectively, are in contact with the electrolyte (phase €): a) at open circuit
conditions; b) upon charge; c) upon charge after the formation of the
interphase layers on the two electrodes. In this scheme, the negative
electrode is represented as a metal, whilst the positive electrode as a
semiconductor, with a valence and a conduction band (whose energy levels
are E,” and E.”, respectively).

a residue reduction of solvents molecules and other species.”'*"'”)

Such residue irreversible reduction may be caused by: (I) a non-
completely electronic insulating nature of the interphase, (Il) non-
homogeneous thickness of the SEI, allowing in some portions a
direct electron tunnelling; (lll) cracks in the interphasial layer,
exposing electronically conductive surface to the electrolytes, (IV)

Batteries & Supercaps 2020, 3,672-697 www.batteries-supercaps.org
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Figure 3. Schematic representation of the structure of the SEI proposed
through: a) the solid polymer layer model, b) the mosaic model, and c) the
compact stratified layer model.

permeability of the interphase to chemical species (e.g. solvent
molecules, salt, etc.).

The permeability of the SEI towards chemical species has a
dual nature: on the one side, it is desirable that the SEI would
completely block the through-film transport of species in order
to avoid any further irreversible reaction involving the electro-
lyte constituents of the battery. On the other side, a certain
through-film permeation degree is necessary for the correct
functioning of the redox shuttles needed for the overcharge
protection of the Li-ion cell. Ideally, the SEI should be
permeable to the redox shuttle additives, but not permeable to
the solvent molecules. In this respect, the permeation degree
of the SEI towards some chemical species in general, and some
redox shuttles in particular, can be studied through rotating
(ring-)disk analysis mainly of glassy carbon electrodes and
highly oriented pyrolytic graphite."®®*"'¥ These studies demon-
strated the blocking effect of the SEI towards the through-film
transport of ferrocene and a more extensive permeation degree
of 2,5-di-tert-butyl-1,4-dimethoxybenzene, making the latter
better suited as additive for the battery overcharge
protection."” Moreover, following the compact stratified layer
model it has been suggested that of the two layers that are
most likely composing the SEI, the compact one closer to the
electrode surface may be formed by round-shaped particles,
whilst the external one closer to the electrolyte side may be
highly porous.”” Here, the authors demonstrated that only the
inner part of the SEI behaves as an electrolyte, allowing trough-
film transport selectively for lithium, whilst the outer part is
porous and non-selective. Recently, a detailed study on the
permeation degree of a variety of substituted ferrocene
molecules demonstrated that the through-film transport selec-
tivity towards some species is chemical rather than steric."”
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More attention should be paid to the study of the transport
properties of chemical species (as solvent and other organic
molecules) through the SEI, in view of gathering not only a
better understanding of the structure and the physicochemical
nature of the interphase, but also on the effectiveness of the
redox shuttles employed for the battery overcharge
protection.l'®?"

It is worth mentioning that, despite the fact that the SEI has
been studied for many years, the mechanism of its formation,
its exact structure and through-film transport properties are still
unclear and under debate. This can be explained considering
the high complexity of the several reactions involved in its
formation, and because of the strong sensitivity of the SEI
composition to the solvents, salts and additives present in the
electrolyte, to the binders present in the electrode matrix, to
contaminants like air and moisture, etc.%*?

In fact, despite the enormous importance of the SEI formed
onto the negative electrodes, which controls the performance
of the overall battery cell,*>?* the reasons of the uncertainty
regarding its formation mechanism, transport properties and
structure are to be found in its sensitive chemical nature and,
above all, lack of reliable operando tools.'”?** Moreover, some
characteristics and features attributed to the SEl are often
inferred rather than directly measured. This results in a partial
and unfortunately not comprehensive picture of the SEl
characteristics and formation mechanism.

For more a more detailed and comprehensive discussion on
the current understanding of the SEI formed onto the negative
electrodes, we suggest the reader to refer to the following
dedicated critical reviews: Refs. [6-7, 17].

1.2. Interphase on Positive Electrodes: The Veiled Dilemma

As long as Li-ion batteries were used only for portable
electronic applications, most of the research efforts were
directed towards the understanding of the surface layer formed
on the negative electrodes (carbonaceous ones in particular)
upon the irreversible reduction of the electrolytes, since it was
found that a stable SEI dictates the cycle life and the safety of a
Li-ion battery.*7?%22  Moreover, the materials usually
employed as positive electrodes (such as LiFePO,, LiCoO,, etc.)
in the commercial Li-ion batteries for portable electronic
applications have an operating potential below or slightly
above the anodic thermodynamic stability window of the
electrolytes.”?*® Therefore, the anodic stability of the electro-
lyte was not a matter of primary concern.

However, the growing interest in electric powered vehicles
pushed lately the development of Li-ion batteries towards
higher energy densities, in terms of higher voltage of the cell.
Therefore, materials operating at high anodic potentials are
under current development,?*=" opening up the question of
the anodic stability of the electrolytes as well, as schematically
depicted in Figure 4.

Understanding the properties of the surface layer between
the positive electrode and the electrolyte is of practical
importance since several factors such as the potential that can

Batteries & Supercaps 2020, 3,672-697 www.batteries-supercaps.org

/ High Voltage \
Negative Positive Operating Positive
Electrodes Electrodes Electrodes
///V“'— ; N
N
r T T T T T V vs. Li/Li*
0 al 2 3 4 5
Electrolyte Electrolyte
Irreversible Reductive Irreversible Oxidative
Decomposition Decomposition
Effective SEI

\ Y

Figure 4. Simplified schematic representation of the operating potential
range of the electrodes employed in Li-ion batteries, together with the
instability potentials range of the electrolytes.

be reached during the battery cycling, and the overcharge
margins that an electrolyte can provide depend on the nature
of the interphase between electrode and electrolyte.*”'”

Despite the ongoing debate on the nature and the
characteristics of the positive electrode/electrolyte interphase,
it is generally agreed that a surface layer is formed upon the
irreversible oxidation of the electrolyte as well.”'732% The
existence of a surface layer on the positive electrode side has
been reported for a variety of active materials, solvents, and
lithium salts,?****" and in some cases independently of the
synthesis route adopted for the active materials’ preparation.””

Unfortunately, measuring the oxidation potentials of the
electrolyte on the positive electrodes has been proved to be
more challenging than on the negative electrode side, since
some of the reactions are chemical, rather than electrochemical
in nature.®*3 % Moreover, several evidences point towards a
catalytic influence of the material surface on the above-
mentioned reactions, whose effect is not straightforwardly
identified.?6-3844

Attempts to measure the anodic stability limit of the
electrolytes have been made with the aid of non-active
electrodes,”**~>* which however do not reflect the real situation
when particulate active materials are employed.***" On the
other hand, the complex nature of the real, porous positive
electrodes leads to ambiguous results of more difficult
interpretation when conventional spectroscopic techniques
(i.e. X-ray photoelectron spectroscopy, Fourier transform infra-
red spectroscopy, etc.) are employed to study the surface
layers.”*® *3 Further complications arise from the fact that a
thin layer of native Li,CO; one of the main products of the
electrolyte irreversible oxidation,?2**%*% already exists on the
surface of transition metal oxides based on Mn, Ni and
Co.P>#35356%8 Moreover, such native Li,CO, thin layer can
spontaneously react with the electrolyte, acidic in nature due
to the presence of fluorinated anion such as PF~, BF,”, etc,
leading to the formation of LiF, PO,F, species.*"**>" Other
spontaneous chemical reactions proceeding via radical inter-
mediate are suggested to occur at the positive electrode upon
contact with the electrolyte and upon cycling the positive
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electrode, involving the active material itself*>*"*% Such
spontaneous chemical reactions further hinder the precise
identification of the anodic stability limit of the electrolyte.

The composition and structure of the surface layer on the
positive electrode side is also still unclear and under debate. It
has been reported that such surface layer may be mainly
constituted by polymeric/oligomeric species,®” however inor-
ganic components have been detected as well.?>*>%>% |nterest-
ingly, X-ray photoelectron spectroscopy studies suggested that
the organic polymeric/oligomeric species composing the sur-
face layer are formed independently of the active material
composing the positive electrode, and their amount increases
with increasing temperature.®? On the contrary, the nature and
amount of the inorganic species composing the surface layer
have been found to be dependent on active material
constituting the electrode.®?

