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a  b  s  t r  a  c  t

This  overview  addresses  the  atomistic  aspects  of  degradation  of  layered  LiMO2 (M  =  Ni,  Co,  Mn)  oxide
Li-ion  battery  cathode  materials,  aiming  to  shed  light  on  the  fundamental  degradation  mechanisms  espe-
cially inside  active  cathode  materials  and at their  interfaces.  It includes  recent  results  obtained  by novel
in  situ/in  operando  diffraction  methods,  modelling,  and  quasi  in  situ  surface  science  analysis.  Degrada-
tion  of the  active  cathode  material  occurs  upon  overcharge,  resulting  from  a  positive  potential  shift  of
the anode.  Oxygen  loss  and  eventual  phase  transformation  resulting  in  dead  regions  are  ascribed  to

changes  in  electronic  structure  and  defect  formation.  The  anode  potential  shift  results  from  loss  of free
lithium  due  to  side reactions  occurring  at electrode/electrolyte  interfaces.  Such  side  reactions  are  caused
by electron  transfer,  and  depend  on  the  electron  energy  level  alignment  at the interface.  Side  reactions
at  electrode/electrolyte  interfaces  and  capacity  fade  may  be  overcome  by  the  use  of suitable  solid-state
electrolytes  and  Li-containing  anodes.

© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under  the  CC  BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 1. Illustration of Li-ion cell. During operation, Li-ions are shuttled back and forth
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. Introduction

Electric energy on demand and without evident emissions or
etwork connections is urgently needed (see [1]). Mobile appli-
ations require advanced batteries providing higher power and
nergy density, but at the same time fulfilling the highest safety
tandards. In addition, fossil fuels will probably be substituted by
enewable energy sources such as wind and solar, which are char-
cterized by their volatility. Thus, for stationary applications more
fficient storage devices are also required (see [2]), i.e. for load-
evelling or island-type storage solutions, providing high reliability
nd long term stability.

Although Li-ion batteries are promising systems for such large
cale energy storage solutions, stability issues and degradation
henomena are impeding their application and further develop-
ent. In this context, the cathode plays a key role for capacity,

afety and the cycle life [3]. Despite substantial effort in the past
o shed light on fundamental degradation processes, generally no
ommon understanding has been achieved and investigations are
ngoing, the main difficulty being the evaluation of material and
nterface properties on a microscopic or atomic scale. These issues

ere therefore addressed as a main research topic of a collabora-
ive research effort (DFG SFB 595). Central were investigations that
esult in an atomistic view on degradation and fatigue, specifically
egarding changes inside cathode materials and at their interfaces
aused by parasitic electronic and ionic defect formation and cou-
led transfer reactions.

Particularly, this contribution focuses on the atomistic aspects of
egradation of layered oxide Li-ion cell cathode materials such as
iCoO2 and their interfaces. After recalling fundamentals regard-
ng Li-ion cells and their degradation, we introduce our specific
xperimental approach to evaluate degradation of active material
n atomic and microscopic scale using in situ/in operando diffrac-
ion, modelling and quasi in situ surface science investigations. In
he following three sections, we present recent results regarding
he evolution of structural changes, defect formation, and elec-
ronic structure, each section including background with relevant
iterature as well as discussion. The subsequent section deals with
egradation on cell and component level, presenting recent results
nd demonstrating the causes for the degradation of active cathode
aterial. Following, solid electrolytes and related cells are intro-

uced as a new approach to overcome interface reactivity and
apacity fade.

. Fundamentals and definitions

.1. Rocking chair batteries

In a standard arrangement Li-ion intercalation batteries operate
ccording to the “rocking-chair” principle (see e.g. [2,4]). The Li-
ons are transferred between two materials which can incorporate
intercalate) the Li-ions into non-occupied lattice sites coupled to
lectron transfer into unoccupied electronic states of the solid. See

ig. 1 for an illustration of cell operation.

During charging of the cell, the Li-ion and electron flux is
irected towards the negative electrode (anode), and during dis-
harge towards the positive electrode (cathode). For a typical
between Li-intercalation electrodes (“rocking chair” principle). Specifically, during
charging lithium ions and electrons are transferred from the positive layered oxide
electrode (cathode) to the negative carbon electrode (anode).

layered oxide cathode and a carbon anode the overall discharge
exchange reaction can be written as (M:  transition metal):

LixC6 + Li1−xMO2
Discharge

�
Charge

C6 + LiMO2 (1)

Ideally, only Li-ions are transferred across the electrode/
electrolyte interfaces. Transfer of electrons constitutes side reac-
tions leading to self-discharge and degradation.

As cathode materials layered oxides LiMO2 or spinel type
LiM2O4 compounds (lithium-containing transition metal oxides,
with M = Co, Ni, Mn  of different composition) have mostly been
used, but also LiMPO4 compounds (lithium-containing transition
metal phosphates and similar compounds such as silicates) are
increasingly popular [4]. Fig. 2 shows schematically the crystal-
and electronic structure of LiMO2 cathode materials. Depending on
the sequence of the O M O layers different polytypes can occur
[4]. The approximately octahedrally coordinated environment of
the transition metal ions can show structural distortion induced
by the Jahn-Teller effect. Moreover, there are strong structural
changes observed upon changes of lithium content (depending on
type, composition and distribution of the transition metals) which
strongly influence the bulk structural properties and the electro-
chemical potentials.

For idealized conditions (bulk materials) the reversible cell volt-
age (open circuit voltage VOC, electromotoric force, EMF) is given by
the chemical potential (�) difference of Li-atoms between cathode
and anode [7]:

−eVOC = �Li,Cathode − �Li,Anode (2)
From a chemical point of view, the reversible cell voltage may
be approximated by the difference in the redox potential for Li+/Li
of the anode (neglecting the minor influence of the carbon host on
the potential) to the potential of the operating transition metal ion
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Fig. 2. Crystal structure (left) and schematic electronic structure (right) of LixCoO2

(see [5,6]). During delithiation, lithium ions and electrons are removed from the
h
t

r
T
o

t
t
t
t
c
d

−

c
o
r

N(E)

E

Electrolyte

HOMO
N(E)

Co: 3d

O:2p

CathodeAnode

E

EF

LUMO

Li:2s

EF EF (Li)

EMF

Fig. 3. Schematic energy level diagram for lithium cell with LiCoO2 as cathode
and lithium as anode, illustrating the origin of the EMF. The Fermi level of the

F
e

ost  lattice. Removal of electrons is highly localized to cobalt ions, but also affects
he  band structure.

edox-couple in the oxide cathode, e.g. such as Co4+/Co3+ in LiCoO2.
his potential is strongly influenced by the inductive effect of the
ther ions and their effective charge in the lattice [5].

Alternatively, from a physical point of view, one may  relate
he cell voltage to the difference of the (electro-)chemical poten-
ial of the electrons between the cathode and anode as given by
he position of their Fermi levels (see Fig. 3). Note, however, that
he chemical potential difference of lithium between anode and
athode may  be expressed as the sum of the chemical potential
ifference for both electrons (��e−) and ions (��Li+) [7,8]:

eVOC = ��e− + ��Li+ (3)

Therefore, considerations restricted to the Fermi level (electron

hemical potential) of (single) electrode materials in discussion
f electrode potentials are approximate, albeit often resulting in
easonable accuracy.

ig. 4. Degradation as observed in discharge curves (left) and major causes for degradat
xternal interfaces play a major role for degradation, resulting in loss of free lithium and 
lithium anode is drawn above the LUMO of the electrolyte, indicating reduction
of  the electrolyte as usually observed. Note that the Fermi level of the cathode shifts
downwards during deintercalation, as indicated by the small arrow.

Besides the active (intercalation) material, commercial Li-ion
electrodes consist of polymer binder and conductive additives,
forming complex, often nano-sized, 2-D or 3D composites. The
performance of these composite electrodes is highly dependent
on the distribution, ratio and type of the different constituents
[9,10]. From an idealized point of view, voltage and capacity of
Li-ion batteries are only determined by the thermodynamic bulk
properties of the active phases, as discussed. However, in real bat-
teries, contact potentials and kinetic effects strongly influence the
practically achieved voltages, capacities and current densities. As a
consequence, all practical performance data (e.g. energy and power
density, lifetime) are influenced by kinetic factors, which are often
dominated by interface effects, and continually evolve with time
due to side reactions and other degradation phenomena [11].

2.2. Fatigue, ageing and cell failure
Degradation is mainly characterized by irreversible capacity loss
(capacity fade) and voltage loss, i.e. increase in cell impedance
(Fig. 4), coupled to changes in kinetic and thermodynamic

ion of Li-ion batteries (right, EL denotes electrolyte). Side reactions at internal and
impedance increase.
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ig. 5. Degradation mechanisms of composite cathodes. Reprinted from [11] with
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roperties of involved materials and their interfaces (see e.g.
11]). Degradation is caused by fatigue during cell operation
charge/discharge cycles) as well as ageing phenomena occurring
t rest conditions.

Li-ion batteries are thermodynamically very unstable systems,
llowing for (electro-)chemical side reactions and phase changes
uring operation and at rest. The life time of a battery can be divided

nto three parts: (1) formation during the first cycles, (2) normal
peration and (3) the end of life (EOL). The operation of Li-ion
ells takes place outside the stability window of the electrolyte.
ngoing electrolyte reduction at the negative electrode is stopped
uring formation by an electronically insulating solid-electrolyte

nterphase (SEI). The detailed conditions during formation, like
emperature and cut-off voltages, play a crucial role for the per-
ormance parameters of the device during the following operation
12]. They define the amount of irreversible capacity loss during
ormation and the accessible capacity for successive operation. Fur-
hermore, the SEI is mainly responsible for the state of fatigue and
herefore for the lifetime of the device. The formation of SEI-layers

ust also be considered for the positive electrode, however its
hickness is much smaller than on the anode side. The end-of-life
EOL) criteria are a residual capacity of only 80% of its initial value
fter formation or a 30% increase of the internal resistance. Capac-
ty losses are partially caused by the formation of “dead lithium”,

eaning lithium dendrites, which have lost electronic contact to
he negative electrode.

Many degradation phenomena have to be considered on com-
onent level, such as loss of contact between particles, cracking of
articles, point defect formation as well as structural changes inside
he active materials and interface reactions [11], such as shown in
ig. 5 for composite cathodes.

On the atomistic scale, degradation can in first instance be
escribed as the evolution of point defects in the volume of the
aterials as well as the evolution of reaction layers at surfaces and

nterfaces. Defect formation and transport are a function of var-
ous parameters such as the electric field, mechanical strain and
emperature, which periodically change during cycling. Defects and
urface layers of active electrode materials are formed during mate-
ial synthesis and continuously evolve during the lifetime of the
aterials. While the evolution of volume defects takes place only

n long time scales due to high activation energies, surface layers
re typically formed on short time scales immediately after expo-
ure to a new phase or different environment. Therefore, handling
nd formation are crucial for surface layer formation.
The point defect formation inside active cathode materials is
oupled to its electronic structure and Fermi level position. The
ermi level position reflects the stability limits of oxide cathode
d Engineering B 192 (2015) 3–25

materials with respect to the degree of lithiation. As a consequence,
detailed understanding regarding change of Fermi level position
and electronic structure itself with charging (deintercalation) and
discharging (intercalation) of the cathodes is of foremost impor-
tance for degradation phenomena. An intrinsic limit of degradation
will therefore be reached when the chemical potential of electrons
(or holes, respectively) will reach a position where side reactions,
such as oxidation of O2− – lattice sites, will interfere with metal-ion
electron exchange reactions. In addition, the position of the elec-
trode Fermi level with respect to the energy states of HOMO and
LUMO in the electrolyte defines if electron or hole transfer induced
chemical reactions may  occur (see Fig. 3).

