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an ionically conducting phase called elec-
trolyte.[1] This phase boundary represents an 
electrochemical interface as the only “legiti-
mate” site for charge ( = electron or ion) 
exchange in a battery cell and is ultimately 
responsible for voltage and rate of any elec-
trochemical device. Apart from that, other 
reactions at this interface are considered 
as parasitic and are usually irreversible by 
nature. We will continue with liquid elec-
trolyte Li based chemistries from here on. 
Mitigating the decomposition reactions of 
liquid electrolyte formulations is inevitable 
to control important benchmarks for lith-
ium-based battery cells, for example, overall 
power, energy, and life performances as well 
as safety. However, a complex battery cell 
system is challenging to control, because 
of a wide variety of cell configurations: dif-
ferent electrolyte formulations and electrode 
materials go hand in hand with diverse 

operating parameters and conditions, not allowing for a univer-
sally valid understanding of the key reaction mechanisms at the 
phase boundary.[2–4]

Defined as the distance between the electrode surface and the 
immediate layer of counter ions of the electrolyte, the thickness 
of an electrode–electrolyte interface is estimated to be <1 nm and 
therefore regarded as 2D.[5] Using electrode materials reactive with 
the electrolyte under specific operation conditions results in the 
decomposition of electrolyte components in contact with the sur-
faces of the electrodes made from these materials: As a result of 
(irreversible) electrolyte decomposition, different solid products, 
including hardly soluble inorganic lithium salts and various lith-
ium-free and lithium containing organic components, deposit or 
precipitate on the electrode surfaces as more or less compact coat-
ings at electrode|electrolyte interface (Figure 1).[5–8] This deposi-
tion/precipitation process, taking place upon the contact between 
electrode and electrolyte (lithium metal battery (LMB) chemistries) 
or during the initial cycles (lithium ion battery (LIB) chemistries), 
leads to films/layers/interphases inhibiting or at least diminishing 
further decomposition of the electrolyte.

The resulting films built-on chemical and morphological 
structures (difference in the atomic-level structure of both 
phases at the interface and in the bulk structures) and cannot 
be viewed as 2D interfaces, but rather as 3D interphases which 
thicknesses can scale from a few nanometers (nm) to microme-
ters (µm).[9] This results in the appearance of two new 2D inter-
faces as boarders between electrode and interphase as well as 
between interphase and electrolyte (Figure  1). The component 
arrangement within the interphase regions are compromises 
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1. From Electrochemical Two-Phase (Interface)  
to Three-Phase (Interphase) Considerations

The central phenomenon of an electrochemical process in an elec-
trochemical device is the transfer of charge at a phase boundary 
between an electronically conducting phase called electrode and 
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between the contradictory demands by both phases. The phys-
icochemical nature of in situ formed interphases is strongly 
dependent on the liquid electrolyte composition, namely the 
type of conducting salt, solvents/co-solvents and functional 
additives.[10] Since the interphases are formed on both elec-
trodes, anode and cathode, they are respectively termed as 
solid electrolyte interphase (SEI)[11] on the anode side and 
cathode electrolyte interphase (CEI).[12]They dictate the overall 
performance (reversibility of redox chemistry at the respective 
electrodes and kinetics of the cell reactions) as well as safety 
of the battery cell. According to Xu,[5] interphases are a double-
edged sword in respect to sufficient protection on one hand 
and impeded Li+ ion transfer on the other, necessitating a com-
promise to find an optimal balance between the two. Although 
tremendous research was conducted on design, development, 
characterization, and elucidation of interphases both from 
experimental,[6,7,13–23] and theoretical[24–32] aspects, interphases 
still remain “the most important but least understood compo-
nent in lithium-based battery cells”.[33] The formation mecha-
nism, exact structure, and intra-phase transport properties are 
still under “realist-idealist debate". In addition, the amount 
of studies conducted on the CEI remain far behind the ones 
related to the SEI analogues. Both interphases are built up 
out of the decomposition products of the two differently com-
posed electrodes with the same electrolyte. When it comes to 
SEI versus CEI composition, it is clear that the two interphases 
are different. However, it is still an open question, whether 
the CEI displays similar physicochemical fundamentals as the 
SEI on negative electrode. Owing to their sensitive chemical 
nature, elusive manner of formation and the lack of reliable in 
situ characterization tools, both SEI and CEI are challenging to 
study and understand. Characterization of the CEI and identifi-
cation of its chemical composition are even more challenging: 
Determining the oxidation potentials which are sufficient to 
decompose the different electrolyte components on the posi-
tive electrode has proven to be more demanding compared to 
the negative electrode, due to the (electro-)chemical nature of 
the decomposition reactions, which are very much dependent 
on the electrolyte composition, cathode material and electrode 

composition as well as electrode surface area.[6,34,35] Cathode 
materials are known for their strongly nucleophilic and Lewis 
basic properties which promote the coordination to the oxygen 
atoms of electrolyte components (e.g., of ethylene carbonate, 
(EC)),[36] thus initiating the redox reaction. In general, cathode 
materials are covered by a native surface film of lithium car-
bonate (Li2CO3) and lithium hydroxide (LiOH), which are 
formed in the reaction of the transition metal oxides with 
atmospheric carbon dioxide (CO2) and moisture (H2O) during 
storage and processing.[37–40] The presence of Li2CO3-based 
surface film on transition metal-based oxide positive materials 
(layered lithium cobalt oxide, spinel-type lithium manganese 
oxide and layered lithium nickel–cobalt–aluminum and lithium 
nickel–cobalt–oxides)[41] can also originate from incomplete 
conversion of the carbonate precursors used for the synthesis 
of the electrodes active materials. Li2CO3 is known to react with 
common electrolyte conducting salts (LiPF6 and LiBF4).[42–44] 
Furthermore, oxidation of the state-of-the-art organic carbonate-
based electrolyte formulations are usually influenced by the 
conductive additive in the positive electrode mix alongside the 
upper cut-off voltage of the battery cell.[45] The decomposition of 
conventional LiPF6/organic carbonate-based electrolyte starts at 
voltage >4.5 V.[46–49] An example was published by Rinkel et al., 
who presented the main organic and inorganic decomposition 
products as well as the corresponding reaction mechanisms 
taking place in a LiCoO2║Li cell utilizing an organic carbonate 
based electrolyte (1 m LiPF6 in EC:DMC 1: (v/v)) at a high stage 
of charge (SOC) of up to 4.9 V (Figure 2).[50] In addition, also 
anion intercalation into (partially) conductive carbons can take 
place.[51,52]