The physicochemical nature of the surface layer resulting
from the oxidative electrolyte decomposition, remains still
unclear and under debate within the scientific community.
Aurbach et al. and Guyomard et al. initially inferred that such
surface layer should have the same physicochemical character-
istics as the one formed on graphite (i.e. electronically
insulating and Li ion conducting).?****? Edstrém et al. called
this surface layer solid permeable interphase (SPI)®*** referring
to the permeability of such layer towards solvent and salt
molecules, and suggested that its composition may be strongly
dependent on the active material, in terms of the deposited
organic and inorganic compounds. More recently, some
evidences suggested that this surface layer might not be
electronically insulating.®>**¢'% |f the reason for that has to be
found in the very small thickness of such surface layer, in the
inhomogeneous distribution of its constituents, in its very
physicochemical nature, or in a combination of them, remains
still unclear and further investigation is needed.

It is worth considering that up to now no general agree-
ment has been established within the scientific community
regarding the physicochemical characteristics of the interphase
formed at the positive electrodes. For this reason, different
authors refer to such surface layer with a different terminology,
such as “solid permeable interphase” (SPI)*** “cathode-
electrolyte interphase” (CEI),*? or, as in the case of negative
electrodes, “solid—electrolyte interphase” (SEI).**"! The fact that
no unambiguous denomination has been given to such surface
layer, can be directly related to the lack of a definite under-
standing of its role in the overall Li-ion cell.

The question that remains open, which thus requires
further investigation, follows: does this surface layer behave as a
real electrolyte (electron insulator and ion conductor)?

Considering that further experimental evidences are
needed in order to understand the physicochemical nature of
the surface layer formed upon the oxidative electrolyte
decomposition, within this review we will refer to it as “surface
layer”, in order not to involuntarily suggest that such layer may
have a similar physicochemical nature to the SEI.

Batteries & Supercaps 2020, 3,672-697 www.batteries-supercaps.org

1.3. Scope of the Review

As mentioned in the previous paragraphs, the investigation of
the SEI in general, and of the surface layers formed upon the
irreversible oxidation of the electrolyte in particular, poses
numerous challenges. Some of such challenges are related to
the intrinsic nature of the interphases (e.g. small thickness,
similar constituents to the bulk material of the electrode, high
chemical reactivity towards contaminants, etc.), introducing
difficulties in the interphase detection and analysis. Other
challenges arise from the tools employed for the interphase
analysis themselves, since they are sometimes invasive, leading
to unwanted changes in the physicochemical nature of the
surface layers under investigation. Moreover, every analytical
tool is able to determine some of the interphase properties,
but is blind to others, resulting in a partial and unfortunately
not comprehensive picture of the interphase characteristics.

For these reasons, and considering the high complexity of
the processes involved in the interphase formation, in order to
collect more clues about its nature, unconventional in situ
analytical tools are under current development."” However, in
order to gain a more comprehensive picture of the interphases
of a Li-ion battery, not only novel in situ and operando tools
have to be developed, but also a hyphenation of the several
analysis tools is required.

In this review, the established techniques (Section 2) together
with the promising unconventional analytical tools (Section 3)
used for the interphase investigation in Li-ion batteries will be
thoroughly discussed. The characteristics of the various techni-
ques, together with their strengths and weaknesses, will be
summarised in Table 1. Finally, the current understanding of the
nature and the characteristics of the surface layers formed onto
some high energy Li-ion batteries’ active materials, promising for
electromobility applications, and onto the inactive battery
components will be described (Section 4).

2. Established Analytical Techniques for the
Interphase Investigation in Li-lon Batteries

2.1. Electron Microscopy

Imaging techniques, as scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) have always been
extensively used in order to acquire information regarding the
status of health, as well as the morphology changes of the surface
of the lithium-ion battery electrodes during their cycle life.*® For
this reason, SEM and TEM have become routine analysis tools
employed to visualise the surface morphological changes of the
materials due to the SEI formation, and to estimate the SEI
thickness.®®® During SEM analysis, a beam of accelerated
electrons is used to image the surface of the sample, whilst with
TEM the electron beam permeates the sample under analysis,
allowing in this way the imaging of fine details of the sample’s
structure. Major advantages of the SEM employment for the study
of the interphases in lithium-ion batteries lay in the fact that SEM

677 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Table 1. Summary of the characteristics of the analytical tools employed for the interphase analysis in Li-ion batteries.

Fluorescence

Preferential reaction site visualisa-

ates

Analytical Interphase analysis Strength Weakness

tool

SEM, TEM Morphology, thickness Real-life electrodes analysis, inter- Ex situ, invasive high energy beam, high vacuum, local
phase easy to visualise analysis only

XPS Composition High precision, real-life composite Ex situ, invasive high energy beam, ultrahigh vacuum,
electrodes analysis difficult spectra interpretation

FTIR Composition In situ, non-invasive, quantitative Low signal-to-noise ratio, difficult spectra interpretation, flat

polished electrode analysis

DEMS Gaseous products identification Operando, in situ, quantitative, non- Difficult cell design, gas evolution is not always correlated
destructive, real-life electrodes analy-  to an interphase formation
sis

EIS Overall electric resistance of the In situ and possibly operando, non- Extreme complexity (generally underestimated) of data

electrode destructive acquisition and data interpretation
AFM Morphology, growth, thickness, In situ, operando, non-invasive Thickness and mechanical properties estimation not always
mechanical properties reliable, local analysis only, sometimes surface polished
electrodes needed

SECM Electronic character In situ, operando, non-destructive, Not trivial cell design,
both local and average analysis possi-  limited cycles during the operando analysis, redox mediator
ble, real-life electrode analysis needed, possible particle dragging during area mapping

Neutron- Composition, structure, thickness In situ, operando, non-destructive, Limited instrument availability, difficult cell design, gener-

based techni- high resolution ally employed ex situ, flat surface electrode analysis only

ques

Ellipsometry  Thickness, growth, density Non-destructive, high accuracy, in situ  Generally applied ex situ, difficult cell design, needs reliable

In situ, high resolution

microscopy tion, identification of species trav- visualised, often unknown composition of the visualised
elling between electrodes species
EQCM Growth, thickness, viscoelastic In situ, operando, non-destructive, real- Mass per charge ratio often does not reflect real stoichiom-
properties life electrodes analysis etry, difficult setup design, reliable models needed to take
into account the electrode porous structure
XAS Composition, reaction intermedi- In situ, high selectivity and precision, Generally applied ex situ, invasive high energy beam ad

real-life electrodes analysis possible

models for data interpretation, flat surface electrode
analysis only

Mostly applied ex situ, only fluorescent species can be

ultrahigh vacuum conditions needed when synchrotron

used as beam source, difficult cell design, flat and thin
polycrystalline samples preferred, not trivial interpretation
of the collected data

is easy to use, and it provides a quick way of obtaining images of
the morphology changes of the electrodes. Moreover, real, porous
composite electrodes can be analysed through SEM, without
needing the use of ideal materials with a flat-finished surface.
Recently, a low energy SEM-based technique with extra high
resolution has been developed, which provided local thickness
imaging of the SEI thanks to the secondary electron contrast
mechanism (Figure 5).*" TEM analysis is routinely employed to
visualise interphases and to estimate their thickness. The
amorphous character of the interphase appears in strong contrast
against the typical crystallinity of the particles of the active
material on which it grew, resulting in an enhanced resolution of
the SEI thickness.!"”

Batteries & Supercaps 2020, 3,672-697 www.batteries-supercaps.org

2.1.1. Limitations of electron microscopy

The biggest limitation in using electron microscopy to study
the interphases in lithium-ion batteries is related to the intrinsic
ex situ nature of the analysis. Therefore, a possible relaxation of
the material, if analysed in metastable conditions, and a
possible contamination with air and moisture during the
transport of the sample from the glovebox to the microscope
must be taken into account.®*”*”"" These may result in a change
of the chemical and structural properties of the
interphase.®>%*’>"" Moreover, the high energy electron beam,
together with the high vacuum conditions to which the
electrode is exposed during the analysis, may promote a
degradation of the organic species of the interphase and may
produce artefacts, which therefore can lead to misleading
conclusions.® Due to its invasive and ex situ character, electron
microscopy analysis has to be carried out with a large number
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of samples, in order to collect data that are representative of
the overall electrode. Even in this case however, the question
of how representative of the overall electrode such localised
information is remains open.