2.3. Interfaces

Further improvements of electrodes and cells are limited by an
incomplete understanding of interfaces, the involved charge trans-
fer, charge compensation and chemical reaction processes which
are characterized by directional and mostly opposing transport of
electronic and ionic charge carriers. Thus a detailed understanding
of the role of the different interfaces involved is a necessary precon-
dition for developing highly stable, next generation Li-ion batteries.
The contact properties – determined by the solid electrolyte inter-
phase or SEI layers – between the active electrode material and
the electrolyte are thereby of key relevance [13,14], especially for
future high voltage cathodes. Interfaces between ionic conduc-
tors, exhibiting different values of the electrochemical potentials
of mobile ions, induce charge transfer and the formation of space
charge or double layers to obtain ionic equilibrium [15,16]. It has
been proven by a number of studies mainly on nano-sized sys-
tems that the aforementioned electrified interfaces often dominate
the macroscopic behaviour of ionic systems, and that these effects
may  be exploited for new device structures (Nanoionics) [17,18]. So
far, however, there is only limited information on the composition
and interface related structural and electronic properties within
the electrodes (anodes and cathodes) including the contact prop-
erties between electrodes and electrolyte. Electronic energy level
diagrams of Li-ion batteries have been schematically introduced
[5,6,19], but have remained mostly conceptual with hardly any
detailed or experimentally based data about the contact potential
distribution needed to assess charge transfer phenomena, defect
formation and interface layer stabilities in real systems.

3. Methodology

Various analytical methods and approaches have been used
to investigate degradation on different levels, i.e. on full cells,
components and model systems, such as neutron radiography,
X-ray diffraction or tomography, transmission electron spec-
troscopy, optical spectroscopy, photoelectron spectroscopy and
X-ray absorption spectroscopy [14,20–25]. Similarly, various simu-
lation tools have been employed. In the following section, tools and
approaches will be introduced that proved most useful in under-
standing degradation phenomena.

3.1. In situ X-ray and in operando neutron diffraction

Structural changes during fatigue need to be monitored under
exactly the same conditions as in normal operation, because any
change in the highly reactive electrolyte environment of the elec-
trochemically active materials during sample preparation could
behaviour is mainly affected by the surface near regions, pro-
nounced capacity losses must also have a significant contribution
from volume effects.
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X-ray and neutron diffraction are suitable methods to moni-
or structural changes in dependence on state-of-charge (SOC) and
tate-of-health (SOH) [26]. Two obvious effects can be detected eas-
ly: (1) lattice strain as a consequence of bond-length variations,
aused by successive oxidation and reduction of transition metals
nd occupation or depopulation of Li sites; (2) broad dead regions,
hich do not participate anymore in the redox reactions, either

ecause of contact loss or other deactivation mechanisms. (1) is
eflected in changes of the unit cell metric, determined from the
ositions of reflections of the underlying crystal structure. (2) is
etected and quantified from the phase ratio of passive amounts,

dentified as phases, which do not show any shift in the positions of
he reflections. All relevant positive electrode materials show sig-
ificant changes in the lattice parameters with changes in the SOC,
o that both aspects (1) and (2) can be addressed by diffraction
xperiments, using X-ray, synchrotron or neutron diffraction.

However, very good diffraction data are needed, which allow a
eliable interpretation of shifts in the positions of reflections and
hanges in both half widths and profiles of reflections. It is the
nstrumental resolution function of an experimental setup, which
efines the detection limit for these changes. Therefore, much
maller effects can be revealed by the use of a high-resolution setup
t a synchrotron source, while only more pronounced changes can
e analyzed in diffraction experiments with lower angular reso-

ution. Lattice parameters are derived from Rietveld refinements
f structure models, adapted to converge at the best agreement
etween the simulated patterns in comparison with experimental
ata.

For reliable determinations of lattice parameters experiments
n transmission geometry are highly recommended, maybe even
ssential. High energies of X-rays or neutron radiation are needed
o guarantee a sufficiently good penetration capability to probe the
ull volume and detect the transmitted beam with good counting
tatistics. Note, that position-sensitive detectors (PSDs) are needed,
hich cover the full range of diffraction angles simultaneously,

ecause non-equilibrium conditions are measured. The state of the
ample changes with time, and a combination of consecutively
ecorded diffraction data into one pattern is not possible. Both
- or 2-dimensional PSDs can be used, depending on the specific
reference for angular vs. time resolution [27,28].

Several generations of transmission in situ test cells were devel-
ped with a minimum of scattering from shielding and passive
omponents and a very good sealing, which is essential for high
ycle numbers to study fatigue, e.g. [28–30]. Three successive gen-
rations of electrochemical in situ cells for X-ray diffraction are
hown in Fig. 6.

Complete devices with sizes of 1 cm and more can be stud-
ed with dedicated setups, like realized at the neutron powder
iffractometer SPODI [31]. This allows for in operando studies on
8650-type cells, and fatigue can be studied under exactly the same
onditions as in the established applications of Li-ion batteries [32].
eutron diffraction has one more advantage against X-ray and even
igh-energy synchrotron radiation: The light elements, like H, Li,
, O and F, which are important components in battery materials,
re well localized within structure models, because of the much
tronger scattering power of these elements for neutrons than for
hotons.

.2. In situ Raman spectroscopy

As an optical method Raman spectroscopy has the potential to
tudy electrode materials under in situ conditions [33,34].
To increase the sensitivity of the method and to provide a basis
or spatially resolved in situ analysis of cathode materials, reso-
ance enhancements can be exploited [34,35]. While the presence
f resonance Raman effects in Li-ion battery cathode materials
Fig. 6. Schematic drawing of electrochemical in situ cells. Top: reprinted from [29]
with permission from Elsevier. Middle, bottom: reproduced from [28,30] with per-
mission of the International Union of Crystallography.

has been reported for LiNixMn2−xO4 [36], LiNi0.8Co0.15Al0.05O2 and
LiNi1/3Co1/3Mn1/3O2 [37], we  recently demonstrated, for the first
time, the resonance enhancement of LiCoO2 materials using wave-
length dependent studies [34]. Fig. 7 shows 514.5, 532 and 632.8 nm
Raman data of as prepared LiCoO2. Changing the laser excitation
wavelength from red to green results in an increase of the A1g
(595 cm−1)/Eg (485 cm−1) intensity ratio and the occurrence of an
overtone of the A1g band. Such behaviour is fully consistent with a
resonance Raman effect based on a term A enhancement [38].

3.3. Surface analysis

The electronic structure and chemical composition of cathode
surfaces and interfaces is frequently analyzed by photoemission

(PES, i.e. X-ray and ultraviolet photoelectron spectroscopy, XPS
and UPS) and related techniques such as X-ray absorption spec-
troscopy (XAS) [14,24,25,39]. To obtain unambiguous results, PES
analysis requires the use of clean surfaces due to its high surface
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Fig. 7. Left panel: Raman spectra of as prepared LiCoO2 using 514.5 nm,  532 nm and 632.8 nm laser excitation. Right panel: Integrated intensities of the 485 cm−1 and the
595  cm−1 band after background subtraction for a series of measurements. Reprinted from [34] with permission from Elsevier.
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ig. 8. Illustration of integrated UHV-system for battery research at Darmstadt (D
rf-sputtering, chemical vapor based deposition technologies, pulsed laser depositi

ensitivity. Therefore, the preparation of thin film cathodes, e.g. by
f-magnetron sputtering, is a very useful approach (see e.g. [40,41]).
everal experimental routes can be used to prepare thin film cath-
des of different lithiation states (state-of-charge) and to study
nterface formation with the electrolyte. Prerequisite for a reliable
urface science approach is the use of integrated ultra-high vacuum
UHV) systems, featuring both preparation and analysis facilities,
o avoid contamination due to ambient air exposure (for an exam-
le see Fig. 8). Both synchrotron facilities (e.g. solid/liquid analysis
ystem, Solias at Bessy II synchrotron) and laboratory systems are
uitable. Use of a synchrotron source is especially attractive due
o the measurement of high-intensity, high-resolution Li1s spectra
nd the possibility to tune analysis depth by change of excitation
nergy. The excitation energy dependence of the photo-ionization
ross section can also be used to assign atomic contribution to
alence electronic density of states (DOS) by resonance PES [42,43].

To analyze the electronic structure of cathode materials as a

unction of the lithiation state, two approaches can be followed to
djust the state-of-charge [44], depending on the material: interca-
ation from the gas phase (for materials prepared in the delithiated
tate only) [45] and electrochemical (de)lithiation [42,46]. In the
at). The XPS/UPS analysis unit is coupled to several thin film preparation facilities
d experimental chambers (e.g. for dispensing alkali).

first approach, the thin film cathode (e.g. TiS2, V2O5) is exposed
stepwise to lithium vapor (a dispenser is used as source) and ana-
lyzed with PES after each step. The alkali adsorbs from the gas
phase, intercalates spontaneously due to chemical potential dif-
ference, and diffuses into the film [47]. With exposure time, the
lithium content of the film increases at the surface, and gradual
lithiation is observed (see Fig. 9). This approach is highly attractive
because no side reactions occur and the thin film surface remains
clean, ensuring optimal conditions for PES analysis. However, it is
restricted to initially lithium-free materials and direct correlation
with electrochemical data is excluded.

For electrochemical (de)lithiation by polarization an electro-
chemical (liquid electrolyte) cell connected to the vacuum system
via a buffer chamber can be used (Fig. 10). Such a glass cell is oper-
ated under protective atmosphere (argon) and features facilities to
remove the remaining electrolyte after emersion (rinse and blow-
off). In this way it is possible to prepare surfaces without disturbing

electrolyte residues and transfer them without contamination to
the analysis unit. Similar PES analysis of electrochemical treated
electrodes can be found in [14,39,40], but mostly not on thin film
electrodes (see e.g. [40] for an exception). The approach allows
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Fig. 9. Illustration of lithium exposure (left) and solid-solid interface experiment
(right). A thin film of host material (electrode material, ED) is prepared, exposed to
lithium vapor (left) or coated with solid state electrolyte (EL, right), and analyzed
by XPS and UPS after each step.
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nounced fatigue in the discharged state at elevated temperature.
ig. 10. Schematic sketch of electrochemical cell coupled to UHV-based analysis.

orrelation of chemical composition and electronic structure
btained from PES analysis with polarization potential, i.e. state-
f-charge, and also repeated cycling. However, formation of
olid-electrolyte interface (SEI) films may  obscure the analysis of
he valence band structure, as observed e.g. for LiCoO2 and V2O5
lectrodes. Basically, this limitation may  be overcome by the use
f an in situ all-solid state cell with a cathode top layer, allowing
ccess to PES analysis during operation, i.e. in operando (see [48] for
odium intercalation into TiS2).

The method also allows to investigate the electronic structure
f SEI-films. Thin film cathodes need to be cycled in an electro-
hemical cell [46] or in Swagelok cells first and are then extracted
and transferred) under protective atmosphere prior to analysis
49]. While such procedures allow undisturbed analysis of the films,
hey do not offer more detailed information about the interface,
.g. on electron energy level alignment or double layer. In order to
ain more insights into such fundamental properties of the elec-
rochemical interface, additional routes, such as the adsorption of
olvent species [50], have to be explored.