2. Electrolyte Stability: Thermodynamic versus 
Kinetic Approach
While the previous sections focused on the general existence 
and nature of the 3D interphases, the following section will 
outline the theoretical physicochemical reasons behind their 
formation.

Figure 1. Typical schematic overview of a liquid electrolyte containing battery cell, explicitly depicting the SEI on the negative electrode and the CEI on 
the positive electrode. The enlarged image illustrates the difference between the 3D structure of the interphase (SEI or CEI) and the 2D boundaries of 
the electrolyte–interphase interface or the interphase–electrode interface.
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In LIB, the thermodynamic value of the cell voltage under 
open circuit voltage (OCV) conditions is determined by the dif-
ference between the electrochemical potentials of the anode 
( aµ ) and cathode ( cµ ). If the value of the anode’s electrochem-
ical potential ( aµ ), lies above the energy level value of the lowest 
unoccupied molecular orbital (LUMO) of the conventional 
LiPF6/organic carbonate-based electrolyte, the (in this context) 
thermodynamic instable electrolyte is reduced on the anode 
surface. The reduction process continues until the layer well-
known as SEI is completely protecting the anode surface, thus 
inhibiting the electron transfer from the anode to the LUMO of 
the electrolyte (Figure 3a).[53,54] Accordingly, a cathode material 
with an electrochemical potential ( cµ ) below the energy level 
value of the electrolyte’s highest occupied molecular orbital 
(HOMO) leads to the oxidation of the conventional LiPF6/
organic carbonate-based electrolyte (Figure  3). The electron 
transfer from the HOMO to the cathode results in the formation 
of an effective CEI (Figure 3c). This, in the ideal (desire) case, 
electronically insulating and well Li+ ion conducting protective 
interphase prevents the direct contact of liquid electrolyte and 
the reactive electrode surface. To overcome the challenges asso-
ciated with the electrolyte’s instabilities at the initial cathode–
electrolyte interface, especially during high-voltage (HV) appli-
cation, two approaches are intensively followed in the literature. 
The first one comprises development of electrolytes, whose 
HOMO energy level lies well below the electrochemical poten-
tial of the cathode, thus providing an intrinsic thermodynamic 

stability (Figure 3b).[14,54–58] The second approach relates to the 
introduction of CEI forming electrolyte additives, electrode sur-
face coatings and pre-assembly modifications of the cathode 
surface, as an economical and effective approach to rapidly 
achieve kinetic stability at the interface from the beginning of 
operation. Cathode surface coatings reduce the parasitic reac-
tions between the cathode material and the electrolyte and 
therefore already result in a higher Coulombic efficiency during 
the initial cycles. CEI forming additives, on the other hand, are 
designed to get preferably oxidized and form an effective CEI 
on the cathode surface prior to electrochemical oxidation of the 
bulk electrolyte.[59–67]

2.1. Oxidative Electrolyte Decomposition Pathways

A common approach to raise the energy of battery cells is the 
increase of the upper cut-off voltage during charge (>4.3  V), 
which in turn does result in higher operational discharge volt-
ages and frequently also in higher discharge capacities.[68,69] 
However, electrolyte instability as well as cathode surface reac-
tivity can cause gas evolution and concomitant permanent loss 
of lattice oxygen as well as degradation and reconstruction of 
the CEI and transition metal dissolution, which can all be detri-
mental to the battery cell performance and lifetime.[70–74]

The study of electrochemical stability window as well as of 
pathways of electrolyte decomposition outside of this window, is 

Figure 2. Overview of electrolyte decomposition reactions that occur at high voltage/SOC initiated at the positive electrode. Reproduced with permis-
sion.[50] 2020, American Chemical Society.
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particularly important for design and development of advanced 
battery materials and cells.[75] Electrolyte decomposition 
pathways can be categorized into three types of reactions:[76] 
i)  chemical (non-Faradaic) reduction and oxidation, ii) electro-
chemical (Faradaic) reduction and oxidation, and iii) non-redox 
reactions, for instance acid-base reactions.

The aforementioned reactions can occur in competition and/
or in subsequence o impacting the type and number of com-
ponents formed as part of the interphase layer, in this case 
the CEI. For certain cell chemistries, chemical oxidation is the 
dominant decomposition process, thus intrinsically linking 
the surface reactivity of the positive electrode and the electrolyte 
reactions taking place, especially at high cut-off voltage (higher 
SOC).[50,77] Figure 4 depicts the main oxidation reactions for 
organic species (RX) taking place in an electrochemical system 
and provides starting methods/techniques for identification 
of intermediate and product species within different reaction 
mechanisms.[76]

Electrolyte decomposition processes of organic solvent-based 
electrolytes usually involve solvent/co-solvent and conducting 
salt anion, thus calling for explicit analysis and understanding 
of coupling of their decomposition reactions.[77–79] Various 
reaction mechanisms for organic carbonate-based electrolyte 
oxidation have been proposed in literature, such as nucleophilic 

substitution between metal oxide cathodes and organic car-
bonate molecules,[80–82] electrophilic[83,84] mechanisms and dehy-
drogenation reactions, including EC dissociation[75] and disso-
ciation with oxygen vacancy formation.[83] One example is the 
proposed mechanism by Zhang  et  al. of the oxidative decom-
position of 1 m LiPF6 in EMC/EC electrolyte on layered Ni-rich 
metal oxide positive electrodes (Figure 5): The study correlated 
the decomposition species, identified via in situ FTIR experi-
ments, and their contribution to the CEI impedance growth and 
capacity loss. The determination of those mechanisms is a vital 
part in the ongoing quest to deliberately design tailored electro-
lyte formulations and synthesis of functional additives.