A further problem arises regarding the applicability of such
analysis to the interphase formed onto positive electrodes: in
this case, it is much more difficult to visualise the surface layers
formed on the positive electrode side through electron micro-
scopy and to estimate correctly their thickness, since such
surface layers are thinner than their counterparts formed in the
negative electrode side.?2*'*

2.2. X-Ray Photoelectron Spectroscopy

The ability of analysing the constituents of a material surface,
made X-rays photoelectron spectroscopy (XPS) one of the most
widely used techniques to study the elements and the chemical
species composing the SEI.

During XPS analysis, a high energy incident X-ray beam
penetrates the material for several hundreds of nanometres
and electrons are emitted from the core of the atoms present
only on the surface of the sample (within the first few
nanometres), because of their short inelastic mean free path.”
The kinetic energy of the detected electrons is correlated with
the binding energy of the level from which the electron is
emitted. This allows identifying the elemental composition of
the material’s surface. All the elements present on the surface
under analysis can be identified, with the exception of hydro-
gen and helium, if their concentration is above 0.1 at%."”
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Moreover, information about the chemical surrounding of the
element can be extracted as well (e.g. C—C, C—0, C=0, etc.) by
evaluating the shifts in the binding energies®’? For these
reasons, the use of XPS has been proved to give valuable
information about the identification of the inorganic and
organic components present in the interphase layers.**"%

2.2.1. Limitations of XPS

XPS analysis of the surface layers in lithium-ion batteries is
almost exclusively carried out ex situ, therefore careful attention
must be paid during the handling of the sample, especially
during its transportation from the Ar-filled glovebox to the
vacuum chamber of the spectrometer. Most of the components
of the surface layer of Li-ion battery electrodes suffer from
dramatic sensitivity towards air, and this can lead to misinter-
pret the presence and the amount of some surface compounds
like Li,CO,;, Li,O and LiF. As an example, it has been recently
demonstrated that no Li,CO; signal was present in the XPS
spectra of the surface of cycled graphite electrodes when
stored and transported in an in-house designed vessel hermeti-
cally sealed.®>’” The signal of Li,CO; that is often detected in
the SEI formed on graphite is most probably due to the
contamination of the samples with a small amount of air, which
comes in contact with the electrode during the transport step
from the glovebox to the XPS vacuum chamber.”*”"

Moreover, the use of high energy photons may alter the
composition of the surface of the electrodes, and the ultrahigh
vacuum conditions needed for the operation of the system can
damage or partially decompose the chemical species of the
surface layer.®? Furthermore, the estimation of the interphase
thickness through XPS must be carefully considered, since
undesired chemical reaction can be promoted by the sputtered
ions.® Last but not the least, the interpretation of the XPS
spectra is not straightforward, and it should be based on a solid
knowledge of the systems and good reference values.®

The situation is further complicated when XPS is to be used
for the analysis of the surface layers on positive electrodes in
lithium-ion batteries. In this case, in fact, the identification and
the quantification of the species present at the interface arising
from the irreversible decomposition of the electrolyte become
extremely difficult, since substrate and surface have the same
elements, leading in this way to ambiguous results of more
difficult interpretation.’**?

2.3. Fourier Transform Infrared Spectroscopy

As XPS, Fourier transform infrared spectroscopy (FTIR) is
routinely employed to investigate the composition of the
surface  layers  formed  onto lithium-ion  battery
electrodes.*®*”*7% The working principle of FTIR is based on the
characteristic bond vibrational energies. Therefore, FTIR can
differentiate among diverse functional groups depending on
their dipole moments.”
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Figure 6. The electrochemical cell for in situ infrared spectroscopy with the
working electrode shown in the position back from the optical window.
Reprinted with permission from Ref. [80]. Copyright (2005) Elsevier.

One of its main advantages lays in the fact that FTIR is a
non-destructive method. In fact, the instrumental apparatus
employs beams with low energy wavelengths in the micron
range (100 um-1 pm) to irradiate the sample under analysis,
therefore no high energy rays or ultrahigh vacuum conditions
are required. In this way, any alteration of the components of
the surface layer is avoided.” Moreover, although challenging,
in situ FTIR is possible when appropriate cell setups are used
(Figure 6).1%8737°)

It is worth mentioning that in order to increase the signal-
to-noise ratio and to better visualise the changes in the peak
intensity between subsequent spectra, the subtractive normal-
ised interfacial FTIR technique (SNIFTIRS) can be successfully
Used.[6'74_75]

2.3.1. Limitations of FTIR

Considering that the interphases formed onto the electrode
surfaces are thin layers, the vibration signals arising from its
components may not be strong enough and therefore not very
well resolvable. More importantly, the interpretation of the FTIR
spectra is difficult considering that the components of the
surface layers have often very similar functional groups. There-
fore, interphase components with similar functionalities can
cause overlapping vibrational signals within the spectrum,
which become very challenging to deconvolute.” Even though
in situ analysis is possible with an appropriate FTIR setup,®®”>7%
a major problem that the technique has to face in this
configuration is the strong absorption of the electrolytes, which
lowers the signal-to-noise ratio, and produces a CO, related
peak within the spectrum as well. In this way, it becomes tricky
to differentiate between the CO, signal related to the electro-
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lyte and the one arising from carbonates-based species (e.g.
Li,COs) present in the interphase.**”*" Moreover, it is difficult
to perform a quantitative analysis based on the intensity of the
peaks within the FTIR spectra, since the peak intensity is not
only related to the amount of species present on the sample
surface, but also to the nature of the chemical bond itself. In
fact, more polar bonds give stronger signals than less polar
ones.” Furthermore, some species among the principal
components of interphase layers like LiF are infrared inactive.”

Concerning the substrates that can be analysed with FTIR it
is worth mentioning that most of the electrodes of interest in
lithium-ion batteries (which are based on particles of e.g.
graphite, lithium metal oxides, olivines, etc.) do not reflect
almost any IR light, and this results in a low signal-to-noise
ratio. In order to overcome this limitation, the use of model
systems like for example glassy carbon, metal oxides, single
graphite particles, etc. with mirror-like polished surfaces is often
invoked, 874738 even though their behaviour may part from
the one of the electrodes used in real-life Li-ion batteries.

2.4. Differential Electrochemical Mass Spectrometry

Differential electrochemical mass spectrometry (DEMS) is a non-
destructive tool used for the qualitative and quantitative analysis
of the gaseous products generated during electrochemical
reactions. In lithium-ion batteries, DEMS can be employed to
study the gas evolution occurring upon the irreversible electro-
chemical decomposition of the electrolyte, thus investigating the
reaction mechanisms of the SEl formation.®®%°%7 |ts working
principle is based on separating the ionised gaseous compounds
according to their mass/charge ratio. In particular, gaseous ions
are produced within an ion source, and successively separated
into different mass-charge groups through the application of an
electric or a magnetic field.™®

One of the main advantages of such analysis is that it can
be performed not only in situ, but also operando: the intensity
change in the mass signals can be measured as a function of
the time or the potential, thus allowing the correlation of the
gas evolution to the peaks of a cyclic voltammetry or to the
plateaus of a galvanostatic measurement. Moreover, with an
opportune cell design, it is possible to analyse quantitatively
the gas evolved, and to increase the detection limit to smaller
amount of gas (Figure 7).2%%%% Another advantage of using
this technique is related to its surface insensitivity, which allows
the use of porous composite substrates, making DEMS analysis
applicable to real-life battery electrodes. For this reason, DEMS
experiments are helpful to elucidate the possible reaction
mechanisms of the electrolyte decomposition leading to the
formation of the SEI, and their potential dependence.**!

2.4.1. Limitations of DEMS

Despite its many advantages, an accurate DEMS analysis
strongly relies on the development of an appropriate cell,
which is not trivial to be designed in such a way to ensure low
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permission from Ref. [80]. Copyright (2005) Elsevier.

noise and low gas detection limits. Moreover, DEMS analysis
applied to the study of the SEI formation reactions has to be
combined with other electrochemical and spectroscopic techni-
ques, since the SEI formation does not always appear as a
feature in the cyclic voltammetry (or in the galvanostatic curve)
of the material. Furthermore, the decomposition of the electro-
lyte, to which gas evolution (e.g. CO,, H, etcB¥688) g
associated, does not necessarily ensure that a surface layer has
been effectively formed onto the electrode’s surface, and this is
especially relevant for the study of the surface layer formed at
the positive electrodes.