For the direct study of interfaces between electrode and elec-
rolyte, interface analysis by deposition of the solid electrolyte onto
athode films with intermediate analysis [51,52] can be performed.
n principle also the reverse deposition sequence is possible. This

ethodology is frequently used to characterize interfaces between
lectronic materials [53], but was not applied previously to battery
nterfaces. It gives access to valence band offset, band bend-
ng as well as dipole formation at the interface. In such model
xperiments, interface reaction and related changes in electronic

tructure can be easily followed. In addition, the shifts of elec-
ron chemical potentials as well as electric potential gradients are
ccessible.
d Engineering B 192 (2015) 3–25 9

3.4. Modelling of fatigue

As discussed above lithium ion batteries are very complex
systems consisting of many components, which can change
composition and undergo numerous phase transitions depending
on the state of charge and temperature. The transport phenom-
ena and electrochemical states passed through during cycling are
determined by gradients in electrostatic potential, concentrations,
mechanical strain fields and temperature, which are neither con-
stant in time nor in space. Eventually, this complex system is kept
most of its lifetime in a thermodynamically metastable state. All
these factors impede the complete physicochemical description of
fatigue in lithium ion batteries.

Fatigue is a phenomenon that develops upon electrochemi-
cal cycling and over long time scales. Moreover, several of the
proposed atomic mechanisms can contribute simultaneously ren-
dering the modelling of fatigue on realistic time and length scales
an extremely demanding task. Therefore mainly separate types of
models were developed, which can cover restricted length and
time scales and provide different levels of detail of the underly-
ing processes. Mathematical and thermodynamic/kinetic models
can capture and describe well the evolution of capacity fade or
impedance increase in full cells or even stacks [54–56], their
disadvantage is that the underlying atomistic processes such as
structural changes, phase decomposition, passive layer formation
etc. remain undisclosed and not accessible. Additionally, transfer-
ability and predictive power of those models can be rather poor. In
contrast, atomistic modelling can provide a detailed understanding
of the fundamental processes leading to battery fatigue and the con-
ditions promoting them. Yet, atomistic simulations are restricted
to shorter length and time scales. Among the atomistic simula-
tion methods, electronic structure calculations based on quantum
mechanics, such as density functional theory (DFT) calculations
[57,58], provide the most detailed information on structural and
electronic properties of battery materials and how they change
under different physicochemical conditions e.g. during cycling.
These calculations allow the determination of phase stabilities by
comparing total energies of different phases, optimization of crystal
and amorphous structures and the investigation of charge densi-
ties, electronic band structures or densities of states. Moreover, the
availability of parallel computing on large clusters allows studying
complex solid-state configurations including point defects (ther-
modynamic stability and diffusion), thin films and nanostructures.
In combination with evolutionary algorithms like USPEX [59,60] or
high throughput screening [61,62] DFT calculations allow the pre-
diction of new materials with desired properties [63]. Just recently
scientists started to discuss bulk and surface stabilities of cathode
materials or their propensity to point defect formation in terms of
fatigue evolution. In Section 5, we  will give an overview of studies
addressing phase stabilities and point defect formation in several
cathode materials (mainly LiCoO2) as well as studies on surfaces
and electrode/electrolyte interfaces.

4. Effect of structural changes on fatigue: lattice
parameters, distortion and cracking

The most important positive electrode materials are layered
oxides, derived from LiCoO2, spinels based on LiMn2O4 and phos-
phoolivines, represented by LiFePO4. LiFePO4 is considered as
the most stable positive electrode material, because both end
members, LiFePO4 and fully delithiated FePO4, exist as minerals
triphylite and heterosite, respectively. The spinels suffer from a pro-
Responsible is the existence of Mn3+, which disproportionates par-
tially into Mn2+ and Mn4+, especially in the surface near regions,
where some of the Mn2+ is dissolved in the electrolyte and
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Fig. 11. Evolution of lattice param

-MnO2 is formed [64]. LiCoO2 suffers from an intrinsic instability
n the delithiated state. At temperatures above 200 ◦C delithi-
ted LixCoO2 disproportionates into LiCoO2 and “CoO2”, the latter
eacts into Co3O4 by releasing oxygen [65]. In combination with
ammable electrolytes an overheating at high charge levels results

n this ongoing exothermal reaction, known as “thermal runaway”.
i-occupation levels as low as 40% are observed in commercial
iCoO2-based fatigued batteries [32]. Advanced materials have
een derived by replacing some of the Co by other transition met-
ls or Al, like Li(Ni1/3Co1/3Mn1/3)O2 (NCM) or Li(Ni0.8Co0.15Al0.05)O2
NCA). These materials are superior to LiCoO2 at least in some of the
spects safety, costs and energy density.

The following considerations are focused on structural aspects
f fatigue in layered positive electrode materials, Li(Ni,Co,Mn)O2.
he most characteristic feature of structural changes during cycling
s the very anisotropic response and the very pronounced extrema
t half of the full Li-occupation. This is shown for NCM in Fig. 11 in
omparison with LNCO [66].
As lattice parameter a is decreasing with Li-extraction and c
ncreasing, the c/a-ratio is a very sensitive parameter to reflect the
OC. The rapid shrinking of the c-axis parameter is a consequence
f the onset of oxidation of oxygen in agreement with overlapping

ig. 12. SEM (left) and TEM (right) images of Li(Ni1/3Co1/3Mn1/3)O2 after 10 cycles at C/1
rom  [67] with permission from Elsevier.
 and c of LixNi0.8Co0.2O2 and NCM.

bands. This results in less repulsion between oxygen layers and
shorter distances between these layers. The composition with the
maximum in the c/a-ratio defines a stability limit for the layered
oxides as positive electrode materials. Further Li-extraction results
not only in an oxidation of a 3d-transition metal, but involves also
the O2p-band (see Figs. 18 and 20). The drastic volume decrease
and the very pronounced changes in the c/a-ratio result in huge
mechanical stress, which can cause cracks in the electrode parti-
cles. Such cracks appear parallel to each other as seen by Scanning
Electron Microscopy (SEM, Fig. 12 left) and Transmission Electron
Microscopy (TEM, Fig. 12 right).

Even before cracks appear the mechanical stress leads to lattice
distortions and can be measured and quantified by the broadening
of the Bragg reflections. This broadening is anisotropic and affects
mainly those hkl reflections with high l indices, confirming that
the cracks are perpendicular to the c-axis. A detailed analysis of
half widths and profiles of all reflections in the diffraction patterns
reveals two  effects on the microstructure, the “platelet” and the

“strain” effects [68].

The “platelet” effect describes a very small tilting of less than
1◦ between nanodomains, resulting in a partial X-ray incoherence
(see Fig. 13). This influence on the reflection half widths is described

0 rate in the potential range 3.0–4.2 V vs. Li+/Li in the discharged state. Reprinted
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Fig. 13. Schematic representation of two simultaneous effects of cycling on the
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Fig. 14. Grand-canonical phase diagram for the system Li-Co-O. Phase stabilities
icrostructure. The yellow spheres are Li-ions, arranged in fully occupied layers
n the uncharged state. Extraction of Li-ions results in two microstructure effects,
escribed in the text.

n detail in literature [69]. A correct description of the observed
eflection profiles of partly delithiated layered oxides requires the
onsideration of a second effect, based on a Gaussian distribution
f c-parameters and therefore called “strain” effect. The local vari-
tion of c-axis parameters is not caused by external mechanical
tress, but by an inhomogeneous distribution of Li-ions in the layer,
esulting in a variation of the interlayer distances. Both microstruc-
ure effects are highly reversible, and only some cracks as described
bove are irreversible and cause a contribution to fatigue.

. Fatigue and thermodynamics: phase stability, point and
lanar defects

Standard thermodynamics provide the guidelines for the sta-
ility of a material under certain physicochemical boundary
onditions. Besides the intrinsic stability of the bulk phase also
xcess contributions from structural defects such as point defects
nd surfaces can be described within the framework of equilibrium
hermodynamics.

Several degradation mechanisms described in the introduc-
ion can be attributed to the intrinsic thermodynamic stability
f the anode or cathode material. Firstly, the chemical decom-
osition of the electrode material into other compounds leads to

 mass decrease of active component resulting in capacity fade.
econdly, the formation of point defects on one hand alters the elec-
ronic structure and on the other hand reduces the reversibility of
ithium intercalation due to structural changes leading to slowing
own of charge (ionic and electronic) transport. Finally, morphol-
gy changes and decomposition reactions on electrode/electrolyte
nterfaces can reduce battery performance. In the following it is
emonstrated how atomistic simulations can help to understand
he underlying processes of these degradation mechanisms and
he conditions accelerating them and how the theoretical results
orrespond to experimental findings.

.1. Phase stability

During electrochemical cycling undesired side reactions of the
ctive electrode materials can occur leading to dissolution and/or

e-precipitation of secondary phases. Such side reactions can be
xamined theoretically by calculating phase diagrams. Phase dia-
rams reflect the equilibrium state and do not allow predictions
f the accessibility of this state within the time scales of cell
are  given as a function of relative chemical potentials of lithium and oxygen. The
stability range of LiCoO2 is indicated by the red polygon.

cycling and lifetime. Accessing the details of mechanisms of phase
transformations by atomistic methods is still challenging. Yet dif-
fusion kinetics of single components can already provide some
decisive hints.

For a compound containing several elements the stability range
is determined by its own Gibbs free energy of formation and the
Gibbs free energies of formation of the competing phases. Thus, sta-
bility limits of the chemical potentials for the contained elements
can be found, at which the compound can exist as a single-phase
or in coexistence with competing phases.

Phase diagrams calculated from ab initio can be found in litera-
ture for several cathode materials, e.g. for the layered transition
metal oxides LixCoO2, LixNiO2 and spinel LixMn2O4 [70] or the
solid solution LixNi1−yCoyO2 [71] as a function of composition and
temperature. An alternative to these canonical phase diagrams are
grand canonical phase diagrams, where chemical potentials are
used as variables instead of mole fractions (or particle numbers).
These allow the examination of phase stabilities depending on the
chemical potential of lithium, which can be directly translated into
the cell potential of a lithium ion battery.

The stability range of LiCoO2 in relative chemical potential
space (i.e. chemical potential relative to Li and Co metal or oxygen
molecules) is shown in Fig. 14 as a function of lithium and oxygen
chemical potentials. This phase diagram was obtained using density
functional theory calculations [58,72–74] applying projector aug-
mented plane waves [75,76] with the exchange correlation energy
described within the local density approximation (LDA) [77].

LiCoO2 has a very narrow stability range indicated by the red
polygon. As soon as the lithium relative chemical potential exceeds
−3 eV, LiCoO2 decomposes into other cobalt-rich oxides. The only
coexisting elemental phase is cobalt metal. Under lithium rich con-
ditions coexistence with lithium oxide and peroxide are possible
depending on the chemical potential of oxygen. The half dein-
tercalated compound monoclinic Li0.5CoO2 is thermodynamically
unstable and can therefore not be found in this diagram. Accord-
ing to the simulation, the material is supposed to transform to cubic
spinel LiCo2O4 for x = 0.5, which has a large coexistence region with
LiCoO2. Cobalt oxide Co3O4 possesses a small region of coexistence
with LiCoO2 but a large one with LiCo2O4 at lithium chemical poten-

tials below −3 eV (i.e. above +3 eV relative to Li metal), which is
important for the deintercalation processes (a possible deinterca-
lation path is indicated by the blue arrows along A-B-C and will
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e discussed later). Cobaltous oxide CoO can coexist with LiCoO2
t cobalt rich conditions at relative oxygen chemical potentials
etween −2 and −2.5 eV. This stability diagram looks very similar
o the one calculated by Kramer and Ceder [78]. The main differ-
nce is that CoO2 appears as a thermodynamically stable phase in
DA, while in GGA + U it was unstable against decomposition into
o3O4 and molecular oxygen. The thermodynamic stability of lay-
red CoO2 is subject of an on-going debate although several reports
xist on physical properties of this compound [79–81].