3. Effect of Electrolyte Additive Promoted  
CEI Formation
Knowledge gained over the last decades has enabled researchers 
to develop a set of semi-empirical disciplines to tailor inter-
phases. The introduction of sacrificial electrolyte components 
(functional additives) is regarded as the most effective and cost 
affordable approach since their amount is usually kept ≤ 5% 
of the electrolyte composition.[86] An ideal CEI forming addi-
tive should fulfill a set of the following requirements: i) lower 

Figure 3. Schematic illustration of LIB energy diagram under open circuit conditions of a battery cathode cell containing: a) LiPF6/organic carbonate-
based electrolyte under continuous electrolyte oxidation, b) high voltage stable electrolyte with intrinsic thermodynamic stability, and c) film forming 
electrolyte additive enabling formation of an effective CEI.

Figure 4. Schematic representation of possible oxidative reaction pathways following initial oxidation of species (RX) in an electrochemical system; 
R-hydrocarbon; X-substituent.[76]
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oxidation potential than state of the art (SOTA) electrolyte com-
ponents, ii) compatibility with SOTA electrolyte components, 
iii) compatibility with the anode, and iv) enhancement of the 
ionic conductivity.[55,87,88] There are many compounds that can 
fulfill the requirements considering the compatibility with the 
SOTA electrolyte components and the negative electrode, how-
ever, a most crucial requirement refers to the lower oxidation 
potential compared to the SOTA electrolyte. Many different 
CEI additives are known in literature, which can be categorized 
according to their molecular structure and further divided with 
regard to the containing elements (Figure 6).

Fluorinated organic molecules are the largest and most inves-
tigated group of functional additives and can be divided further 
depending on the utilized heteroatoms.[66,89–113] The two other 
groups of potential additives for high-voltage applications are 
organic metal-based[67,90] and lithium salt-based[114–121] molecules. 
All these additives decompose prior to the SOTA electrolyte and 
form an effective CEI. However, not every formed CEI is an ideal 
compromise, which fulfills all of the following requirements: 
i)  facilitate (or at least does not impede) lithium ion transfer, 
ii) reduce the interfacial/interphasial resistance, iii) reduce tran-
sition metal dissolution, iv) suppress gas generation, v) prevent 
structural changes of the electrode active material, and vi) pre-
vent side reactions between the electrolyte formulation and the 
electrode (Figure 7).[89,93,94,98,99,104,109,119,122–129]

3.1. The Role of Fluorine in CEI Film Forming Additives

Since F is a most utilized compound for high-performance 
applications, it is worth to take a stronger look at its chemistry: 
Fluorine can form chemical compounds with hydrogen, metals, 
nonmetals, even noble gases, and a diverse set of organic com-
pounds. With an adopted oxidation state of −I, the fluoride-ion 
forms a great variety of chemical compounds by either polar 

covalent or ionic bonds. An additional merit of fluorine con-
taining additives as part of an electrolyte is their tendency to 
combust rather than to catch fire.[130] Fluorinated electrolytes 
have been demonstrated to help reaching new levels of per-
formance and safety in high voltage batteries.[131–137] In case of 
high voltage application, the substitution of hydrogen with fluo-
rine atoms leads to reduced activation energy[138] and decreased 
HOMO and LUMO energy levels, thus resulting in increased 
reduction and decreased oxidation potentials.[12,95,133,139–141] 
In most cases, this decreased HOMO energy level leads to 
improved cycling performance which is related to the early 
formation of an effective CEI layer as well as to the decreased 
overall impedance.[95,133,139,142] There are numerous publica-
tions in the recent years featuring fluorinated high voltage 
additives.[86,113,143–154] However, in most cases the authors do 
not clarify whether fluorination is essential for the additive per-
formance for high voltage batteries or not. Therefore, further 
profound understanding of the fluorine atom’s impact on the 
overall performance of lithium-based cell chemistry has to be 
the topic of future research, including: i) finding correlation 
between the molecular and electronic structures of fluorinated 
electrolyte components, ii) identifying relevant physicochem-
ical properties and reactivity, iii) revealing synergistic effects 
between fluorinated and non-fluorinated electrolyte compo-
nents, iv) elucidating main operation and failure processes in 
the lithium-based cell, v) studying of different plausible reac-
tion pathways, and vi) analysis of the limiting and determining 
steps which provide rationalization of the obtained results. This 
research as well as the integration of gained knowledge com-
prising the aforementioned parameters and processes is key 
toward desired advancements of lithium-based cell chemistries 
and their effective performance (Figure 8).[133,154]

The formation, thickness, dynamics, and morphology of 
the CEI are dependent on the nature and properties of the 
considered electrolyte and, therefore, research regarding the 

Figure 5. Proposed mechanism and pathways of electrolyte decompositions on NMC811. Electrolyte decomposition reactions include solvent (EMC 
and EC) decomposition and coupled salt (PF6

−) decomposition. Solvent decomposition happens by dehydrogenation first, and de-H EC could be 
further decomposed by removal of another hydrogen or by oligomerization. The protic species at the interface coming from dehydrogenation could 
further attack PF6