2.5. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an established,
non-invasive electrochemical tool, which is routinely used to
study, among other phenomena, the SEI formation and
nature.®>***¥ E|S is based on measuring the frequency response
of an electrochemical system upon the application of a small
potential difference over a wide range of frequencies. Taking
into account its very non-destructive nature, EIS is a powerful in
situ technique, which allows the observation of a large number
of phenomena occurring in a broad range of time constants,
and the interpretation of the current response of the system in
terms of a physical model. Moreover, three-electrode measure-
ments allow the investigation of single electrodes and of their
degradation, also in terms of the SEI growth or of the mass
loss.®! Interestingly, it is also possible to measure impedance
spectra in-operando through fast Fourier transform electro-
chemical impedance spectroscopy (FFT-EIS) or through dynam-
ic multi-frequency analysis (DMFA),®®® thus looking at the
phenomena while they are occurring.
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2.5.1. Limitation of EIS

There are two main weak points that make EIS a difficult tool to
handle: data acquisition and data interpretation.

Concerning the data acquisition, three electrode cells
capable of acquiring impedance spectra at high frequency
without distortions should be used, despite the fact that they
are extremely difficult to build (Figure 8).%°*? The geometrical
position of the reference electrode with respect to the working
electrode and the counter electrode is not a trivial aspect, and
has a strong influence on the measured impedance spectra
(Figure 9). Proper cells are very complex to build and unfortu-
nately only rarely used. In addition, proper reference electrode’s
material has to be used.”

Two-electrode setups are certainly easier to handle and
unfortunately widely used, but in this case, the response of
both electrodes is summed up, and the contribution of the
single electrodes on the recorded impedance is nearly impos-
sible to separate. This makes the interpretation of the
impedance spectra extremely complex, and leads to a mislead-
ing and often unrealistic interpretation of the phenomena
occurring at the electrodes.

The interpretation of the impedance data is also not trivial.
Impedance spectra are a way to measure the non-equilibrium
behaviour of the electrochemical systems. A proper interpreta-
tion can be done only by fitting the results to a physical model.
However, the often used equivalent circuits®***¥ lack of a
proper correlation between the circuital elements and the
physical meaning, thus becoming pure mathematical fitting
parameters, without any physical correlation with the phenom-
ena occurring in the system under analysis. Proper modelling
of Li-ion batteries, which can be used for the interpretation of
the impedance spectra, can be found in literature,®**" however
they are only rarely used.

Last but not the least, the analysis of the statistical
relevance of the parameters used for the fitting of the
equivalent circuits, together with counter experiments at differ-
ent conditions, is unfortunately rarely discussed at all.

All these points, which are rarely taken into account during
EIS analysis of surface (and bulk) phenomena in Li-ion batteries,
make the majority of the EIS measurements (and their
interpretation) on the interphase available in the literature
mostly untrustworthy.

2.6. Atomic Force Microscopy

Among the local probe techniques, atomic force microscopy
(AFM) allows the acquisition of images of the surface under
analysis with resolutions of a fraction of the nanometre. A sharp
tip is positioned onto a thin cantilever, which is scanned along
the surface under analysis. Deflections of the cantilever are
related to the roughness of the surface, and allow the
acquisition of 3D images of the surface topography.

Being the AFM a non-invasive, in situ tool, this technique
has been used in lithium-ion batteries to monitor the
morphology and growth of the interphase,” and to study its
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structural stability at elevated temperatures.”® Moreover, AFM
can also be employed to estimate the surface layer thickness
by scraping it off with the tip, and measuring the height
difference between the scraped and the not-scraped areas of
the electrodes.”®'®"® Another way of employing AFM for the

Batteries & Supercaps 2020, 3,672-697 www.batteries-supercaps.org

interphase  analysis in Li-ion batteries is through
nanoindentation.'®'% By pressing the AFM tip (of known
mechanical properties) into the sample of unknown mechanical
properties, it is possible to evaluate the Young modulus (i.e.
elastic modulus), the hardness, and the strain-rate resistivity of
the surface under analysis.

A further advantage of such analytical tool is that AFM
measurements can be performed in situ and operando, thus
providing information on the structure, thickness and mechan-
ical properties of the interphases in their native
enVironment.[101'103'105]

Through conductive AFM (c-AFM) it is possible to visualise
the local electronic conductivity of the electrode, by employing
an electronically conductive tip."® However, to our best
knowledge there is no dedicated application to the visual-
isation of the SEL. In lithium-ion batteries, c-AFM has been used
mainly to visualise local phase transformations occurring at the
nanoscale,"® Li* transport behaviours at grain borders and
interiors,"” % and localised mechanical stress."”
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2.6.1. Limitations of AFM

Despite its nanometre accuracy and the possibility of running
the measurements in situ and operando, the reliability of AFM
in terms of interphases thickness estimation has been recently
challenged.""*"" When estimating the SEI thickness with AFM,
it has to be taken into account that part of the SEI might not
be scratched away by the tip. As suggested from the compact
stratified model,"*" the SEI could be constituted by an outer
softer layer (i.e. the one closer to the electrolyte side) easier to
be scraped off, and an inner harder layer (i.e. the one closer to
the electrode side). This latter “underlayer” may actually remain
on the electrode surface even after several scrapings'' and,
since it has been shown that its composition is different from
the one of the pristine electrode,"™ it has been suggested that
such underlayer may be the one responsible to a higher extent
of the electronic insulating character of the SEL™'®""3 This latter
hypothesis has been suggested also considering the some-
times-absent correlation between the electrochemical perform-
ance of the electrode, and the SEI thickness as measured by
AFM.I"3 This gives an idea of the complexity of the nature
and the structure of such interphases, since the SEI quality is
not necessarily correlated to its thickness.

When employed for the investigation of the interphase’s
mechanical properties, AFM suffers from the following limita-
tions: () the Young’'s modulus can be generally estimated by
assuming linear and isotropic materials,"®""® which may not
necessarily be the case for the interphases; (Il) when soft
materials are under analysis, like in the case of the
interphase,? the experimental procedure suffers from intrinsic
challenges related to the tip-surface adhesion and to the
surface detection;"'” (lll) the estimation of the mechanical
properties of the substrate under analysis has been shown to
be tip dependent.l'®116-117)

A further general disadvantage of employing AFM for the
interphase analysis is related to the intrinsic local character of
the experiment. Being the analysis restricted to grids of
nanometric scale, it is difficult to use the collected local
information to extrapolate the general behaviour of the
electrode. In order to do so, the comparison of many measure-
ments acquired in different areas of the electrode is generally
advised, even though time consuming.

Last but not the least, AFM is generally applied to the study
of flat electrodes or electrodes with a controlled roughness. For
this reason, the application of AFM to the study of porous
composite electrodes is not always straightforward, and this
may result in errors in the data acquisition and interpretation.

3. Emerging Novel Analytical Techniques for
the Interphase Investigation in Li-lon Batteries

3.1. Scanning Electrochemical Microscopy

chemical reaction occurring in correspondence of a micro-
electrode, often referred to as SECM tip (or SECM probe). The
microelectrode is typically positioned close to the substrate
surface under analysis. The perturbations of the electrochemical
response of the SECM tip give information about the substrate
nature and properties, and about the local reactions occurring
in correspondence of the surface under analysis (Figure 10).
Among the different SECM modes of operations,"'® SECM in
the feedback mode can be employed to directly measure the
electronic character of a surface, through the variation of the
electron transfer kinetics of a free diffusive redox couple (the
so-called redox mediator) present in solution in small amount.
For this reason, feedback SECM has been for the first time
employed™ in lithium-ion batteries in order to visualise the
SEI formation and insulating character."'

The unique feature of the feedback mode SECM of directly
measuring the electronic insulating character of the SEI, is
certainly one of the major advantages offered by such technique.
Moreover, the interphase analysis can be performed in situ and
operando, without altering the environment to which the battery
electrode is exposed, thus avoiding any unwanted chemical
change of the surface layer. By tuning the dimension of the
microelectrode (i.e. SECM tip), information on both the local and
the average behaviour of the electrode can be harvested."'*"?"
Another advantage of such analysis lays in the fact that not only
flat-finished surfaces but also porous composite electrodes can be
used, thus allowing the in situ and operando study of the
interphases formed onto real-life battery electrodes.