Similarly, in the composition dependent (canonical) phase dia-
ram by Wang et al. [70] decomposition of LiCoO2 for different
ithium contents was reported. For 0.5 < x < 1.0 decomposition into
ayered LiCoO2 and cubic spinel LiCo2O4 were found and for x < 0.5
egradation under oxygen loss into cubic spinel LiCo2O4 and cobalt
xide Co3O4. The cubic spinel was only stable below 270 ◦C, at
igher temperatures it decomposed into layered LiCoO2, cobalt
xide Co3O4 and molecular oxygen O2.

These ab initio results reflect exactly experimental findings.
hermal stability of stoichiometric and partly deintercalated
ixCoO2 was intensively investigated in the last two decades. Ther-
al  decomposition of LixCoO2 was observed for x < 0.6 and the

dentified secondary phases range from cobalt oxide Co3O4 and
ubic spinel LiCo2O4 to cobaltous oxide CoO [65,82–86].

Thus, layered LiCoO2 is thermodynamically unstable also for
igh lithium content. Still, layered LiCoO2 is metastable enough
o become a standard cathode material. The reason why the host
tructure is maintained over repeated electrochemical cycling is
ainly due to kinetic reasons. The above described phase trans-

ormations and decomposition reactions require the migration
f cobalt (and oxygen) ions. However, the activation energies of
obalt migration in Li0.5CoO2 and CoO2 were calculated by Reed
nd Ceder [87]. The authors found that they are reasonably high
ith 1.6 and 1.9 eV, respectively, which is one order of magnitude
igher than the migration barriers reported for lithium ions [88,89].
ence lithium migration is highly favoured over cobalt migration
lthough it leads to a thermodynamically metastable state. The
ecomposition processes of LixCoO2 are so slow for 0.5 < x < 1.0 that
hey only manifest as fatigue phenomena. Just for x < 0.5 the kinetics
f phase transformation become reasonably, which is the main rea-
on why in the layered oxides only half of the theoretical capacity
s accessible to electrochemical cycling.

.2. Point defects

During cycling lithium vacancies are created and annihilated
n intercalation-type electrode materials. Besides this desired for-

ation of lithium vacancies also other types of intrinsic point
efects can occur. Several point defect species have been postu-

ated for LiCoO2 based on experimental results. Oxygen loss leading
o oxygen vacancies in the fully deintercalated compound result-
ng in CoO2−ı was reported [90,91] as well as formation of peroxide
ons O2−

2 at high voltages [92]. Moreover, cobalt loss was  observed
79,92], the amount of deposited cobalt metal was found to be pro-
ortional to the capacity loss of the cell. Ab initio calculations sup-
ort this finding, it was shown that Co3+ in LiCoO2 is thermodynam-

cally unstable against reduction to Co metal during cycling [93].
Moreover, it is possible to synthesize over-lithiated LixCoO2

ith 1.0 < x < 1.15 [94], although these solid solution compounds
re thermodynamically not stable [95]. The excess lithium is
ssumed to replace cobalt resulting in anti-sites Li′′Co with charge
ompensation by oxygen vacancies VO

•• [95,96]. Oxygen treatment
emoves oxygen vacancies from the lattice and improves capacity

eversibility [94].

Anti-site formation is a well-known problem in layered LiNiO2,
hich is almost impossible to be synthesized in a stoichiometric

rdered way, but results as Li1−dNi1+dO2.
Fig. 15. Defect formation energies calculated for the compounds LiCoO2,  Li0.5CoO2

and CoO2 to mimic  the deintercalation process. Chemical potentials correspond to
points A, B and C in the phase diagram.

For semiconductors the study of the thermodynamic stability
limits and of formation energies of point defects depending on
chemical potentials of atoms and electrons is already a standard
routine [97,98]. However, to battery materials this technique has
not been applied until very recently [99–102]. Within this formal-
ism formation energies are calculated for single defects (not pairs,
such as Frenkel or Schottky defects) with respect to thermodynamic
reservoirs represented by their chemical potentials, according to

�f E(Dq) = (EDefective − EHost) + q(EVBM + EF) −
∑

i

�ni�i (4)

where EDefective is the total energy of the defective system, EHost is
the total energy of the perfect reference, q is the charge state of
the defect, EVBM is the position of the valence band maximum and
EF the Fermi energy, �ni denotes the number of atoms of type i
exchanged in the defective system, and �i is the chemical potential
of the reference phase (thermodynamic reservoir) of atom type i.

Defect formation energies are related directly to the tempera-
ture dependence of defect concentration, which is given by

c(Dq) = c0
i exp

(
−�f E(Dq)

kBT

)
(5)

where c0
i

denotes the concentration of available lattice sites for the
respective defects.

Only few studies exist so far on intrinsic point defects in stoichio-
metric LiCoO2 using ab initio calculations [100–102]. Takamatsu
et al. found that under lithium-rich conditions (coexistence with
Li2O) at oxygen chemical potential of −1 eV or less LiCoO2 was
no longer stable due to massive cobalt anti-site formation CoLi

•

compensated by Co2+ on a regular lattice site (Co′
Co). The authors

suggest this reaction to be responsible for the surface reduction of
Co species in presence of electrolyte as observed by XANES [100].
Similarly, in the work of Koyama et al. CoLi

• anti-sites, besides oxy-
gen vacancies V×

O and lithium interstitials LiI•, are reported to be
the dominating point defects both at synthesis conditions (coexis-
tence with Li2O, high oxygen partial pressure) and under reducing
conditions as they can be found inside the battery (very low oxygen
partial pressure).

LiCoO2 is known to be a p-type semiconductor [103], which
is reflected in its propensity to formation of negatively charged
lithium vacancies V ′

Li compensated by holes h•. In Fig. 15 defect

formation energies of the defects with lowest formation energies
are shown (interstitials of Li and Co have higher energies than pre-
sented) for the compounds: LiCoO2 (x = 1), monoclinic Li0.5CoO2
(x = 0.5) and CoO2 (x = 0). The chemical potential conditions for
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 = 1.0, 0.5 and 0.0 correspond to the chemical potentials in points
, B and C, respectively. Therefore, the chemical potentials in A
nd C reflect equilibrium conditions of layered LiCoO2 and CoO2,
espectively, while B was chosen as a possible path from A to C, as
i0.5CoO2 is a metastable phase.

Given are the energies of the charge states for Fermi ener-
ies about 0.2 eV above the valence band maximum in layered
iCoO2. For the metallic compounds Li0.5CoO2 and CoO2 only neu-
ral defects need to be considered. The stoichiometric material is
t the chosen conditions not only prone to the desired lithium
acancies V ′

Li but also to Li anti-sites Li′′Co and cobalt vacancies V ′′′
Co.

obalt can dissolve into the electrolyte and migrate to the anode,
hile lithium ions occupy its free crystal sites. Depending on the

ctivation barrier from the anti-site back into the regular lithium
ub-lattice position these lithium ions can be trapped and do not
ontribute to electrochemical cycling anymore.

At x = 0.5, another dominating defect can be observed: the oxy-
en vacancy V×

O, which leads to oxygen loss of the sample.
When the lithium content is decreased below x < 0.5 the cobalt

nti-site formation becomes crucial i.e. it possesses even a nega-
ive formation energy, which can be understood as equivalent to
he decomposition into the spinel and rock-salt compounds. Thus,
ithium contents of x < 0.5 lead to serious disintegration of the cath-
de material and have to be definitely avoided.

Oxygen interstitials in the dumbbell configuration, which can
ead to peroxide O×

I−db or superoxide O
•
I-db ions, have high formation

nergies and seem favourable only below x < 0.5.
There exist few more studies on point defects in other cath-

de materials. Kim investigated the influence of Co substitution on
acancy formation energies in LiNiO2, but did not take into account
hemical potentials of the reservoirs for elements and charge carri-
rs [71]. The only elaborate study in the full spirit of semiconductor
efect thermodynamics can be found for LiFePO4 by Hoang and

ohannes [99]. The authors not only calculated defect formation
nergies taking into account the thermodynamic limits of the host
aterial but also provide insights into charge transport mecha-

isms.

.3. Planar defects

Other important fatigue mechanisms can be traced back to
hanges of surfaces and interfaces like surface reconstructions
nd/or changes of particle morphologies during cycling, as surface
hemistry depends severely on surface orientation. Both processes
lter the charge transport properties of the electrode/electrolyte
nterfaces. This is even more important as most electrode materi-
ls exhibit highly anisotropic diffusion paths (LiFePO4: 1D, graphite
nd layered TM oxides: 2D, spinels: 3D). As a result not all surfaces
re penetrable for Li ions, thus charge transport is blocked in certain
irections.

Equilibrium crystallite shapes depend on environment (e.g.
educing or oxidizing conditions) and can therefore change from
omponent fabrication (e.g. annealing at elevated temperatures) to
ssembly of the battery stack leading to surface growth and shrink-
ge of electrode particles in contact with the reducing electrolyte,
nd even during cycling. Another issue related to surfaces are grain
oundaries and their stability and transport properties.

The equilibrium morphology of a crystal can be determined from
urface energies and the Wulff construction. This was  done for
lmost all simple cathode materials so far (LiFePO4 [104], LiCoO2
78,105], LiNiO2 [105], LiMn2O4 [106,107]). Kramer et al. studied
he morphology of LiCoO2 crystals depending on the chemical envi-

onment [78]. The authors found that different surfaces are stable
nder reducing and oxidizing conditions. While under oxidizing
onditions hexagonal shaped crystallites with large portion of
0 0 0 1) facets (impenetrable for Li ions) result, reducing conditions
d Engineering B 192 (2015) 3–25 13

favour (10–14) facets, which should offer higher rate capabili-
ties. Kim compared the morphologies of LiCoO2 and LiNiO2 [105].
Surface energies of LiNiO2 were found to be lower than of LiCoO2,
due to the reduced covalence of the TM-O bonds in LiNiO2, as
the number of broken TM-O bonds mainly determines the surface
energy.

Surface reconstruction is primarily an issue in spinel LiMn2O4.
Benedek and Karim both found that the (1 1 1) surface can only be
stabilized after surface reconstruction. Karim found the (1 1 1) sur-
face to be the most stable with an inverse spinel structure in the
topmost layers, i.e. Li and Mn  exchange sites resulting in terminal
Li ions [107], while Benedek reports stoichiometric top layers after
reconstruction, but (0 0 1) surface still lead to lower energy [106].
The average oxidation state of Mn  was found to be reduced com-
pared to the bulk, some ions were even found to be in a divalent
state, which probably favours dissolution and irrecoverable loss of
manganese.

It is well known that not only surface energies determine the
final crystal shape but also surface stresses need to be taken into
account [108], which should be integrated into future studies.

Real surfaces and the effect of Li/vacancy ordering at the surface
of LiCoO2 was investigated using a combination of STM experiment
and ab initio calculations by Iwaya et al. [109]. Moriwake studied
Li diffusion along a coherent grain boundary and due to domain
formation in thin films of LiCoO2 [110,111].