− and lead to coupled salt decomposition. The decomposed species (mainly solvent decomposed species) would form a resistive 
layer at the interface and lead to large impedance growth, eventually resulting in capacity loss for NMC811. Reproduced under the terms of the CC-BY 
3.0 license.[85] 2020, The Authors, published by The Royal Society of Chemistry.
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structure-property-performance-relationship is essential to 
understand the impact of the different electrolyte compounds 
on the CEI formation. An additional point, still in the stage of 
repeated experiments and exploration, addresses the question 
how to properly combine multiple electrolyte additive(s), that 
they do fulfill the different of cathode requirements. In some 

cases, single additive utilization fails to meet the requirements 
in respect to formation of an effective CEI layer that can protect 
the cathode and can prevent the increase of total battery imped-
ance. In this respect, design and development of multifunctional 
additives or mixtures of at least two carefully selected functional 
additives seems to be a more effective approach.[130,149,155–158]

4. Formation and Evolution of the CEI

Most of the reviewed studies up to this point have dealt with 
theoretical studies or proposed mechanisms on CEI formation 
and the overall performance enhancing effect of an effective 
CEI for advanced batteries. They reported on the CEI’s strong 
dependency on the type of cathode material[15,16,159,160] the inac-
tive materials in the composite electrode[161] and the electrolyte 
formulation.[162] However, detailed studies of the CEI formation 
and evolution, ideally utilizing operando and/or high-precision 
analysis methods, are not as frequent and have only been 
reviewed on a small scale.[20] Therefor, the increased amount of 
publications of the stated variety in the last few years will be 
reviewed in the coming sections, as well as other research of the 
same topic, utilizing more common ex situ analysis methods. 
Hopefully this review will lead to more interest in this specific 
field of research, since a is the foundation for future improve-
ments of all types of cathode-based battery systems.

The CEI and the battery cell performance is influenced by 
a large variety of different factor configurations, comprising 
among others: cathode electrode composition, electrolyte, Figure 7. Set of requirements for an ideal CEI.

Figure 6. Overview of the different classes of functional CEI additives, sorted depending on their molecular structure and presence of heteroatoms, 
given with common representatives.
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anode material, and cell potential. A condensed overview of the 
respective cathode and anode materials as well as the electro-
lyte formulation and analysis methods of the reviewed studies 
in the next sections are summarized in Table 1. The influence 
of different anode materials on the CEI will get touched on in 
a separate CEI-SEI crosstalk section. The wide variety of dif-
ferent cell configurations in comparison to the limited number 
of publications, already shows the need for more systematic 
research to paint a clearer picture of the CEI formation and its 
evolution depending on the different cell configurations.

4.1. Formation

The first step in the lifetime of a CEI layer is its formation 
during the initial charge and discharge steps of the battery 
cell. The SOC has been stated on multiple occasions as an 
highly influential factor for the CEI:[50,77] Depending, on dif-
ferent starting SOC, different self-discharge currents have been 
observed as the result of electrolyte decomposition utilizing 
a “high precision electrochemical measurement device”.[36] 
Density function theory (DFT) supported those findings and 
determined EC as the main component of parasitic reactions 
at the surface of cobalt atoms, initiated by the coordination of 
EC’s oxygen atom and a cathode’s cobalt atom.[167] As a counter 
reaction, 2D-Raman analysis was able to show the stepwise oxi-
dation of the cathode’s cobalt atom to Co3O4 and finally Co2O3, 
which becomes part of the CEI.[163] Those in detail analyses 
draw two conclusions: i) combining different characterization 

and modeling methods is the way to go to get a clearer picture 
of EI formation and evolution and ii) only detailed analyses can 
result in tailored solutions for given problems. In this case it 
was shown that the conjugation of silane or cyanide containing 
electrolyte additives to those exposed cobalt sites can reduce 
the EC decomposition and thereby increase the initial capacity 
retention of the above cell configuration.[36,167]

In another study, Scipioni  et  al. introduced atomic probe 
tomography (APT) in combination with electron impedance 
spectroscopy (EIS) measurements to investigate the CEI on 
LiMn2O4 under OCV conditions. A layered structure of the CEI 
(Figure 9) was found, with the inner layer predominantly con-
tains fluorinated manganese species. Those form during the 
initial 24 h of OCV and result in an increase in charged transfer 
resistance. The interfacial CEI resistance (RCEI) experiences 
a further increase over the following hours in OCV, which is 
attributed to the formation of an outer CEI layer containing 
various organic and inorganic compounds.[164] This detailed 
analysis method seems to be very promising, as it results in 
an accurate depiction of the CEI and its formation time. This 
study shows that the CEI formation has different stages: Ini-
tial formation during OCV and further electrochemical forma-
tion during cycling. So far, there are only a few other studies 
known in the literature regarding the layered structure of the 
CEI,[165] which consequentially demands additional and more 
profound in depth research on the detailed component distri-
bution within the CEI.

Another high precision method which has revolu-
tionized other chemistry research areas, like structural 

Figure 8. Summary of the types and applications of fluorinated additives in lithium ion batteries. Reproduced with permission.[154] 2020, Elsevier.
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biochemistry,[193,194] is cryo-electron microscopy (cryo-EM). 
Zhang et al. combined this method with transmission electron 
microscopy (TEM) to investigate the CEI on a nanometer scale. 
Their findings show no uniform passivation layer covering dif-
ferent lithium and manganese rich NMC cathode materials 
which will also not form in an OCV or during prolonged cell 
runtime. A homogeneous CEI was only formed in situ upon 
shortening the cell externally for 20 s, forcing extensive electro-
lyte decomposition on the cathode surface. In situ CEI forma-
tion resulted in an increased capacity retention of +81% after 
100 charge/discharge cycles at 0.5C.[166] Since the CEI’s nature is 
very fragile, and therefore has to be handled with extreme care to 
not be contaminated or altered during ex situ/post mortem anal-
ysis. Therefore, the challenging investigation of an untouched 
CEI within the confines of the cell, should be the way for CEI 
research going forward. In situ-FTIR experiments were already 