The SECM investigation of the interphases can be per-
formed essentially in two different ways: (I) operando, by
keeping the microelectrode at a fixed position, thus collecting
time- and potential-resolved information about the interphase
formation and changes during the polarisation of the Li-ion
battery electrode;"'®™?" (Il) by moving the microelectrode over
the substrate surface, thus obtaining in situ spatially resolved
scans, in order to visualise the interphase formation and
changes over time 1011201221

Piezo WE1 )
motor

Bipotentiostat

WE 2

Stepper motor Vibration damping table

Another local probe technique is the scanning electrochemical
microscopy (SECM), which measures the current of an electro-

Figure 10. Schematic representation of the experimental apparatus of the
scanning electrochemical microcopy.
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In particular, the feedback mode SECM has been success-
fully employed to determine the SEI formation
potential'®""1912112124 and time stability,"**'*? the role of the
Li* (and Na™) cations in its insulating nature,"*' the SEI anodic
stability”*’ and the vinylene carbonate (VC) additive role on its
formation potential and electronic nature.* Moreover, this
technique has been very recently applied to directly visualise
the electronic character of the interphases formed onto high
potential positive electrodes.®

3.1.1. Limitations of SECM

Although the SECM can be operated within an Ar-filled glovebox
for the in situ and operando analysis of the interphases, careful
attention must be paid in the electrochemical cell design, which
has to allow a homogeneous current lines distribution, in order to
mimic the cycling conditions of the electrodes in conventional
coin cells?" Moreover, the operando investigation of the
interphases is usually limited during the first numbers of cycles of
the Li-ion battery electrode (usually less than 10 cycles), in order
to avoid a significant evaporation of the electrolytic solution. Even
with a closed-cell design, the SECM electrochemical cell cannot be
hermetically sealed,""*"*" and a small evaporation of the solvent
occurs anyway over time. If too prolonged, the solvent evapo-
ration can lead to changes in the concentration of the redox
mediator present in solution, thus altering the electrochemical
response collected by the SECM tip during the experiment.

In order to collect trustworthy data only related to the
interphase, the permeability of the redox mediator employed for
the feedback SECM analysis has to be evaluated. If permeable to
the interphase, the electrochemical response collected at the
SECM tip could reflect not only the surface layer, but also the bulk
of the porous composite electrode and current collector. More-
over, it is worth pointing out that the redox mediator has to be
chosen properly: it should be stable over the potential range
applied during the polarisation of the Li-ion battery electrode,
electrochemically reversible, chemically stable, and it should not
influence the interphase formation and nature.

Finally, when the feedback SECM is employed to collect
area scans of a portion of the surface, careful attention has to
be paid when real porous composite electrodes are used. In
this case, considering the high and irregular porosity and
roughness of the porous electrode, the possibility of dragging
the particles during the scan cannot be a priori ruled out. Last
but not the least, from the area mappings collected through
SECM it is not trivial to differentiate the contribution of the
topography from the local reactivity of the sample.'™®

3.2. Neutron-Based Techniques

Neutron-based techniques such as neutron diffraction, scattering,
and especially neutron reflectometry, have been recently applied
to the in situ study of the interphases in lithium ion batteries in
order to estimate their structure, thickness and composition."?~""
The common denominator of the different neutron-based

Batteries & Supercaps 2020, 3,672-697 www.batteries-supercaps.org

techniques is the application of a thermal or cold beam of
neutrons to the sample to be analysed.®" The character of such
analytical tool is purely non-destructive because of the low energy
and neutral charge of the incident beam. The high resolution
(especially for light atoms like Li), the non-destructive, highly
penetrating nature of the neutron beam, and the possibility of
performing measurements operando, allow a dynamic mapping of
the SElI during the electrode charge/discharge, and provide
information about its thickness."*”

3.2.1. Limitations of neutron-based techniques

Being nuclear reactors the source of neutrons, the instrumental
setup required to perform neutron-based analysis suffers from
limited availability and high costs related to the experimental
apparatus itself and its maintenance. This remains the major
hindrance to the spread of neutron-based techniques. The
development of a cell setup is extremely difficult, thus
hindering the employment of the NMR-based analysis oper-
ando. Moreover, when performed operando a two-electrode
cell setup is usually preferred (over a three-electrode one), even
if information on the exact working electrode’s potential is lost.
In addition, despite the big potential that this analytical tool
offers, in terms of the variety of information that can be
collected in a non-destructive way about the surface layer, the
massively stringent restrictions on the roughness of the surface
under analysis"* severely limit the applicability of the neutron-
based techniques to real-life battery electrodes.

3.3. Ellipsometry

Ellipsometry is a surface sensitive optical technique, which
measures the change of polarisation of a smooth surface upon
the reflection or the transmission of a linearly polarised light
beam. Information regarding the surface roughness, density,
and dielectric properties of the sample’s surface can be derived
through the development of appropriate models."*>% |n
lithium-ion batteries, ellipsometry has been applied to the
study of the SEI thickness™* and density,"* and to study the
decomposition mechanism of organic electrolytes."**"*¥ Non-
destructive character of the incident beam, high accuracy and
possibility of performing experiments in situ make this
analytical tool very attractive for the study of Li-ion battery
interphase layers in their native environment.

3.3.1. Limitations of ellipsometry

Even if this technique would be ideal to estimate the
interphase thickness with a high accuracy, and to monitor its
growth thanks to the non-interfering nature of the light beam,
the instrumental setup is generally applied ex situ, since the
development of an in situ electrochemical cell is not trivial.
Moreover, such methodology requires the development of
reliable models for the data interpretation, and the use of
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samples with a very smooth surface, which are far from the real
(highly porous) battery electrodes.

3.4. Fluorescence Microscopy

A particular kind of optical microscope is the fluorescence
microscope, which employs fluorescence and phosphorescence
instead of (or in addition to) scattering, reflection, etc,, to study
inorganic and organic compounds. The substrate under analysis is
illuminated with light of a specific wavelength, which is absorbed
by the fluorophores and re-emitted with a longer wavelength.

In Li-ion batteries, fluorescence microscopy can be used to
track lithium ions inside the battery system (Figure 11a).*%""
Moreover, some recent efforts have been directed to the
application of fluorescent microscopy to the study of the
fluorescent species produced at the positive electrode/electrolyte
interface  when high anodic potentials are reached (Fig-
ure 11b).[1%140

£="30 min

Microfluidic /
Channel Microscope

Objective

2 405 nm
Dichroic Excitation
Mirror

Fluorescence to

Silver Camera
Mirror
© .
HPNO Li+ Emissive
b) HPNO-Li+
a = Optical b v X-ray [Mn] C s—— X-ray [Ni]

0.1mm

1mm Tmm

Figure 11. a) (A)Schematic of a PDMS microfluidic channel immediately after
a LiCl crystal (red cube) is placed at one end. (B) Using widefield fluorescence
microscopy, the flow of lithium ions can be tracked as lithium ions bind to 1,
making it fluorescent under excitation. Reprinted with permission from Ref.
[136]. Copyright (2017) American Chemical Society. b) Optical and X-ray
fluorescence images of the graphite negative electrode from a tested Li-ion
cell. (a) Optical fluorescence image (488 nm excitation). (b, ¢) XRF maps of
the (b) Mn and (c) Ni elemental distributions (1.,=8500 eV). Reprinted with
permission from Ref. [139]. Copyright (2015) American Chemical Society.
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This technique can be employed in situ to identify the
preferential sites of the electrode surface at which the oxidation
reaction occurs,™" together with the fluorescent species pro-
duced from the dissolution of the metallic constituents of the
positive electrodes. These species can travel through the battery
during several charge/discharge cycles and, reaching the negative
electrode side, can be included in the SEl on the negative
electrode, influencing its chemical nature and properties.

3.4.1. Limitations of fluorescence microscopy

This analytical technique, despite its high resolution, provides
no information on the structure and/or on the physicochemical
nature of the interphases. Moreover, it is generally employed ex
situ and only fluorescent/phosphorescent species can be
visualised. Even though fluorescence indicators can be synthes-
ised and used to tag the non-fluorescent species of interest,"*
the introduction of such indicators can affect the already
complex formation mechanism of the interphases, thus chang-
ing its composition or physicochemical nature. Finally, most of
the fluorescent species that can be visualised remain of
unknown composition.[*”

3.5. Electrochemical Quartz Crystal Microbalance

The electrochemical quartz crystal microbalance (EQCM) is an in
situ gravimetric analytical tool that allows the determination of
the mass changes (accumulation or decrease) during the electro-
chemical reactions taking place at an electrode. The sample under
analysis is mounted onto a piezo quartz crystal, and through the
monitoring of the crystal vibrations, it is possible to correlate the
mass changes to the electric charge flow."*” Depending on the
setup employed this technique can be employed operando, it has
a non-destructive nature, and it can be applied to the study of
porous, real-life battery electrodes.