Towards modelling fatigue mechanisms it is indispensable to
study not only clean and ideal surfaces, but also the stability and
properties of interfaces between electrode materials and other
components such as electrolyte, carbon black, binder and decom-
position products. The studies of interactions between electrode
material and electrolyte are primarily focusing on the SEI formation
and its properties on the graphite anode so far [112–118].

The formation of an SEI on graphite anodes was first studied
using a kinetic Monte Carlo algorithm by Methekar to investigate
growth during the first cycles and time evolution of the passiva-
tion layer [112]. The later studies made use of ab initio molecular
dynamics (AIMD) simulations, which allow investigation of redox
processes between the surface of graphite and the molecules of the
liquid electrolyte [113] including the effects of other components
like Li salts [118]. Leung developed a framework that allows to
study the voltage dependence of those processes [115] and investi-
gated also ethylene carbonate decomposition on LiMn2O4 surfaces
[114].

6. Electronic processes: electronic structure of bulk
materials and interfaces

Since the advent of the rechargeable Li-ion batteries in 1991,
the electronic structure of layered cathode materials has been
extensively studied theoretically and experimentally (see e.g.
[119–122]). This section focuses on the in situ PES and XAS studies
of the electronic properties of thin film cathode materials and their
interfaces to elucidate the stability vs. potential. Such an approach
has a great advantage that electronic and crystallographic struc-
tures are not affected by impurities, allowing direct assignment of
experimentally obtained results with ab initio calculated electronic
properties of the material.

6.1. Bulk properties and Fermi level

Oxide cathode materials are ionic transition metal compounds

with significant covalent character [123]. Their basic electronic
structure is determined largely by the Madelung potential and the
perturbation of the crystal field around the TM-ions resulting in
splitting of the d-electron levels [4,123,124]. Covalent interaction
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ig. 16. DOS (black curves) and PDOS for Co and Ni (blue curves) and O (red curve
46] with the permission of the PCCP Owner Societies.

f the (non-bonding) d-electrons with the oxygen coordination
hell results in hybridization and energy bands of different bonding
haracters [5], with far-reaching consequences for the electronic
onductivity and stability of the compounds. Theoretical considera-
ions concerning the band structure and experimental observations
egarding the decomposition potentials of various cathode materi-
ls lead to the concept of intrinsic voltage limit, which describes
harge compensation and electrode potential by operation of a
edox couple in the framework of solid state chemistry [5]. In
he fully lithiated (or discharged) state, the (d + p)n/dn+1 redox
ouple of primarily cation d-character is located above the anion
-band and clearly separated. Upon deintercalation, i.e. polariza-
ion to more positive potentials, the distance between the redox

ouple and the anion p-band decreases. At the intrinsic voltage
imit, the (d + p)n/dn+1 redox couple of primarily cation d-character
rosses the top of the anion p-band and changes to primarily anion

ig. 17. The density of the occupied (left) and unoccupied (right) electronic states vs
hotoemission of the valence band structure and O K XANES, respectively [126].
different values of x in LixCoO2 (left) and LixNiO2 (right); (EF = 0). Reproduced from

p-character. Upon further deintercalation, the redox couple falls
further below the top of the anion p-band and holes form in the
bonding anion p-states, resulting in anion oxidation, i.e. decompo-
sition by oxygen loss (see also [125]).

Fig. 16 shows densities of states (DOS) obtained from DFT calcu-
lations performed for LixCoO2 and LixNiO2 as a function of lithium
content x. The contribution of the atomic partial density of states
(PDOS) to the overall DOS is shown by the colour code. For LiCoO2,
valence band states of predominantly Co3d character are involved
in initial charge compensation (x > 0.5). For smaller x also O2p states
are involved, due to changes in the DOS with lithium deintercala-
tion resulting in increased hybridization of Co3d/O2p valence band
states.
In Fig. 17, PES and XAS analyses of a LiCoO2 thin film electrode
are shown. The valence band (VB) structure of LiCoO2 in the upper-
valence-band region (1–3 eV, Fig. 17, left), is dominated by the Co3d

. the electrode potential of a LixCoO2-film as the experimentally obtained from



R. Hausbrand et al. / Materials Science and Engineering B 192 (2015) 3–25 15

E

Co 4+/3+ (t2g)

O2-(2p6)

EF

EVac

Wf = 
5.3 eV

2 eV
Co 3+ (d6:e*g) - O2-(2p6)

Co 3+ (4s0:a*1g) (4p0:t*1u) - O2-(2p6)

E

Co 4+/3+ (t2g) - O2-(2p6)

O2-(2p6)

EF

EVac

Wf Co 3+ (d6:e*g) - O2-(2p6)

Co 3+ (4s0:a*1g) (4p0:t*1u) - O2-(2p6)

Li0.5CoO2LiCoO2

(right)

e
O
s
m
c
m
O
s
C

C
l
i
e
t
f
a
C
a
s
t
o
O
L
m
c
d

(
t
L
(
s
s
o
l
N

o
L
m
(
a
O
u
m
b
d
i

N(E)

Fig. 18. Electronic band structure of LiCoO2 (left) and Li0.5CoO2

mission, whereas the region between 3 and 10 eV corresponds to
2p and O2p/Co3d-like contributions. A Co3d final state satellite is

ituated at about 12 eV. The shape of the O K-edge of a stoichio-
etric LixCoO2 film (Fig. 17, right) indicates explicitly a low-spin

onfiguration of Co3+ ions (t6
2g, 1A1g) under octahedral (Oh) sym-

etry. The sharp line A* at 530.6 eV corresponds to transitions of an
1s electron into unoccupied Co3d(eg)-O2p hybridized states. The

tructures above 535 eV have been attributed to transitions into
o4s and 4p-derived states with O2p admixtures [42].

Upon lithium deintercalation the Fermi level (EF) shifts into the
o3d(t2g) states and the Co3d(t2g) states become broader (Fig. 17,

eft), while the Co3d(eg)-O2p hybridized unoccupied states are not
nfluenced by lithium removal up to the potential of 4.2 V in the
xperiment (Fig. 17, right). Therefore, the charge compensation
akes place first at the Co site. However, a drastic change of the
eature A* in XAS occurs when lithium is removed further (4.3 V
nd above). The Fermi level EF reaches a critical value when the
o3d states (Co4+/3+ couple) cross the top of O2p bands, which is
ccompanied by a hole transfer to the O2p states. The removal of a
ignificant amount of electrons from the O2p band results in oxida-
ion of O2− and oxygen loss from the lattice leading to degradation
f the cathode material. Thus, the proximity in energy of t2g and
2p bands determines the intrinsic voltage limit [5,126] for the
iCoO2 cathode material. The experimental data are in good agree-
ent with the DFT calculations as discussed in detail in [46]. The

hanges within the structure and occupation of the DOS during
eintercalation are schematically summarized in Fig. 18.

The synthesis of stoichiometric LiNiO2 with low-spin (LS) Ni3+

t2g
6eg

1) electronic configuration is still a challenge. Compara-
ive studies of the temperature stability of LiCoO2, LiNiO2 and
i(Ni,Co)O2 thin film cathode materials have shown that the Ni3+

t2g
6eg

1) with LS state is less stable than the Co3+ (t2g
6eg

0) with LS
tate [127]. Temperatures which are optimal for the film growth of
toichiometric LiCoO2 are not sufficient for proper crystallization
f LiNiO2 and Li(Ni,Co)O2 films [128], whereas higher temperatures
ead to simultaneous reduction of Ni3+ ions to the high spin (HS)
i2+ (t2g

6eg
2) state and Li-loss from the sample.

Instead of thin films based on pure LiNiO2 thin films based
n the mixed oxide Li(Ni,Co)O2 can be investigated. Similar to
iCoO2, the electron density of the occupied states of a stoichio-
etric LiNiO2 (Li(Ni,Co)O2) film is dominated by the Ni3d state

Ni3d/Co3d) (1–3 eV of the VB structure in Fig. 19, left); the region
t 3–9 eV belongs to the O2p states and the Ni3d-O2p (Ni3d/Co3d-
2p) hybridized valence band states (Figs. 16, right and 19, left). The
noccupied Ni3d-O2p hybridized states of a LiNiO2 film cathode

aterial are influenced by the Li+ deintercalation (Fig. 19, right),

ut the Fermi level remains located in the antibonding states and
oes not cross the occupied O2p states of LiNiO2 (see Fig. 20 for

llustration).
N(E)

 as deduced from DFT calculations and PES/XAS measurements.

These results elucidate that the charge compensation occurs
mostly on the antibonding states at the Ni-site of LiNiO2. There-
fore, the nickel based compounds have a higher intrinsic voltage
limit, i.e. are more stable with respect to charge compensation upon
Li-ion removal.

These findings demonstrate that the electronic structure of the
layered oxide materials changes substantially upon deintercala-
tion, and that oxidative decomposition is triggered by the formation
of holes in binding O2p dominated valence band states. Oxygen loss
corresponds to the formation of oxygen vacancies, indicating the
tendency of the material to compensate for the removal of lithium
by formation oxygen vacancies at low lithium content. Consider-
ing the metastable character of partially deintercalated LixCoO2, as
indicated by phase diagram calculations and evidenced by ther-
mal  decomposition, the major impact of hole formation will be an
increase of decomposition kinetics.

The investigations on the electronic structure of layered cathode
materials highlight the significance of the (partially) covalent char-
acter of the TM O bond for stability. Removal of electrons upon
delithiation from states with strong (bonding) covalent character
(strong O2p admixture) results in oxygen loss and is to be avoided.
On the other hand, covalent interaction may  be beneficial in the
case that electronic states with antibonding character are involved,
and can thus be used to design cathode materials with higher
stability at low lithium content, i.e. higher capacity, considering
especially the dependence of TM-anion covalency on element elec-
tronegativities and bond length [5,123]. Operated under conditions
that normally ensure capacity reserve to counteract overcharge,
cathode materials with higher reversible capacities may also be
used to prolong life time.

6.2. Interface reactivity and energy level alignment

Real Li-ion battery electrodes possess various interfaces, from
which the interface between active material and electrolyte is
the most important one. This interface is characterized by the
Li-ion transfer and (near) electrochemical equilibrium condi-
tions for Li-ions (see e.g. [16]), dominating the electric potential
gradient at the interface with significant impact on the overall
electrode potential. Other ions than Li-ions, as well as electrons,
are usually far from equilibrium at this interface, resulting in
a driving force for dissolution, electrolyte decomposition and
surface layer formation. The perception that these processes at the
cathode/electrolyte interface are relevant to cell fatigue initiated
increased activities over the past years to analyze surface layers

on cathodes. In contrast to the SEI formed on the graphite anode,
cathode materials develop thin and laterally inhomogeneous
surface films, which are composed of different layers [14]. An
inorganic surface layer forms due to cathode surface deterioration
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i(Ni,Co)O2 film [129] as experimentally obtained from photoemission of the valenc
lm  are contributed from unoccupied Ni3+ 3d(eg)-O2p and Co3+ 3d(eg)-O2p hybrid 

uch as surface reconstruction or phase change [25], covered
y a layer of organic and inorganic compounds from electrolyte
ecomposition. Important key concepts for initial reactions are
lectrode-surface induced decomposition of electrolyte species
23], oxidation of electrolyte species at high electrode potentials
5], and the related reduction of electrode-surface transition metal
ons [100], resulting in transition metal dissolution and phase
hange [14,23,130,131]. To counteract interfacial processes and

ncrease the stability of the cathode, thin protective coatings (e.g.
rO2, Al2O3, LiPON, LiF) have been applied (see e.g. [132–134]).