used to investigate the oxidative decomposition of electrolytes in 
the cathode surface.[85] The attenuated total reflection−Fourier 
transform infrared (ATR-FTIR) technique was then used as an 
operando method to investigate the CEI on LiMn0.8Ni0.1Co0.1O2 
(NMC811)[195] and LiMnxNi1−xO2 (LMNO)[167] cathode materials. 
Meng et al. were able to report the priority decomposition of EC 
on the LMNO cathode surface during a charge and discharge 
process. Based on the experimental results it was concluded, 
that the CEI on a lithium rich LNMO cathode (Li1.2Ni0.2Mn0.6O2) 
is predominantly build up during the first charge and discharge 
step, and experiences a dynamic evolution during the following 
cycles. They also used X-ray photoelectron spectroscopy (XPS) 
and high resolution TEM (HRTEM) measurements to investi-
gate the film forming tendencies of the silane-based additive 
tris(trimethylsilyl)-borate.[167] XPS measurements are still the 
most common method to attempt the challenging determination 

Table 1. CEI formation and evolution research overview: battery cell configuration (active materials, electrolyte formulation) and utilized analysis 
method (i.s. = in situ; i.o. = in operando).

Cathode Electrolyte Anode Analysis method

LiCoO2
[36] – Li metal Self-discharge, DFT

LiCoO2
[163] 1 m LiPF6, EC/DEC 1:1 v/v Li metal 2D Raman

LiMn2O4
[164] 1 m LiPF6, EC/DMC 1:1 v/v Li metal APT, EIS

NMC811[165] 1 m LiPF6 or 1 m LiDFOB in EC/DMC/EMC 1:1:1 (v/v/v) Li metal XPS, EIS

Li/Mn-rich NMC[166] 1 m LiPF6, EC/DEC 1:1 v/v Li metal cryo-EM, TEM

NMC811, LMNO[167] 1 m LiPF6, EC/EMC 1:2 v/v – i.o. ATR-FTIR, XPS, HRTEM

Li1.2Ni0.12Co0.12Mn0.56O2
[168] 1 m LiPF6, EC/DEC 1:1 v/v Li metal i.s. EQCM, CV, EIS

NMC811[169] 1 m LiPF6, EC/DEC 3:7 w/w Li metal HAXPS, SAXS, DFT

LiCoO2
[170] 1 m LiPF6 EC/DMC/EMC 1:1:1 (v/v/v) Li metal i.s. AFM

LR-NMC, LRMO, LNMO[171] 1 m LiPF6, EC/DMC 1:1 v/v Li metal XPS

LiMn1.5Ni0.5O4, Li1.2Mn0.6Ni0.2O2, LiNi0.94Co0.06O2
[172] 1 m LiPF6, EC/EMC 3:7 w/w Li metal TOF-SIMS

LNMO[173] 1 m LiPF6, EC/EMC 1:1 v/v Li metal TOF-SIMS, XPS

LNMO[174] 1.3 m LiPF6, EC/EMC/DEC 3:2:5 (v/v/v) Li metal XPS EIS

NMC811[175] 1 m LiPF6, EC/EMC 3:7 v/v +1 wt% VC Li metal TEM, XPS, EIS

NMC111[176] 1 m LiPF6, EC/EMC 3:7 w/w + 2 vol% FEC, VC, ES Li metal XPS, SEM, GC-MS

NMC532[177] 1 m LiPF6 EC/DMC/PC 1:3:1 (v/v/v) Li Metal XPS, SEM

LiCoO2
[178] 1 m LiPF6, EC/DMC 1:1 v/v Li metal, graphite XPS

NMC532[179] 1 m LiPF6, EC/DEC 1:1 v/v Li metal, graphite, lithium titanate XPS

LiRu2O3
[180] 1 m LiPF6, EC/DMC 1:1 v/v +10 wt% FEC Li metal SSNMR, DNP, EIS

LiCoPO4
[181] 1 m LiPF6, EC/DMC 1:1 v/v Li metal HIM, i.s. TOF-SIMS

NMC622 (Cr2O3/TiO2/ZnO coated)[182] 1.2 m LiPF6, EC/EMC 3:7 w/w Li metal EIS, XPS

NMC811[183] 1.4 m LiFSI, DMC/EC/TTE 2:0.2:3 n/n Graphite XPS, HRTEM

NMC532[184] 2 m LiTFSI/LiDFOB, TMS/EA 3:7 v/v + HFE Li metal XPS, TEM

NMC532[185] 4 m LiFSI, DME + HFE Li metal XPS, TEM

Layered-NMC60535[186] 1.5 mol kg−1 LiPF6 EMC/DMC, 9:1 w/w + 15 wt% 
FEC, 1 wt% VC, 0.5 wt% LiDFOP

Li metal SEM, HRTEM, EIS

layered-Li2Ni0.94Co0.06O2
[187] 1.5 m LiPF6, EMC + 3% VC Graphite TOF-SIMS +6Li labeling

NMC811[188] 1 m LiPF6, MTFP/FEC 9:1 v/v Li metal XPS

LiMn1.5Ni0.5O4
[189] 1.0 m LiPF 6, EC/DEC + ETFEC Li metal SEM, TEM, XPS

LiNiO2
[190] 1 m/sat. LiNO3 + LiOH Graphite XPS, TEM

LiMn2O4
[191] 21 m LiTFSI, 7 m LiOTf in H2O Graphite XPS, SECM

V2O5
[192] 1 m KPF6/PC K metal i.s. XAS, XPS, TEM, Raman
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of the chemical compositions present in the CEI. However, 
“normal” XPS has its limitations, which can be compensated 
by more refined spectroscopy and/or a combination of different 
investigation methods. Takahashi  et  al. used hard X-ray photo-
electron spectroscopy (HAXPES), soft X-ray absorption spectros-
copy (SAXS), and DFT calculations to investigate the CEI on the 
nickel rich cathode material NMC811 (LiNi0.8Mn0.1Co0.1O2). They 
found that the CEI mostly contains inorganic lithium-containing 
electrolyte decomposition products like LiCO3 and LiPOxFy. 
Compared to so-called lithium rich cathode materials,[196] the 
cause for the ever-increasing growth of the CEI was proposed 
to be the very low energy gap between the LUMO of the cathode 
material, especially of nickel vacancies in the atomic structure, 
and the HOMO of the electrolyte.[169]