In lithium-ion batteries, EQCM has been used to quantita-
tively study ion adsorption,'*! material deformations caused by
the Li* intercalation in porous electrodes,™ and to study the
interphase formation,"*' viscoelastic properties,'* and the role
of the additives to its composition and thickness"*” (Figure 12).
EQCM analysis of the interphases give quantitative information
regarding (I) the viscosity and the ion conductivity changes
near the electrode during its cycles,™ (Il) the potential range
of the main mass accumulation (related to the interphase
formation),"* and (lll) the influence of the electrolyte compo-
nents (in terms of solvents, salts and additives) on the possible
interphase thickness."*”

3.5.1. Limitations of EQCM

During EQCM measurements, the mass per charge ratio should
ideally reflect the stoichiometry of the electrochemical proc-
esses taking place at the electrode, however this is not always
the case when EQCM is applied to the study of the Li-ion
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Figure 12. SEM images of LTO electrodes on quartz-crystal surface and their
model presentation. a) pristine electrode, b) cycled in EC-DMC 1M LiTFSI, c)
1M LiPF4, and d) 1M LiPF4 +2% VC solutions (scale bar =500 nm). e) Sketch
of velocity profiles for rigid and viscoelastic layers of LTO electrodes in air
and f) in electrolyte solution. Velocity profile of shear wave crossing the
multilayer assembly is exemplified for fundamental frequency and third
overtone order. Reprinted from Ref. [146]. Copyright (2017) The Authors.

batteries interphases. As a matter of fact, most of the times the
mass per charge does not correspond to any species that
should be present within the interphase,"*” or it is actually
smaller than the one that the components detected within the
interphase through other in situ techniques should have."*”

In order to be conclusive, any unwanted changes in the
dissipation factor should be carefully avoided, and the
electrode under analysis should always be rigidly fixed onto the
crystal, both at open circuit and during the application of a
potential."*? Moreover, particular attention should be paid to
the crystal oscillation frequency changes given by multiple
parasitic processes, such as asymmetrical mechanical stress,"*
viscosity changes in the solution near the surface of the
electrode,"”™ temperature variations,"*" and unwanted chem-
ical reactions.™" Such parasitic processes may introduce severe
errors in the analysis, thus hindering the extraction of reliable
quantitative data. Moreover, in order to achieve a correct
interpretation of the acquired data, the roughness and porous
structure of the electrode surface has to be taken into account
through the development of adequate models."™'"** This last
aspect is highly important in order to investigate the behaviour
of electrodes that approach the porous composite ones
employed in real-life Li-ion batteries.
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Figure 13. a) The energy level diagram for L-edge (L,L;, and L;,) transitions
(2s and 2p to 3d) and K-edge transitions (1s to 3d and 4p) for Mn(ll). The
energy levels are not drawn to scale. For example, the K-edge is at 6,539 eV
and the L edges are at 769, 650, and 639 eV, respectively. Reprinted with
permission from Ref. [154]. b) pattern of an outgoing and backscattered
photoelectron wave in the case of EXAFS (single scattering events) and
XANES (multiple scattering events). Reprinted with permission from Ref.
[155]. Copyright (2004) American Chemical Society.

3.6. X-ray Absorption Spectroscopy

Another technique that has recently found its application in
the frame of the interphase analysis in Li-ion batteries is the X-
ray adsorption spectrometry (XAS). XAS employs X-rays in order
to gather information on the local structure of the material
under analysis, being it a molecule or an atom. This technique
allows measuring the X-rays absorption as a function of the
energy of the incident X-ray beam.** ' |n this way, the
variations of the absorption coefficient are detected, which are
characteristic of a specific absorbing element, and are related
with the energies required for the transition of an electron
from the core atom to an unoccupied level (LUMO) or to the
continuum (ionisation) (Figure 13a). Depending on the type of
the electronic transition recorded, one can refer to X-ray
absorption near-edge spectroscopy (XANES), and to extended
X-ray absorption fine structure (EXAFS). In particular, XANES
spectra are useful to gather detailed qualitative and quantita-
tive information on the oxidation state, site symmetries, and
covalent bond strength of the probed species,** "> whilst
EXAFS spectra provide information on the local environment of
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Chemical Society.

the probed species, in terms of coordination numbers, bond
length, and chemical nature of the neighbouring atoms!**'*!
(Figure 13b).

In the frame of lithium-ion batteries, XAS has been used for
investigating: (I) the reaction mechanisms, phase changes, and
degradation processes occurring at the electrodes’ surface (up
to a depth of c.a. 3 nm) and bulk (up to a depth of c.a. 100 nm)
of the active material;"**"*¥ (Il) the change in the oxidation
state of the metallic ions constituting the active material;"">"'"!
(Il the formation mechanism(s) and the chemical nature of the
components of the surface layers.'®®'3'17162 Begide XANES
and EXAFS, also soft XAS and total-reflection fluorescence TRF-
XAS (both synchrotron-based) have been employed for the
interphase analysis.'*8159161-162

The main advantages of XAS are related to: (I) the
possibility to perform measurements in situ, and to deliver both
electronic and structural information; (ll) its high selectivity,
allowing to measure very diluted samples; (lll) its very high
precision, which is in the order of 1072~1073 A for the structural
determination, allowing the observation of transient structures
of reaction intermediates.>*"%>">7

3.6.1. Limitations of XAS

General XAS limitations are related to: () the fact that the
technique works best with ordered and/or highly concentrated
samples; () the sample can undergo photochemical and/or
laser induced damage; (lll) in order to obtain full structural
information a great number of Bragg reflections needs to be
monitored, making the data interpretation not trivial.['**"'>"

In addition to the aforementioned limitations, other aspects
need to be considered when XAS is applied to the interphase
analysis. The cell for the in situ analysis is not straightforward to
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design, and its employment requires careful attention in the
calibration of the penetration depths of the incident beam.
Moreover, in order to achieve the high sensitivity and precision
needed for the surface layer's analysis, synchrotron has to be
used as beam source. As a consequence, the use of high energy
photons and ultrahigh vacuum conditions may alter the
composition and/or partially decompose the surface layer
under investigation. Last but not the least, even considering
that the technique has been also applied to the study of
porous battery electrodes, flat-finished polycrystalline thin film
electrodes are preferred for this kind of analysis in order to
achieve high resolution,"**'** thus limiting the application of
the technique to real-life Li-ion battery electrodes.

4. Surface Layers on High-Voltage Positive
Electrodes

As briefly stated within the scope of the review (Section 1.3) we
will give an overview of what has been reported so far regarding
the surface layers formed onto high operating voltage positive
electrodes for high energy Li-ion batteries. In particular, we will
focus on lithium nickel manganese oxide, lithium nickel man-
ganese cobalt oxide, lithium nickel cobalt aluminium oxide, and
on the inactive electrode components (i.e. conductive carbon,
binder and aluminium current collector).

Despite polyanionic compounds (such as LiNiPO,, LiCoPO,,
Li;V,(PO,);, etc.) can be cycled up to potentials reaching 4.8~
5V vs. Li/Lit, "% to the best of our knowledge there are no
studies dedicated to the interphase analysis that may be
forming on these materials. The reason for this could be related
to the fact that this class of materials, although very promising
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in 1 M LiPF4 EC:DEC (1:1 wt%). b) z-Approach curves (r: radius of the tip:
12.5 mm; d: tip-to-sample distance) to the LiNiysMn;, s0, surface before and
after the cyclic voltammogram in 15mMFcPF61M LiPFg EC:DEC (1:1 wt%).
Paste electrode held at OCP (4.1 V); applied tip potential: 3.0 V. Reprinted
with permission from Ref. [65]. Copyright (2017) PCCP Owner Societies.

for electromobility applications, is still an early stage of
development.

Since the surface layer formed upon the irreversible
electrolyte oxidation is foreseen to play a key role in enabling
the use of the next generation of high energy Li-ion batteries,
we will not focus on the materials operating at potentials lower
than 3.5V~3.7V vs. Li/Li* (such as for example LiCoO, and
LiFePQ,). In order to collect more information on the surface
layers formed (if any) onto the electrode materials used in Li-
ion batteries for portable electronic applications, we suggest
the readers to refer to the following reviews and reports.'*?