Of crucial importance for the stability of the electrolyte in con-
act with the electrodes is the electrochemical stability window of

E

N(E)

Ni 3+ (t2g) - O 2-(2p6)

O 2-(2p6)

E F

E Vac

W f

Ni 4+/3+ (d7:e* g) - O 2-(2p6)

Ni 3+ (4s 0:a* 1g) (4p 0:t*1u) - O 2-(2p6)

LiNiO2

Fig. 20. Electronic band structure of LiNiO2 (left) and Li0.5NiO2 (right)
he electrode potential of a LixNiO2-film (the upper plots) and of a stoichiometric
 structure and O K XANES, respectively. The spectral features A* and B* of the LNCO

, respectively [129].

the electrolyte [4]. Electrodes operated outside this window induce
electrochemical electrolyte decomposition. Specifically, electrolyte
oxidation occurs when the electrode Fermi level, i.e. the electro-
chemical potential of the electrons within the electrode, is located
below the electrolyte HOMO level [5,123] (see Fig. 3). Some data
suggest that the oxidative stability of solvents and salts typically
used for Li-ion liquid electrolytes are quite high, i.e. in the range
of 6.2–6.7 V vs. Li/Li+ for carbonate based solvents and 3.0–3.8 V vs.

SCE (aqueous standard calomel electrode) for salts [6]. However,
it is well known that the onset of oxidation of typical electrolytes
is below 4 V vs. Li/Li+ (see e.g. [135]), and that the electrolyte par-
ticipates in the formation of the SEI-layer [14]. This discrepancy
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 as deduced from DFT calculations and PES/XAS measurements.
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Fig. 22. Surface film formation on LiCoO thin film electrode after electrochemical
ig. 21. Schematic illustration of an electronic energy level diagram of a lithium
ell.

s likely due to differences in surface chemistry and double layer
ormation for the various electrode materials.

Surprisingly, not much attention has been paid in the past to
he electric potential gradient at the interface, although it is known
hat double (dipole) layers can have significant impact on energy
evel (mis)alignment [136,137]. Additionally, for ionic phases with
ow charge carrier concentrations diffuse charged layers (space
harge layers) are encountered at interfaces [15], which induce
and bending and related charge carrier concentration changes
ith significant impact on the charge transfer rate and interface

tability [136]. In fact, electronic energy level diagrams of Li-ion
ells have essentially remained conceptual in nature without the
etailed and experimental-based input about the electric (contact)
otential distribution required to assess charge transfer phenom-
na, defect formation at interfaces and interface layer stability in
eal systems (see Fig. 21 for an energy level diagram including
lectric potential gradients at the interfaces). Also, such electronic
nergy level diagrams have not been combined with correspond-
ng ionic level diagrams [16], as is conceptually possible and is
emonstrated later in this section.

A rigorous chemical analysis of the SEI-layer on cathodes
equires the use of thin film cathodes and of an appropriate elec-
rochemical cell coupled to the XPS analysis unit. The major benefit
f such an approach is that the absence of carbon-black and binder,
resent in composite electrodes. This leads to increased sensitiv-

ty of the measurement towards SEI-related carbon and fluorine
pecies and allows unambiguous identification of the observed
eaction products formed on the surface of the active cathode mate-
ial. The pristine surface is also free from any reaction products
esulting from contact with the ambient air, in contrast to com-
ercial cathode powder, where reaction products such as lithium

arbonate cover the surface before contact with the electrolyte.
learly, such initial surface layers should influence the reactivity
f the electrode surface with the electrolyte. Notably, in LiPF6 con-
aining electrolytes, the initial surface layer undergoes reaction due
o the presence of HF, i.e. lithium carbonate is dissolved [4].

If immersion and initial cycling of LiMO2 thin film electrodes is
onducted in carbonate-based (PC, DMC) electrolytes with lithium
alts with and without fluorine (LiPF6, LiClO4), the formation of a
ery thin surface layer containing lithium oxide, lithium carbonate,
olymeric carbon compounds can be observed (as well as fluoride-
ontaining compounds, when LiPF6 is used as salt), see Fig. 22.
hese findings are qualitatively comparable to results obtained on
ycled composite electrodes [14,49,138]. However, a significantly

ower fraction of carbon components at high binding energy, usu-
lly attributed to the presence of polycarbonates [14], is observed
ompared to the cycled composite electrodes. This probably reflects
he initial character of the surface layer formation in the thin film
2

deintercalation and (re)intercalation in a PC/LiClO4 electrolyte, as evidenced by the
Li1s  and O1s  XPS core level spectra.

experiments, and indicates that polycarbonates are formed only
later at higher cycle numbers. Possible other reasons are different
initial surface chemistry and lower amount of HF due to the absence
of PVDF-binder. Further investigations are required to elucidate this
issue.

Polarization or cycling of LiCoO2 thin film electrodes however
results in the presence of a reduced surface layer (reduced cobalt
ions (Co2+), oxygen loss), as generally observed also for LiMO2 com-
posite electrodes [23,25,100,139].

The stability of electrodes with respect to contact with elec-
trolyte may  be investigated by low temperature adsorption on
thin film electrodes. These experiments allow also fundamental
insights into cathode/electrolyte interface interaction and electro-
chemical interface formation. Such adsorption experiments were
performed with alkyl carbonate solvent (DEC, DMC) on LiCoO2
cathodes [140–142]. Adsorption experiments with ionic substrates
have hardly been conducted in the past, even if dedicated surface
analysis, partly also on thin film electrodes, is performed rather fre-
quently [24,25,41,100,143,144]. Although adsorption experiments
have mainly model character, they resemble the situation during
composite electrode fabrication, when the active cathode material
is brought in contact with a solution of low ion concentration.

Upon adsorption of DEC onto clean, freshly prepared LiCoO2 a
small amount of chemisorbed (or decomposed) organic species are
detected next to physisorbed DEC. No changes in the cobalt sig-
nals (Co2p, Co3p) are observed, demonstrating that no significant
reduction of cobalt (Co3+ to Co2+) takes place. This indicates also the
absence of DEC oxidation (i.e. negligible hole transfer from LiCoO2
to DEC) and of the formation of a reactive chemical layer involv-
ing the cathode surface. The position of the HOMO level of the
adsorbate phase, extracted from valence band spectra, is ca. 4 eV
below the LiCoO2 valence band maximum, rendering hole trans-
fer extremely unlikely. Despite these facts, it can be found that the
presence of the adsorbate phase leads to pronounced downward
band bending (up to 0.8 eV) and to a decrease of the work func-
tion. This originates from Li-ion transfer to the adsorbate phase, as
indicated also by the spectral features of the Li1s signal. If DMC  is

used as adsorbate phase, a higher reactivity and less band bending
is observed.

Fig. 23 shows the energy level diagram for the LiCoO2/DEC inter-
face, reflecting the formation of the electrochemical double layer.
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ished from low temperature adsorption of DEC. Note that the Li-ion levels are
educed from theoretical considerations. Reprinted with permission from [141].
opyright 2014 American Chemical Society.

t is expected that charge transfer is dominated by the transfer of
i-ions in order to align the ionic electrochemical potential of Li+

n the two phases (the chemical potential of Li-ion is initially very
ow in the DEC adsorbate phase). Note that the position of the elec-
ron energy levels can be extracted from experimental data, while
he position of the ion energy level cannot. However, from the-
retical considerations it is quite clear that (1) the Li-ion energy
evel is bent in the opposite direction than the electron energy
evels, due to the opposite charge of the ion, (2) in the bulk the
hemical potential of the Li-ions should be close to the energy
evel corresponding to vacancy-doped (i.e. p-doped) LiCoO2 and
3) electron and Li-ion chemical potential should amount to the
ithium chemical potential (see e.g. [145]). With such energy level
iagrams, the interface is widely characterized also with respect
o its kinetic properties, as it contains energy level off-sets as well
s any charge carrier concentration changes, as evidenced by band
ending.

As expected, fully intercalated LiCoO2 behaves like a semicon-
uctor. High electric gradients in the surface region are expected
o have a significant impact on the transport of charged defects,
otentially supporting degradation by defect migration, e.g. related
o TM-ions (see [146]). The adsorption experiments though show
hat the LiCoO2/DEC interface is basically non-reactive, indicating
hat salt and/or Li-deintercalation is required to trigger pronounced
eactivity.

. Degradation phenomena on cell level: SEI formation,
athode overcharge and composite electrode effects

The important performance parameters of electrochemical
nergy storage devices, like energy and power densities, safety
nd lifetime aspects or cost issues are only defined on the full
ell level. A systematic investigation of the lifetime of a Li-ion bat-

ery must therefore consider all possible degradation mechanisms,
rom the possible corrosion of current collectors, changes in the
ulk electrode materials, interface reactions between electrodes
nd electrolyte, oxidation and reduction of electrolyte components
d Engineering B 192 (2015) 3–25

or blocking of Li-ion transport through the separator. Most of these
effects lead to increasing transport barriers.

A serious safety risk is the formation of Li-dendrites on the neg-
ative electrode side, which can penetrate the separator and cause
a short-circuit [147]. The proceedings of the specific side reactions,
which are responsible for fatigue, depend strongly on the operation
conditions and the full history of the device. A stable anodic solid
electrolyte interphase (SEI) developed during initial formation of
the cell is a necessary precondition for a good life time of a cell. A
too thick SEI, however, hinders Li-ion transfer, increases internal
resistance and reduces the overall performance. The appropriate
choice of electrolyte components is of primary importance for the
formation of the SEI, very often supported by dedicated additives to
tailor the properties of the SEI. Most of the Li-ions, which are chem-
ically bound in the SEI come from the positive electrode material
and are directly responsible for a significant irreversible capacity
loss in the first cycle. The negative electrode is always slightly over-
balanced, meaning that more active electrode material is used on
the negative side than actually needed to match the capacity of
the positive electrode during normal operation. These additional
vacant sites for Li-intercalation into graphite should minimize the
risk of competing Li-dendrite formation on the graphite or SEI sur-
face. The capacity of the cell is therefore limited by the available
Li-ions from the positive electrode, so that any loss of Li during for-
mation causes directly a capacity loss. Overbalancing is a cell design
tool to enhance safety at the cost of energy density on cell level.

Fatigue on cell level must be studied over about 1000 cycles.
Therefore, the investigation of very good materials requires the
use of commercial-type cells without any artificial degradation
caused by imperfections in cell manufacturing. Cylindrical 18650-
type cells are excellent objects for investigations with neutrons and
high-energy photons and were studied comprehensively [148,149].
The potential of these in operando studies is by far not exploited yet.
Some important results have already been revealed [150], demon-
strating inhomogeneities on cell level, loss of mobile lithium and
cathode overcharge:

(1) Electrolyte filling level: Hydrogen is a strong incoherent scatterer
for neutrons and appears with high local neutron absorption
contrast in neutron imaging. Therefore, the high hydrogen con-
tent of the electrolyte allows for a direct determination of the
filling level and its changes as a function of state-of-charge
(SOC) and with fatigue, see Fig. 24 and also [20].

(2) The loss of mobile Li is displayed in the composition of the over-
balanced negative electrode, see Fig. 25. Only a small amount
of LiC12 remains at the upper cut-off voltage, due to the slight
graphite excess relative to the LiCoO2 cathode. In the fatigued
cell much more LiC12 remains, reflecting less Li in the negative
electrode.