After the determination of the CEI’s chemical com-
position and the determination of a high SOC as main 
driving force behind CEI formation, the next question is 
about the exact voltage levels during charge and discharge, 
which result in electrolyte decomposition: For the lithium 
rich NMC cathode material (Li1.2Ni0.12Co0.12Mn0.56O2  = 
0.5  Li2MnO3·0.5  LiNi0.3Co0.3Mn0.4O2), this was determined by 
Yin  et  al., who used a combination of in situ electrochemical 
quartz crystal microbalance (EQCM), cyclic voltammetry (CV) 
and EIS measurements to investigate the processes on the 
cathodes surface during the first charge/discharge cycle in the 
voltage range up to 4.8  V. It was found that during the initial 
charge cycle the native CEI layer is dissociated up to 4.4 V before 
a new electrolyte combustion based CEI layer is formed between 

4.4 and 4.65 V. This initial CEI is than again reinforced during 
the first discharge cycle in the voltage range from 4.1 to 2.6 V.[168]

Multiple cited publications already mention inhomogeneous 
CEI formation on the cathode surface, predominantly induced 
by an inhomogeneous reactivity on the cathode surface.[166,169] 
In situ AFM measurements were performed by Lu et al. to find 
the sites of CEI formations on LiCoO2 cathodes: At high SOC, 
CEI formation predominantly happens on the edge plane of the 
cathode material, and almost no interphase formation happens 
on its basal plane. They also reported on the inhabitation of the 
CEI formation on either plane by coating the cathode material 
with two runs of atomic layer deposition of Al2O3.[170]

Even though all above publications investigate different factor 
configurations, following conclusions can be drawn for the ini-
tial CEI formation: i) CEI formation happens predominantly at 
the sight of uncovered transition metal atoms.[36,169,170] ii) EC is 
the initial decomposed component of organic carbonate-based 
electrolytes on the cathode surface.[36,167] iii) The CEI formation 
is promoted at high cell potentials due to an increased electro-
lyte decomposition.[36,168–170] iv) Different transition metal coor-
dinating additives and cathode coatings can inhibit the electro-
lyte decomposition on the cathode surface.[36,167,170]

4.2. Evolution

CEI formation and evolution are correlated processes, how-
ever, whereas formation happens during the first cycles, the 

Figure 9. Atomic resolution analysis of the CEI. a) 3D APT ion map b) 2D projections, normal to the x–y plane, of the single ion maps for Li+, F+, H3C2O2
+, 

MnF+, Mn+, and O+ c) Composition profiles of the atomic fractions for Li, Mn, O, F, and C. The colored regions in c) are meant to approximately indicate 
four regions, from left to right: 1) the LMO electrode bulk, 2) a MnxOy layer on the electrode surface and the CEI layer composed of 3) an inner homoge-
neous MnFx layer, and 4) an outer mosaic-structured layer. Note that the atomic composition calculated in the last 4 nanometers of the 3D ion map is not 
considered meaningful, because of the small number of ions detected in this region. Reproduced with permission.[164] 2020, Elsevier.
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following paragraphs will focus on CEI evolution, which 
is predominantly influenced by electrochemical processes. 
Even though operando analysis tools have to be the preferred 
strategy for future CEI evolution investigations, great scien-
tific results have been published in this field of research using 
ex situ/post mortem analysis. XPS,[171,173–176,178,179,182,190–192,197] 
EIS,[174,175,180,182] and time-of-flight secondary ion mass spec-
trometry (TOF-SIMS)[172,173,181] are widely utilized methods, 
often in combination or with other complimentary methods.

Li  et  al. used (depth profile) XPS surface measurements to 
investigate the CEI composition and thickness on various struc-
turally different cathode materials (layered lithium rich NMC 
(LR-NMC) and LiRu0.5Mn0.5O2 (LRMO) and spinel LMNO) in 
a charged and discharged state. They found that spinel struc-
tured cathodes are less likely to form a thick CEI layer of organic 
carbonate-based electrolyte decomposition products and that Ru 
as part of LRMO promotes a thicker CEI formation, as well.[171] 
In a different study, Erikson  et  al. used TOF-SIMS to investi-
gate the CEI on two LMNO spinel cathodes (LiMn1.5Ni0.5O4, 
Li1.2Mn0.6Ni0.2O2) and one ultra-low cobalt cathode mate-
rial (LiNi0.94Co0.06O2). It was reported that the CEI on all three 
cathode materials are covered by a carbonate and hydroxyl based 
CEI from the beginning, which experiences a dynamic change 
of chemical composition due to constant electrolyte combustion, 
especially at high voltage values.[172] Furthermore, Wu et al. also 
used TOF-SIMS, in combination with XPS, to investigate lithium 
and manganese rich LMNO cathode materials, and reported a 
rather inhomogeneous and non-uniform CEI coverage on the 
pristine material after long term cycling.[173] Those results once 
more showed, the significant influence of the cathode material 
on the CEI’s nature, both during formation and during evolution.