4.1. Lithium-Nickel-Manganese Oxide (LNM)

LiNigsMn, sO, is a promising spinel for high energy density Li-
ion batteries, considering its charge capacity of 148 mAhg™
and its operating potential of ca. 4.7V vs. Li/Li".'? Several
studies based on XPS, FTIR, TEM, EIS, have reported a surface
layer formation during the initial cycles of the
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Figure 16. Ni K-edge TRF-XAS spectra of the LiNi0.5Mn1.504 thin-film
electrodes after the electrolyte soaking, at 4.74 V and at 5.0 V from a) the
bulk and b) the surface, respectively. Reprinted with permission from Ref.
[159]. Copyright (2013) Elsevier.

electrode,?23**>'%5 ith thickness increasing upon increasing

the number of cycles.**'®” Such surface layer appears mainly
constituted of inorganic salts (among which LiF), polycarbon-
ates and polyethers®'%-'%8 (Figure 14).

However, the mechanism of its formation remains unclear.
As an example, XPS studies of LNM thin film cycled in a
solution containing 1 M LiPF; EC:DMC (1:1) found no product
of the electrolyte decomposition, suggesting that the surface
layer could be formed preferentially onto the inactive compo-
nents of the paste composite electrode.'™ In contrast, FTIR
studies of LNM thin film electrodes, cycled in the same solution
as in Ref. [169], detected electrolyte decomposition products
even at low electrode polarisations, suggesting that, at least in
part, the surface layer could be formed chemically upon direct
contact with the electrolyte."””

Also concerning the physicochemical characteristics of the
surface layer formed on LMN electrodes no definite agreement
has been reached: in EC:DMC-based solutions XPS, FTIR and EIS
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Figure 17. Plot of mass signal intensities Im/z [Ag~"] for Li, , (Ni;,sMn, 5
>C0,/3):_,0, (x=0 and x=0.1, respectively) normalized in respect to the
oxide mass; E is the potential vs. Li/Li* [V]. Reprinted with permission from
Ref. [30]. Copyright (2008) Springer Nature.

studies suggested the formation of a protective surface layer®!

also at elevated temperatures (70°C).""

In EC:DEC based solutions SECM studies directly probed
the formation of an electronically conductive layer®™ (Fig-
ure 15), and later XPS studies proposed the formation, in the
same solution, of a layer permeable to the solvent molecules,
thus not preventing the electrolyte irreversible oxidation.!”?

As for the thin films of LNM when cycled up to 4.9V vs. Li/
Li* in 1 M LiCIO, EC:DEC (1:1), ex situ XPS studies revealed the
presence of a surface layer constituted of carbonyl and/or
carbonate species (likely lithium alkyl carbonates)."*® However,
in situ TRF-XAS measurements showed on the same electrodes
that the chemical state and the local environment of the LNM
surface was the same as the one in the bulk of the polycrystal-
line thin film (Figure 16). Therefore, in this case it has been
suggested that the surface layer formed upon the irreversible
electrolyte oxidation does not influence the surface composi-
tion of the LNM.[™

A further, more systematic investigation is required in order
to gain a clearer and less contradictory understanding of the
surface layer formed onto LNM.

4.2, Lithium-Nickel-Manganese-Cobalt Oxide (NMC)

Li; 4(Ni;sMn;5C0,,3)1.0, (NMC)-based positive electrodes are
employed in commercial Li-ion batteries, usually in combina-
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tion with graphite-based negative electrodes. Such materials
are promising candidates for high energy density Li-ion
batteries for electromobility applications, thanks to their highly
anodic operating potential (3.7-4.5V vs. Li/Li")E"*"7 and
charge capacity (around 200 mAh/g)."”*

Several investigations, based mainly on XPS and
DEMS,2%1737189 have suggested the formation of a surface layer on
NMC electrodes cycled at various potentials in contact with
different solvents.2°®'7*8% gych surface layer is supposed to be
composed of organic carbonates and inorganic salts such as LiF,
Li,CO,, together with phosphorous containing species.76-17717%-18%
However, there is still a lack of agreement concerning the
formation mechanism of such surface layer. In solutions contain-
ing 1 M LiPF¢ EC:DEC (1:1) it was suggested that the surface layer
may be built up appreciably only by repeated cycling,"”® whilst in
1M LiPF; EC:DMC (1:1) a surface layer was detected on NMC
during its initial cycling, suggesting that the active material may
react itself as a reagent for the electrolyte decomposition, when
oxygen is released from its lattice.""®”

Regarding the physicochemical nature of this surface layer,
DEMS studies suggested that the layer formed onto stoichio-
metric NMC (i.e. Li;_(Ni;;3Mn,;3C0,,3),,0, where x=0) based
electrodes is expected to be electronically conductive. Such
hypothesis was based on the continuous detection of CO,,
evolving from the anodic decomposition of the EC:DEC (1:1)
based electrolyte during the first several cycles (Figure 17).5%
The electronic conductive character of the surface layer formed

689 © 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
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Figure 19. XPS spectra of NMC at different voltages in the first cycle (a-b) O 1s, (c—d) F 1s, and (e-f) Li 1s. Reprinted with permission from Ref. [158]. Copyright

(2019) Elsevier.

on stoichiometric NMC operated in the same EC:DEC based
solution was confirmed by later SECM studies.”””

For over-lithiated NMC (i.e. Li, ,,(Ni;;sMn;;Co,/3);.,0, where
x=0.1), DEMS studies performed in EC:DEC based solutions
suggested the formation of an electronically insulating surface
layer. Such conclusion was based on the observation of the CO,
evolution, which comes from the decomposition of the electro-
lyte, occurred only during the first cycle,®®'"* together with O,
evolution®"* (Figure 17). Oxygen radicals are in fact released
from the over-lithiated NMC lattice, because of its structural
changes occurring during the first Li* deinsertion!7*'8'-'82
(Figure 18). The CO, evolution suppression was thus ascribed to
the insulating character of the surface layer, preventing any
further electron transfer from the electrode to the
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electrolyte.”*7% Such insulating surface layer was suggested to
be the result of both the high anodic polarisation of the NMC
electrode (up to 525V vs. Li/Li), and the reaction of the
oxygen radicals with the electrolyte.®*'”¥ However, direct SECM
experiments resulted in the observation of an electronically
conductive surface layer, also for the over-lithiated NMC, cycled
in the same potential range and electrolyte.” The hindrance of
CO, evolution was thus suggested to occur because of the
catalytic effect of the NMC surface, when undergoing structural
changes during the release of oxygen radicals.”

Recent XPS studies performed ex situ during the initial
cycling of LiNigsCoy,Mng,0, in 1 M LiPF; EC:DEC (1:1) report a
dynamic nature of the surface layer formed when the material
was cycled up to 4.6V vs. Li/Li* (Figure 19). In particular, the
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Figure 20. Irreversible-specific charge versus cycle number. a) Carbon (EELS) was performed onto a commercial NCA-based Li-ion
sl bl il e s e e Sow o) battery with LPF, a5 electrolte cyced for 150 cycks up o
with permission from Ref. [185]. Copyright (2012) Springer Nature. 4.2V vs. Li/Li*."® The STEM and EEL analysis demonstrated the

formation of a thick layer of c.a. 10 nm of “degraded surface
layer”. Such degraded surface layer was constituted of NiO,
(resulting from phase and structural transformations of the
NCA). In addition to this, ex situ XPS analysis demonstrated the
presence of Li,CO, within such surface layer,"® which might
result from the electrolyte oxidation. However, having been the
XPS analysis carried out ex situ, the possibility of the Li,CO,
coming from a contamination of the samples with a small
amount of air during the transport step from the glovebox to
the XPS vacuum chamber”7" cannot be completely excluded.
Another study based on ex situ SEM showed that onto the
surface NCA cycled 1 M LiPF; EC:DEC (1:1) up to 4.5 V vs. Li/Li*
a thick surface layer was present after 200 cycles. Even though
no composition analysis was performed on the samples, ex situ
SEM showed that the presence of an additive (a trimethylsilyl
based malonate ester) prevented the deposition of such surface
layer onto the NCA electrode’s surface."®¥
Figure 21. SEM pictures of the carbon powders. (a) acetylene black; (b) As too few studies have been performed so far onto NCA
carbon nanofibers; (c) Super-P; (d) graphite. Reprinted with permission from electrodes cycled up to potentials high enough to promote a
Ref. [185]. Copyright (2012) Springer Nature. considerable irreversible oxidation of the electrolyte, there is a
great lack of information regarding the physicochemical nature
of the surface layer and its role on the cycle life of NCA-based
accumulation of species such as lithium fluoride and lithium Li-ion batteries.
carbonates was observed to form upon direct contact of the
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4.4. Inactive Electrode Components

Considering the fact that the irreversible oxidation of the
electrolyte is influenced by the material constituting the
electrode under analysis, it is of importance to understand
whether these irreversible processes occur preferably (or even
selectively) onto the inactive electrodes components, namely:
the carbon additive particles, the polymeric binder and/or the
aluminium current collector, as suggested in Refs. [169, 179].