(3) The composition LixCoO2 of the positive electrode can drop
below the critical Li-content x = 0.5. In commercial cells no ref-
erence electrode is used. Therefore, only the overall voltage
can be controlled. A potential drift at the negative electrode
can result in an overcharge of the positive electrode. Values
of x ∼ 0.4 and x ∼ 0.3 have been determined for LiCoO2 and
Li(Ni1/3Co1/3Mn1/3)O2 positive electrode materials in 18650-
type cells [148,149]. Especially in fatigued cells the positive
electrode can become intrinsically unstable in the fully charged
state. The formation of the corresponding equilibrium states
and stable phases is considered as a capacity-reducing step,
because these phases will not (or only to a minor extend) take
part in the successive cycling.
Most electrode materials suffer from dramatic volume changes
or distortions in dependence on the state-of-charge (SOC). Elec-
trode particles are in contact with each other, with current collector
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Fig. 24. Neutron absorption contrast in 18650-type Li-ion cells. In the charged state (left) the electrode volumes are larger and electrolyte is pressed out of the porous
electrode structures. The bottom region appears in darker grey, because of the attenuation by electrolyte. In the discharged state (right) the electrolyte is soaked in the
e etwee
L tate (
( e to lit

a
b
p
i
i
c
w
i
c
i
e
e
w

d
t
p
w
r
i
t
f
o
u
a
a
m

F
c

lectrodes and a nearly electrolyte-free region appears. In addition the contrast b
i-contents in the electrodes. A very similar Li-distribution exists in the charged s
mainly  Li-free graphite and LiCoO2). Neutron absorption in the solids is mainly du

nd with electronic conductive additives, held together by polymer
inders like polyvinylidene fluoride (PVDF). Cracks in the electrode
articles can cause transport barriers for both, electrons and Li-

ons, and even result in complete contact losses with accompanied
nactivity of some parts of the electrodes. Such mechanical damage
ontributes to capacity losses by inactive regions and new surfaces,
hich consume Li-ions for the formation of additional SEI. Mechan-

cal stresses caused by Li-extraction and -insertion as well as by
hanges in the coordination polyhedra of transition metals dur-
ng oxidation and reduction have an important impact on fatigue,
specially for brittle materials. Such bulk related effects can be most
asily detected by structural studies as e.g. by diffraction techniques
ith electrons, X-rays and neutrons.

Two main methods are considered to define the level of degra-
ation, also called the state-of-health (SOH). One is to compare
he actual capacities during charge and discharge at fixed tem-
erature, for the same rates and within the same voltage window
ith the initial values after formation. Another is to consider the

elative change of the internal resistance, which will normally
ncrease with fatigue in comparison to the fresh cell after forma-
ion. Both parameters do not allow identifying the main reasons
or degradation. Many more parameters are needed and very often
nly post mortem studies can reveal more information about the
nderlying processes. For example only the cell voltage is measured

nd controlled, but not the individual potentials at the positive
nd negative electrode. The lack of a reference electrode in a nor-
al  commercial device is a serious limitation for the optimization

ig. 25. Composition of the negative electrode in different SOCs, determined by the
ell voltage and two different SOHs, fresh and fatigued after 1000 cycles.
n positive and negative electrodes changes significantly, because of the different
main compositions are LiC6 and Li0.5CoO2) in comparison to the discharged state
hium, more precisely due to the 6Li isotope with a natural abundance of 7.5%.

of the operation conditions and the detection of the SOH  during
operation. Most powerful investigation methods are in operando
techniques, because they can monitor fatigue and its proceeding
in a non-invasive manner, exactly under the same conditions as
during normal operation.

In the following, an example of spatially resolved Raman spec-
troscopy of electrode materials is illustrated, demonstrating the
inhomogeneous nature of the composite cathode. Fig. 26 shows the
results of a Raman mapping of a LiCoO2 cathode composite (85%
LiCoO2, 10% PVDF, 5% carbon black) using green laser excitation at
532 nm [34]. The analysis of the mapping data reveals considerable
chemical heterogeneity along the LiCoO2 composite electrode with
a complementary distribution of LiCoO2 (top left) and carbon (bot-
tom left). The variation in chemical composition is corroborated
by the Raman spectra from different sample locations shown on
the right of Fig. 26. Spatially resolved analysis is able to detect indi-
vidual active mass particles of the LiCoO2 composite. While the
particles vary in size, they are typically in the range of ∼10–20 �m.

Furthermore, spatially resolved Raman spectroscopy has been
employed to study LiCoO2 composite electrode before and after
galvanostatic cycling at a rate of C/12. The Raman maps shown in
Fig. 27 are based on Raman spectra taken at defined spots of the
composite electrode with a step size of 5 �m thus sampling an area
of 30 �m × 30 �m.  The graphical images correspond to the inte-
grated intensities of the A1g phonon band of LiCoO2 interpolated as
colour gradients.

As before the Raman maps show a rather heterogeneous distri-
bution of the chemical composition across the electrode surface.
This behaviour is characteristic for all parts of the electrode sur-
face examined. The spectra shown on the left were taken before
galvanostatic cycling. However, it should be mentioned that the
in situ cell was  already fully assembled by that time, i.e. measure-
ments were performed inside the in situ cell with the composite
electrode and the electrolyte present. The right panel shows in situ
Raman data after four galvanostatic cycles. Within the precision
of the motorized stage (repeatability of 0.75 �m)  the same area
was under examination as before cycling. Importantly, compar-
ison of the Raman maps before and after galvanostatic cycling
shows a major redistribution of the chemical composition. This
behaviour highlights the dynamic nature of LiCoO2 composite
electrodes under electrochemical conditions. Our findings are con-
sistent with previous results on composite lithium-ion cathodes
suggesting a rearrangement of carbon additives as well as forma-
tion of surface films during cycling. Such changes were postulated
to contribute to the loss of contact resistances between par-

ticles leading to an overall degradation of the electrochemical
performance.
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Fig. 26. Raman mapping of a cathode composite (85% LiCoO2, 10% PVDF, 5% carbon black) overlaid onto the corresponding microscopy image showing the LiCoO2 (top left
image)  and carbon (bottom left image) distribution. The Raman spectra (right image) correspond to the indicated points of the Raman map. Laser excitation at 532 nm was
used.  Spectra were offset for clarity [34]. A red colour in the mapping corresponds to a high amount of LiCoO2 (top left image) or a high amount of carbon (bottom left).
Reprinted from [34] with permission of Elsevier.
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ig. 27. In situ Raman maps of the same sample area of a LiCoO2 composite electrod
xcitation 532 nm laser emission was used. Signals correspond to integrated areas 

. New materials and approaches: solid state electrolytes
nd thin film cells

The stability of the electrolyte in contact with the electrodes

uring storage and operation is a key issue for the degradation of Li-

on batteries. A prominent degradation route is the decomposition
f (liquid) electrolyte at anode and cathode, which eventually leads
o increase of resistance and capacity fade due to loss of free lithium.
ersed into electrolyte before (left) and after (right) four electrochemical cycles. For
595 cm−1 LiCoO2 band after background subtraction [35].

Electrolyte-related degradation may  be minimized by the use of
inorganic solid electrolytes. Such electrolytes have generally high
stability, i.e. a large electrochemical stability window, and sustain
only Li-ion mobility [151]. Any products from residual reactions are

retained at the interfaces, and cells with lithium anodes show very
high cycling stability [151–153]. Therefore, all-solid state batteries
are envisioned as next generation lithium batteries with increased
capacity, lifetime and safety [151]. Also, the use of inorganic solid
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lectrolytes as protective layers for cathodes and anodes in con-
entional Li-ion cells with liquid electrolytes is attractive, due to
heir high ionic but very low electronic conductivity.

.1. Solid state electrolytes

There are a number of solid state electrolytes with high ionic
onductivity even at room or slightly elevated temperatures [154],
nd material development is ongoing. Solid electrolytes with very
igh conductivity (10−3 S/cm at RT) are crystalline oxide-based
r glassy sulphide-based materials [151,154]. Persisting issues
egarding the use of solid electrolytes in Li-ion cells are high
nterface resistance and reactivity with electrode materials. This
specially applies to sulphide-based systems, which face issues
ven when typical electrode materials such as LiCoO2 or graphite
re used [151], but also to oxide-based systems for the lithium
node or high-voltage cathodes [151,155]. It has been shown, how-
ver, that high interface resistance can be overcome by different
reatments [155,156], but a rational interface design is still lacking.

Glassy oxide-based electrolytes find currently often application
n planar thin film batteries [151,157,158], and have promis-
ng properties when used as artificial SEI-layer [133,159,160].
enerally glassy oxide-based electrolytes possess high stability,

easonable conductivities (up to several 10−6 S/cm at RT) and do not
xhibit kinetic inhibitions due to structural misfits at the interfaces.

 prominent feature of glassy electrolytes are local variations in
onductivity, manifesting themselves e.g. in thickness-dependent
onductivity [161].

A prominent example of this class of solid electrolytes is LiPON,
hich was first reported by Bates and co-workers [162]. It has

een used successfully in thin film cells for quite some time [152],
ut also possesses promising properties as protective layer in liq-
id electrolyte cells [133,159,160]. LiPON is a nitrogen-substituted

ithium phosphate glass with a limited network due to bridging
nd double-bonded oxygen (Ob and Od, respectively) and triple
s well as double coordinated nitrogen (Nt and Nd, respectively)
162]. Typically, LiPON is deposited as thin film by rf-magnetron
putter deposition at room temperature using Li3PO4 as target
nd nitrogen as reactive gas [163]. For the typical composition
f Li2.9PO3.3N0.36, the ion conductivity of LiPON thin films is

 × 10−6 S/cm at room temperature (RT) with negligible electronic
onductivity (<10–14 S/cm) [163]. In fact, the composition range in
hich reasonable (ion) conductivities (around 10−6 S/cm at RT) are

bserved is quite large [164,165]. The comparable high conductiv-
ty is related to the incorporation of nitrogen [163], but the exact
onduction mechanism is still under debate [166].

.2. Thin film electrodes

Various thin film electrodes have been used in thin film cells
158,167] or as model electrodes for fundamental investigations
40,168,169]. Thin film deposition is a non-equilibrium process, and
he deposition of stoichiometric materials with low defect concen-
rations is a challenge. On the other hand, thin film technologies
ffer the possibility to synthesize materials with an increased range
f composition, given suitable deposition processes are used.

Thermodynamic stability vs. growth conditions is a key tech-
ological aspect for the successful preparation and life time of the
iMO2 (M = Ni, Co, Mn)  thin film layered cathode materials by using
adio frequency (RF) film deposition techniques [42,127,128,170].
he film has to be well crystallized and stoichiometric with respect
o lithium and oxygen contents to obtain a defined electronic

onfiguration of the M atoms. Li1.0Co3+

1.0O2 (LCO) is a “friendly”
aterial for the thin film growth. The Co3+ (3d6, t2g

3↑t2g
3↓eg

0) with
ow spin (LS) state configuration is stable at various temperatures
f film growth [42,127,128]. The high temperature (HT) phase of
Fig. 28. Illustration of influence of temperature on the composition during phase
formation in a LNCO film [127].

stoichiometric LiCoO2 film is formed at T = 400–650 ◦C. A well crys-
tallized stoichiometric HT-LiCoO2 film cathode material exhibits
good reversibility of the electrochemical properties up to 4.2 V vs.
lithium restricted by the intrinsic voltage limit of LiCoO2 material.
Advantages of LiNi3+O2 (LNO) compared to LCO are a slightly higher
theoretical capacity (275 mA h g−1 compared to 248 mA  h g−1 for
LiCoO2 [171]), reduced cost and, as discussed before, a more sta-
ble electronic configuration at the higher voltage charged state
compared to its cobalt counterpart. However, these advantages are
offset by an instability of Ni3+(3d7, t2g

3↑t2g
3↓eg

1↑) in the LS state
ions. This leads at elevated growth temperatures to Li-deficiency,
oxygen loss and Ni2+ ↔ Li+-cation exchange in the as prepared film
(see Fig. 28). Moreover, Ni2+ ions occupy the empty Li-sites during
Li+ deintercalation resulting in rapid cathode degradation. All these
drawbacks lead to capacity fade and fast deterioration. A substitu-
tion of the Ni3+ ions by Co3+ ions resulting in Li1.0Ni3+

0.5Co3+
0.5O2

(LNCO) helps to stabilize the electronic structure and stoichiom-
etry of the LNCO film against thermally induced oxygen loss and
Li-deficiency.