The different chemical reactions on the cathode surface, 
which result in the desired formation and repair of the CEI, also 
results in by-products, which, have to be taken care of to not 
have a detrimental effect on the battery cell. The most investi-
gated of those electrolyte decomposition products is hydrofluoric 
acid (HF) and different other fluorophosphates:[173,174] Impor-
tant CEI components like lithium fluoride (LiF) and different 
lithium fluorophosphates (LiPOxFy) are easily “leached out”[174] 
of the CEI, destabilizing it, which consequentially leads to even 
more electrolyte consumption and the start of a self-promoting 
degradation cycle. The incorporation of a lithium phosphate 
(Li3PO4)[173] as a cathode doping agent as well as cathode coating 
with aluminum oxide (Al2O3) or copper oxide (CuO)[174] were able 
to inhibit this self-promoting cycle. In case of Al2O3 and CuO the 
pH value of the electrolyte was kept at a constant value, which is 
caused by the HF-scavenging effects of the metal oxide coatings.

Alongside these harming effects taking place at the electro-
lyte–CEI interface, there are also cathode sided degradation 
processes which can damage the integrity of the CEI. One 
observed example was reported by Wang  et  al., who investi-
gated the CEI evolution on NMC811 under high voltage con-
ditions (4.6 V, 4.9 V) using TEM, XPS, and EIS experiments. 
Upon extended cycling to high cut-off voltages, an addi-
tional transition phase is formed within the confines of the 
CEI interphase on the cathode material surface containing 
spinel and cubic structures (Figure 10). These new structures 
increase the effective cathode surface, putting the CEI under 
mechanical stress, which promotes CEI cracking,[175] and 

would once again cause the start of the aforementioned self-
promoted degradation cycle.

This problem of a cracking interphase is rather similar to the 
one of the SEI on lithium metal anodes and functional additives 
have been the go to approach to circumvent those problems on 
the anode surface.[8,198–200] However, there are limited publica-
tions, which compare different additives and their influence on 
the CEI in the same cell factor configuration.[176,177] Qian  et  al. 
investigated the influence of three commonly used functional 
additives (fluoroethylene carbonate (FEC), vinylene carbonate 
(VC), ethylene sulfite (ES)) in organic carbonate-based electrolytes 
on the CEI of a NMC111 cathode. Quantitative and depth profiling 
XPS analysis as well as SEM and GC-MS analysis in combination 
with galvanostatic cycling were the analytical tools for this study. 
A correlation was found between the best performing FEC addi-
tive for galvanostatic cycling and the constantly thin CEI, which 
contained LiF as the main component. FEC passivated cathodes, 
contrary to VC and ES passivated cathodes, also experienced the 
lowest degradation and thereby the fewest additional electrolyte 
consumption, once more underlining the effectiveness of fluo-
rine containing functional additives.[176] Different amounts of the 
used additive can also have an influence on the CEI, for example, 
varying higher amounts of FEC can result in an increased thick-
ness of the CEI on LiNi0.5Mn1.5O4 electrodes.[197]

In summary, the application of operando analysis has 
not yet found its way into the investigation of the CEI evolu-
tion on a longer time scale. For now, results of ex situ/post 
mortem analysis have to be the source for a few initial conclu-
sions: i) Different cathode materials show different tendencies 
for the formation of the CEI[171–173] and, in all reported cases, 
repeated charging to high cut-off voltages decreases the battery 
lifetime, which is mostly caused by ongoing electrolyte decom-
position.[172,175] ii) This is the result of constant degradation and 
subsequent rebuild of the CEI during each charge/discharge 
cycle, induced by the formation of new transition metal-based 
substructures within the CEI[175] as well as the highly reactive 
electrolyte decomposition product HF.[173,174,201] iii) This self-
promoting degradation cycle can be inhibited by functional 
additives, cathode doping or coating, either by forming an effec-
tive CEI (e.g., by electrolyte additive FEC,[176] or cathode doping 
agent Li3PO4

[173]) or HF scavenging (Al2O3, CuO).[174]

Figure 10. Illustration of the NCM811 cathode surface after 50 cycles  
under different conditions. Reproduced with permission.[175] 2019, 
Elsevier.
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4.3. SEI-to-CEI Crosstalk

The third major component of a battery cell configuration is the 
anode, but research on interactive reactions between the two 
electrodes mostly focusses on cathode and/or CEI to the SEI 
crosstalk (CEI-to-SEI crosstalk).[197,202–206] Crosstalk from the 
anode and/or SEI to the CEI on the cathode surface (SEI-to-CEI 
crosstalk) is less investigated, even though several anode mate-
rials like Li metal, Sn, Ge, Ir conversion materials do dissolve 
in the electrolyte.[207] Published studies reveal a significant 
influence of the anode material on the CEI characteristics: 
Zhang et al. conducted a quantitative and systematic XPS anal-
ysis to investigate the evolution of the CEI on a LiCoO2 cathode 
after it was cycled in a battery cell against lithium metal. 
Authors found that the SEI-to-CEI crosstalk is more prevalent 
for lithium metal than for carbon graphite anodes and that dif-
ferent SEI components like LiF and Li2CO3, travel from elec-
trode to electrode during every charge and discharge process. 
Increased and continuous SEI formation on lithium metal com-
pared to graphite (or in case of Figure 11 fresh lithium metal), 
results in a distinctly different and very much overlooked differ-
ence in CEI evolution between LIB and LMB.[178]

Similar results were published by Fang et al. who also used 
quantitative XPS analysis to investigate the SEI-to-CEI cross-
talk between NMC532 and different anode materials (graphite, 
lithium titanate, and lithium metal). The experimental results 
showed different, however, always considerable SEI compo-
nent migration to the CEI, mostly containing LiF, LiPOxFy, 
and different organic lithium components (LiCxHyOz). It was 
also shown that the CEI on a cathode material covered by an 
atomic layer coating of Al2O3 displayed a lot fewer SEI compo-
nents after galvanostatic cycling.[179] Even though few publica-
tions cover the phenomenon of SEI-to-CEI crosstalk, the results 
indicate a clear influence of the anode. More, preferably in situ, 
research should be conducted on this topic, but it is already 

imminent that different anode materials pose different require-
ment to the cathode and utilized electrolyte formulations or 
otherwise conducted pre-treatment of the cathode.