4.4.1. Conductive carbon additive and polymeric binder

It has been shown that the nature of the carbon additive
influences the irreversible oxidative reactions of the
electrolyte®'7*'® (Figure 20). In particular, it has been sug-
gested that the extent of the irreversible charge (Table 2)
observed during the cycling of the electrode is not correlated
to geometrical effects, considering the similar morphology of
different conductive carbon additives (Figure 21), but rather to
the nature of the conductive carbon additives themselves, in
terms of surface groups.'”®™ It is worth mentioning that the
nature of the surface groups present on the conductive carbon
additives is strongly related to their synthesis conditions."®’

Table 2. Characteristics and irreversible charge for the different carbon
additives investigated. Q;, and g, are the specific irreversible charge and
the density of irreversible charge with respect to the BET area, respectively.
Adapted with permission from Ref. [185]. Copyright (2012) Springer Nature.

Type BET Qirr qirr
[m*g™] [mAhg™] [mCcm™3
Black Acetylene 64 737 4.5
Carbon Nanofibers 36 624 6.24
Super-P 65 484 2.68
Graphite 13 143 3.96
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Within this frame, XPS studies performed onto NMC-"" and
transition metal phosphate-based® electrodes suggested that
the surface layer may be formed preferentially on the carbon
particles and/or the polymeric binder, in solutions containing
1 M LiPF4 dissolved in EC:DMC (1:1) and in EC:DEC (1:1)®"79
(Figure 22). However, direct SECM measurements performed
onto NMC electrodes cycled in 1 M LiPF; EC:DEC (1:1) probed
an electronically conductive surface when a composite elec-
trode made only of conductive carbon particles was cycled®
(Figure 23).

Thus, it remains not clear whether the formation of the
surface layer on the conductive carbon additive and polymeric
binder (if any) does not block the electron transfer because of
it does not form homogeneously, it is too thin to prevent the
electron tunnelling, or it is permeable to the electrolyte
molecules.

4.4.2. Aluminium current collector.

Metallic aluminium is the preferred current collector in the
positive electrode side within most of the organic-based Li-ion
batteries thanks to its high conductivity, low weight, high
stability at anodic potentials, and low cost.®%>'%18 However,
a thin layer of Al,O; is supposed to be present on the Al current
collector surface, even after the polishing steps occurring under
argon atmosphere. The formation of the aluminium oxide layer
may occur spontaneously because of the presence of O, in the
inert Ar atmosphere, even when the oxygen concentration is
below 1 ppm.'®7 On Al current collectors the formation of
an electronically insulating surface layer is desired not only to
prevent any further electrolyte decomposition, but also to
avoid the corrosion of the metallic current collector during the
battery operation.
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Figure 23. a) Cyclic voltammogram of a C65 based paste electrode in 1 M
LiPFs EC:DEC (1:1 wt%).; b) z-Approach curves (r: radius of the tip: 12.5 mm;
d: tip-to-sample distance) to the C65 surface before and after the cyclic
voltammogram. Z approach curves recorded in 15 mM FcPFg 1 M LiPFg
EC:DEC (1:1 wt%). Paste electrode held at OCP (4.1 V); applied tip potential:
3.0 V. Reprinted with permission from Ref. [65]. Copyright (2017) PCCP
Owner Societies.

In situ FTIR, XPS, SEM and electrochemical studies
performed in different solvents (such as PC, EC:DEC, EC:DMC,
etc.),200>181881 showed that the passivation of the aluminium
surface depends on the solvents and Li salts molecules present
in solution, together with the surface roughness of the Al
electrode.P*'8-%8 Specifically, there is a change of composition
(Figure 24) and of morphology (Figure 25) of the passivation
layer on Al in dependence of the composition of the organic
solution in which the current collector is cycled.

Moreover, when aluminium is in contact with LiPFg the thin
passivation layer is more electronically insulating than in the
case when Al is in contact with LiClIO, containing
electrolytes,*®"®” probably because of the presence of insulat-
ing AIF; and non-stoichiometric Al-O—F species."®'® SECM
studies, performed onto a metallic Al electrode immersed in EC:
DEC containing 1 M LiPFg or 1 M LiClO,, further demonstrated
the effect of the lithium salt on the passivation grade of the Al
surface®' (Figure 26).
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8 4 0 1.0 moldm~3 Li(CF;S0,)(C,FsSO,)N on the Al electrode. Reprinted with
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The reaction mechanism of the electrolyte irreversible
oxidation on Al current collector is still unclear. It has been
suggested that the oxidation of the electrolyte may depend on
the stability of the Al surface film (which is dependent on the
anionic species present in solution),®® and it may proceed
through the oxidation and successively decomposition of the
anion onto the Al surface."®

5. Conclusions and Perspectives

Despite the critical importance of the nature and properties of
the SEI formed onto the negative electrodes on the perform-
ance, cycle life and safety of a Li-ion battery, the analysis of
such interphase is not trivial in terms of proper data acquisition
and interpretation. This leads to contradicting literature on the
composition, structure, electrochemical, chemical and mechan-
ical properties, etc., of the SEI.

The situation is even more critical on the positive electrode
since the surface layer, which is formed because of the
irreversible oxidative decomposition of the electrolyte, is even
harder to visualise and to study. Considering the fact that the
challenges posed by electromobility require higher energy
density Li-ion batteries, it is nowadays of tremendous impor-
tance to investigate and to better understand the nature and
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Figure 25. SEM images of Al surface after the potential cycling in 1 moldm LiX/(EC +DMC). Reprinted with permission from Ref. [188]. Copyright (2002)

Elsevier.

the role of the interphase formed onto high operating potential
positive electrodes. The little and often contradictory knowl-
edge that is currently available on such surface layer is related
to the lower number of dedicated studies, in comparison to its
counterpart at the negative electrode side, and to the lack of
systematic testing of different electrolyte’s components (sol-
vents, salts, and additives).

One of the major difficulties in the analysis of the surface
layers is that none of the analytical tools that are used for the
interphase investigation is a stand-alone technique. The weak
points of the analytical techniques are often ignored or
overlooked during the interpretation and the analysis of the
acquired data, thus producing misleading results and reports.
Moreover, some important properties of the interphase (such
as the electronic insulating character, just to name one) are
often not directly measured, but rather indirectly inferred.

In order to gather a more comprehensive and solid knowl-
edge of the interphases in Li-ion batteries, especially on the
positive electrode side, it is therefore of vital importance to
systematically study such surface layers through the hyphen-
ation and the combination of several analytical tools. In this
way, collecting broader and complementary information will
lead to a clearer overview of the characteristics and the role of
such interphases in a high energy Li-ion cell.

Moreover, when possible, in situ measurements are to be
preferred over the ex situ ones, in order to avoid any alteration
of the surface layers. On the other hand, when possible,
operando measurements should be preferred over the in situ

Batteries & Supercaps 2020, 3,672-697 www.batteries-supercaps.org

ones, in order to better understand the wished property and its
changes in dependence on the cycling and on the aging of the
electrodes. If the chosen analytical technique does not allow
the operation operando and/or in situ, the ex situ measurements
must be performed with the careful attention that they require.
In particular, the contact with air (even in traces) should be
avoided in any moment in order to avoid any unwanted
modification of the surface layer under analysis.

Also passive components should be taken into account,
and a more detailed and dedicate analysis is necessary in order
to understand their role in the irreversible oxidation of the
electrolyte and in the formation of the surface layer at the
positive electrodes.

In conclusion, despites the high complexity of the inter-
phase formed onto the positive electrodes, a deeper under-
standing of such surface layers together with their formation
and nature might contribute in enabling effective and stable
SEl-like layers on the positive electrode side as well. This will
allow developing lithium-ion batteries with higher energy
densities, which will be greatly beneficial for future electro-
mobility applications.
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