To control the stoichiometry during LNCO film growth, a RF
co-sputtering method has been developed to grow stoichiometric
LiMO2 films [127]. Li(Ni2+,Co3+,Mn4+)O2 (LMNCO) has a higher volt-
age window compared to LCO and LNCO cathode materials, since
the Mn4+(3d) state lowers the O(2p) band with respect to the Co2+/3+

and Ni2+/3+/4+ redox couples due to inductive effects, thereby stabi-
lizing the electronic structure of the layered oxide at a high charged
state [6]. Similar to LNO and LNCO, the growth of a well crystal-
lized stoichiometric LMNCO thin film cathode is not trivial task but
RF co-sputtering technique is a proper tool to overcome the usual
problems associated with non-stoichiometry and variation of oxi-
dation state of the transition metals [129]. In order to obtain a well
crystallized structure of Ni-based layered oxides, the temperatures
during film growth have to be shifted to the higher values compared
to LiCoO2. However, the probability to form non-stoichiometric
oxide phases in a LMNCO film increases with temperature. There-
fore, the stability of the stoichiometric layered structure needs to

be governed by control of the oxygen partial pressure during film
growth and during annealing conditions. Fig. 29 illustrates the elec-
trochemical properties of respective thin films.
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ig. 29. Cyclic voltammograms (CV) of LiCoO2 (LCO), Li(Ni,Co)O2 (LNCO) and Li(Mn,
LMNCO), respectively. Lithium foil was used as anode and carbonate-based liquid
ermission of The Royal Society of Chemistry.

.3. Thin film cells

Thin film cells with LiPON show excellent properties, such
s high cycle stability and low self-discharge, and have been
xtensively investigated in planar geometry [157]. However, the
apacity of such planar cells remains low (typically <250 �Ah/cm2)
ue to a limitation for the cathode film thickness [167]. In order to

ncrease the capacity various concepts based on 3-D structures or
-D surface structured substrates have been proposed [172]. Until
ow, however, the realization of such 3-D structured thin film cells

s impeded by the lack of conformal, chemical vapour deposition-
ased processes, especially for the electrolyte. Only recently, first
eports regarding the deposition of LiPON by chemical vapour
eposition (CVD) have appeared [173,174].

A significant inner resistance is encountered for LiPON-based
hin film cells, which can be attributed mostly to the resistance of
he electrode/electrolyte interfaces, especially when high voltage
athodes are used [152,155]. Interface resistances may  be due to
igh transfer resistances or due to the formation of reaction lay-
rs, and can be easily investigated by interface experiments for
olid–solid contacts.
Such experiments demonstrate for the LiCoO2/LiPON interface
51] that the chemical structure of LiPON is significantly different
rom inside the film as reflected in the changing ratios Ob/Od and
t/Nd during deposition (Fig. 30), indicating that during growth

ig. 30. Structural differences of LiPON near the interface region with LiCoO2 as
bserved from an interface experiment with LiCoO2 as substrate. Reprinted from
51] with kind permission of Springer Science and Business Media.
O2 (LMNCO) thin film cathodes grown at T = 550 ◦C (LCO), 750 ◦C (LNCO) and 600 ◦C
rolytes in a Swagelok LIB cell. Left and middle figure reproduced from [127] with

the electrolyte adapts to the low lithium chemical potential (i.e.
low Fermi-level) of the LiCoO2 substrate. At the interface, the
amorphous electrolyte is rich in triply bound nitrogen, which is
taken as sign for a comparably high Li-ion conductivity in the
interface region. No pronounced changes at the surface of LiCoO2
are seen, and only minor band bending is observed indicating
the absence of a large electric potential gradient at the interface.
Therefore, we  presume that the lithium (ion) chemical potential
of LiCoO2 and LiPON is comparable within a few tenth of eV, and
that thermodynamic barriers for Li-ion transfer are of the same
magnitude.

Determination of the valence band maximum offset via core
level binding energies [52] yields 1.15 and 0.65 eV for LiPON
deposited at room temperature and at 200 ◦C, respectively (Fig. 31).
This dependence of the valence band offset on the deposition
temperature is related to different valence band edges of the
LiPON due to a different chemical structure (more nitrogen)
when deposited at higher temperatures (see also [175,176]). The
position of the Fermi level in LiCoO2 above the valence band
maximum and the high value(s) for the valence band maximum
offset render the oxidation of LiPON for the fully lithiated LiCoO2
unlikely.

The interface between LiPON (amorphous model structure
obtained using USPEX) and LiCoO2 ((0 0 0 1)-surface, half-Li termi-

nation) was  also investigated by DFT calculations. In Fig. 32 it is
shown how this interface is formed and that the electronic prop-
erties in the interface region, reflected in the density of states, are

LiCoO2 LiPON

EC

EV

EF

no (or small) 
band be nding

EV, RT = 1,2 eV
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gradient
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EVE
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Fig. 31. Illustration of band diagram of LiCoO2/LiPON interface, deduced from an
interface experiment with LiCoO2 as substrate. Note that minor downward band
bending is observed in the LiCoO2 (not shown). Reprinted from [142] with permis-
sion from Elsevier.
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ig. 32. Schematic representation of the formation of the interface between LiCoO2

nd LiPON slab models (including vacuum), and corresponding density of states.

ominated by the states of the cathode material. Major contribu-
ions to the upper valence band and conduction band originate
rom Co and O, no additional states can be found within the orig-
nal band gap of LiCoO2. Moreover, LiCoO2 undergoes only minor
tructural changes upon interface formation with LiPON, consistent
ith experimental observations.

. Summary

In this paper fundamental degradation mechanisms of Li-ion
ayered oxide cathode material have been reviewed and degra-
ation on cell level has been addressed. It includes recent results
btained by novel in situ/in operando diffraction methods, mod-
lling, and quasi in situ surface science analysis, as provided by
nvestigations within our collaborative research effort (DFG SFB
95). Central are the evolution and interrelation of crystal struc-
ure, point defects and electronic structure of LiMO2 (M = Ni, Co,

n)  cathode materials and their interfaces as key factors for the
ecay of the system.

Degradation is mainly characterized by irreversible capacity
oss (capacity fade) and increase in cell impedance both due
o fatigue caused by cell operation (charge/discharge cycles) as
ell as ageing phenomena occurring at rest. The pronounced

nteractions between different components of the Li-ion cell
equire an evaluation on cell level. Various degradation phenom-
na are known, which reflect the fact that the operation of Li-ion
ells occurs close to or outside the stability limits of almost all
nvolved phases and materials (e.g. electrolyte, electrodes, current
ollectors), causing (electro-)chemical side reactions and phase
ransformations.

Our recent results by in situ and in operando diffraction methods

n commercial cells show that especially three, partly interrelated
echanisms deserve attention: degradation of the cathode due to

vercharge, interface layer formation and loss of free lithium. Inter-
ace layer (SEI) formation and related electrolyte decomposition
d Engineering B 192 (2015) 3–25 23

result in a constant loss of free lithium and continuous resistance
increase. The loss of free lithium eventually leads to (positive)
potential shift of the anode, leading to cathode overcharge, which
promotes degradation of active cathode material and cracking of
grains. We demonstrate in this contribution for LiCoO2 as proto-
type material how oxygen loss and eventual phase transformation
relates to changes in electronic structure and to point defect for-
mation. The point defect concentration in the volume of a cathode
material is imprinted during synthesis, and evolves during opera-
tion of the cell according to defect formation energies and defect
mobility. During normal operation of the cathode, only lithium
vacancies are formed and annihilated upon lithium (de)insertion.
Upon overcharge, however, other point defects related to oxygen
and transition metal(s) are also formed and lead to degradation.

For layered oxide cathodes oxygen-related defects such as oxy-
gen vacancies play a major role for decomposition at low lithium
content, but also defects related to transition metal ions (anti-sites
and vacancies) can be crucial for the cathode stability. Particularly,
for LiCoO2 low or negative defect formation energies are found for
oxygen vacancies and cobalt anti-site defects, implying that forma-
tion will take place, certainly on long time scales.

Next to defect formation energies, the stability of LiMO2 cathode
materials is linked to the evolution of electronic structure result-
ing from removal of electrons upon delithiation. Below a critical
lithium composition electrons are removed from orbitals of pre-
dominantly oxygen 2p type character (hole formation) leading to
oxygen loss and phase destabilization (oxidative decomposition).
This transition is also evidenced in structural data as rapid shrink-
ing of the c-axis parameter. It defines the stability limit of layered
oxide cathode materials. The evolution of the electronic structure of
transition metal oxides with varying lithium content explains the
electrode stability depending on the electrode potential, leading
to concepts such as the intrinsic voltage limit of cathode materials.
Our analysis of thin film LiCoO2 and Li(Co,Ni)O2 electronic structure
supports these concepts.

The formation of electrode/electrolyte reaction layers (SEI-
layers) is a key process leading to capacity fade and resistance
increase. The cathode SEI consists of an inorganic electrode
surface layer as a result of cathode surface deterioration, cov-
ered by a layer of organic and inorganic compounds formed
by electrolyte decomposition products. Surface deterioration and
electrochemical electrolyte decomposition (electrolyte oxidation)
are a consequence of the lack of electrochemical equilibrium at the
interface for electrons, oxygen ions and transition metal ions. SEI
formation is especially linked to electron transfer, which in turn is
governed by the electronic energy alignment and contact poten-
tial at the interface. Not much attention has been paid in the past
to these matters, which is attributed to experimental difficulties.
Our surface science approach allows to evaluate energy alignment,
contact potential and reactivity. On basis of the large electronic
energy off-set at a LiCoO2-solvent (i.e. DEC) interface as obtained
by model experiments it is concluded that double layer formation
and presence of salt significantly influence the oxidation of solvent.
Also, evidence is found that charge carrier concentration changes
and electric potential gradients at the interface due to the semi-
conducting nature of LiCoO2 should be taken into account in the
discussion of surface layer formation during handling, composite
electrode fabrication and early cycling.

The degradation mechanisms addressed in this contribution
indicate that capacity fade may  be significantly slowed down if
anodes with a stable potential and/or anodes containing lithium
are employed. Loss of lithium and increase of inner resistance on

the other hand require stable electrode/electrolyte interfaces. Both
capacity fade and side reactions at electrode/electrolyte interfaces
may  be overcome by the use of suitable solid-state electrolytes and
lithium anodes, as implied by the high cycling stability of thin film
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ells. Life time can also be prolonged if less than the full reversible
athode capacity is addressed at the beginning of cell life, which
ay be an interesting option in the future considering ongoing

evelopment of higher capacity cathode materials.
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