4.4. Alternative Cathodes and Electrolyte Formulations

Up to this point, the focus has been set on more conventional 
manganese/nickel/cobalt containing cathode materials. How-
ever, noteworthy research has also been conducted on the 
CEI on more “exotic” cathode materials: Hestenes  et  al. used 
solid state nuclear magnetic resonance spectroscopy, dynamic 
nuclear polarization (DNP) NMR and EIS measurements to 
determine the chemical composition of the CEI on a LiRu2O3 
(LRO) cathodes and investigate the SEI-to-CEI cross talk in 
the LRO–Li setup. Similar chemical components (LiF, Li2CO3, 
PEO) were found as part of the SEI and CEI, once again sup-
porting the proposed SEI-to-CEI crosstalk,[178,179] and deter-
mined significant degradation of the CEI during the cathode 
delithiation step.[180]Another study by Wheatcroft  et  al. intro-
duces helium ion microscopy (HIM) in combination with 
in situ TOF-SIMS to investigate the CEI on LiCoPO4. They dis-
covered an inhomogeneous coverage and thickness of the CEI 
on the cathode surface, leading to local differences regarding 
resistance and CEI dissolution and deposition behavior, ulti-
mately leading to an ongoing electrolyte consumption on freed 
up cathode material.[181]

Other publications reported on the enhancing effect of dif-
ferent cathode coatings on the CEI stability.[174,179] However, 
almost no research has been conducted on the influence of 
cathode coatings on the CEI. A study by Philipp et al. showed 
the influence on the CEI by three different coatings on NMC622 
cathodes. The coatings were performed with three Lewis acidic 
metals (Cr2O3  > TiO2  > ZnO; increasing acidity from right to 
left). EIS and (depth profile) XPS measurement determined, a 
thinner and more LiF rich containing CEI on the more basic  
surfaces (ZnO), which is the result of a predominant decompo-
sition of the conducting salts LiPF6. However, against common 
intuition the more acidic Cr2O3 and TiO2 coated cathodes experi-
ences a better capacity retention than its basic counterpart after 
10 cycles. It is proposed, that this is caused by the formation of 
metal fluorides like CrF3 and TiF2 after the initial cycles, which 
are believed to be more performance promoting than LiF.[182]

All mentioned studies until this point investigated the CEI 
of lithium-based batteries utilizing organic carbonate-based 
electrolytes. However, the CEI is also an important factor in 
aqueous lithium metal batteries, dual ion batteries[208] as well 
as other alkali metal batteries. Lee  et  al. used depth profiling 
XPS and TEM measurements to investigate the CEI on lithium 
nickel oxide (LiNiO2) cathodes in an aqueous liquid electrolyte 
and showed how a saturated lithium nitrate (LiNO3) containing 
electrolyte including LiOH as an additive (pH = 10) will pro-
mote the CEI formation during cycling. Besides the inhibited 
ongoing electrolyte consumption, the formed CEI also prevents 
transition metal dissolution, as well as reduced hydrogen inter-
calation compared to a 1 m LiNO3 electrolyte.[190] Targeting a dif-
ferent cathode material, Liu  et  al. published a study regarding 
the CEI on a LiMn2O4 cathode by means of XPS and scanning 
electrochemical microscopy (SECM) in an aqueous electrolyte. It 

Figure 11. Schematic diagram on the procedure of the verification experi-
ments. In order to investigate the interaction between cathode and anode, 
Li anode in a LiCoO2||Li battery cell after first charge (4.6 V) was replaced 
by fresh Li, and the CEI on LiCoO2 after subsequent discharge process 
was studied and compared with that without interruption. Reproduced 
with permission.[178] 2018, Elsevier.
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was shown, that carbon fluoride polymers and some manganese 
and lithium salts are the main CEI components and the decom-
position of lithium triflate (LiOTf) as the initiating CEI forming 
reaction was proposed. The formed CEI is able to prevent con-
stant manganese dissolution but also shows increased inhomo-
geneity after contentious cycling.[191] Finally, the work of Fu et al. 
deserves recognition who combined XPS, TEM, and Raman 
measurements as well as operando X-ray absorption spectroscopy 
(XAS) to correlate the cathode intercalation mechanism and CEI 
formation/dissolution to the capacity fade of the V2O5 cathode 
for potassium-ion batteries.[192] These few examples show that 
the investigation of the CEI is an important topic for all different 
types of cathode materials and battery cell configurations and the 
power of complementary experimental investigation.

5. Concluding Remarks and Perspective

Electrochemical interfaces and interphases are key components 
for technologies generating and storing electrical energy. Due 
to their complexity, these systems are experimentally difficult to 
study, and research results can drastically vary between different 
cell chemistry configurations. The (electro-) chemical reactions 
and related mechanisms regarding the CEI are still far from 
being well understood and pose a major hurdle for research 
efforts in tailored design of electrolyte formulations and func-
tional additives. Although many alternatives are described in lit-
erature, there are still no clear winners or favored paths toward 
the ultimate goal of designing and developing controllable posi-
tive electrode-liquid electrolyte interphases. Systematic research 
and enhanced understanding of the (electro)chemistry of both, 
the CEI as well as the processes at the interface and of the inter-
phase toward the cathode and the electrolyte, with a focus on the 
composition, morphology, and dynamics of the CEI represent the 
first steps toward target-oriented interface and electrolyte design, 
enabling development of high-performance Li-based batteries 
with high energy, high Coulombic/voltage efficiency (=  energy 
efficiency) and capacity retention over a long lifetime.
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