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Structure, Composition, Transport Properties, and
Electrochemical Performance of the Electrode-Electrolyte
Interphase in Non-Aqueous Na-lon Batteries

Miguel Angel Mufioz-Mdrquez,* Maider Zarrabeitia, Stefano Passerini,* and Tedfilo Rojo*

Rechargeable Li-ion battery technology has progressed due to the develop-
ment of a suitable combination of electroactive materials, binders, electrolytes,
additives, and electrochemical cycling protocols that resulted in the forma-
tion of a stable electrode-electrolyte interphase. It is expected that Na-ion
technology will attain a position comparable to Li-ion batteries dependent

on advancements in establishing a stable electrode-electrolyte interphase.
However, Li and Na are both alkali metals with similar characteristics, yet the
physicochemical properties of these systems differ. For this reason, a detailed
study on the electrode-electrolyte interphase properties, composition, and
structure is required to understand the factors that influence the battery’s
behavior. Herein, the research that has been performed on the electrode-elec-
trolyte interphase for both anode and cathode in the most important families
of electrode materials, including carbonate ester-based and advanced electro-
Iytes such as ether-based carbonates and ionic liquids is presented.

1. Introduction

The use of rechargeable batteries in our society and their role
in the ongoing transition towards a carbon-free energy model

M. A. Mufioz-Marquez!*!

Centre for Cooperative Research on Alternative Energies (CIC energiGUNE)
Basque Research and Technology Alliance (BRTA)

Alava Technology Park, Albert Einstein 48, Vitoria-Gasteiz 01510, Spain
E-mail: miguel. munoz@unicam.it

M. Zarrabeitia, S. Passerini

Helmbholtz Institute Ulm (HIU)

Helmholtzstrasse 11, 89081 Ulm, Germany

E-mail: stefano.passerini@kit.edu

M. Zarrabeitia, S. Passerini

Karlsruhe Institute of Technology (KIT)

P.O. Box 3640, 76021 Karlsruhe, Germany

T. Rojo

Departamento de Quimica Inorgénica

Universidad del Pais Vasco UPV/EHU

P.O. Box 664, Bilbao 48080, Spain

E-mail: teo.rojo@ehu.eus

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/admi.202101773.

© 2022 The Authors. Advanced Materials Interfaces published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution and
reproduction in any medium, provided the original work is properly cited.

MPresent address: School of Science and Technology, Chemistry Division,
University of Camerino, Via Madonna delle Carceri, 62032 Camerino, Italy

DOI: 10.1002/admi.202101773

Adv. Mater. Interfaces 2022, 9, 2101773 2101773 (1 of2'|)

is of paramount importance.'3 Great
research efforts have been made towards
the development of new battery materials
that increase cycle life, safety, and energy
density, as well as power density!**! along
with investigations focused on under-
standing novel battery chemistries that
can become an alternative to the domi-
nant liquid electrolyte-based Li-ion battery
technology.®% Na-ion technologies have
emerged as one of the most promising
for battery applications. Interestingly,
while the attention is on a given battery
chemistry that promises one order of mag-
nitude increase of the energy density,10"]
or in a specific electrode material that out-
performs currently available electroactive
materials in terms of specific capacity or
operating voltage,[18-2% there is a tendency
to overlook the crucial role that battery
interfaces play in the safety, power capability, morphology of
lithium deposits, shelf-life, and cycle life of the battery.2!

The success of commercial Li-ion rechargeable batteries
was possible due to the correct selection of electrolyte mate-
rials that resulted in the formation of a stable anode-electrolyte
interface,??l known as the solid electrolyte interphase (SEI) as
proposed by Peled.?¥! This highlights how interfacial stability
is crucial for battery development, becoming a bottleneck even
when the ideal battery materials are chosen yet the battery
interfaces prevent the optimum ionic or electronic transport,
the correct adhesion among components, or the long term sta-
bility required for commercial battery operation.

The nature of the SEI has led to the use of different modeling
approachesi?3% and surface-specific experimental techniques
for its characterization. Among the most widely used analytical
techniques, ex situl! and in situl*¥ Fourier transform infrared
(FTIR) spectroscopy, Raman microscopy, and spectroscopy®*34
along with refinements such as shell-isolated nanoparticles for
enhanced Raman spectroscopy (SHINERS),! electrochemical
quartz crystal microbalance (EQCM),P® spectroscopic ellipsom-
etry?”) atomic force microscopy (AFM),® X-ray photoelectron
spectroscopy (XPS)P**#! including the use of the Auger para-
meter®! or other charge correction methodst*! for peak assign-
ment, nuclear magnetic resonance (NMR), X-ray absorption
spectroscopy  (XAS),®! soft X-ray absorption spectroscopy
(sXAS),l*~8 and time-of-flight secondary ion mass spectrometry
(ToF-SIMS) have been utilized to investigate the properties
and formation mechanisms of the SEI. The electrode-electrolyte
interfaces for solid-state batteries have also been experimentally
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Figure 1. Energy diagrams of a rechargeable battery with metallic anode and semiconductor cathode. Both electrodes have a chemical potential that
can be approximated to the Fermi energy of the anode (E;") and the cathode (E*). The latter having valence and conduction bands with energies E,*
and Ec, respectively. Left panel shows the energy levels of the system in thermodynamic equilibrium at open-circuit voltage. Central panel depicts the
shifts of the Fermi energies upon charge. Right panel presents the final energy level rearrangement after the formation of the SEI.

characterized and studied computationally.”] As a result, such
studies of the SEI have improved the understanding of what
governs the SEI formation, kinetics, and growth in Li-ion and Li-
metal batteries. However, further studies are needed to identify
a suitable SEI that does not grow over repeated cycling and does
not dissolve at high temperatures.?!l The SEI of Na-ion batteries
is of special interest because these batteries may complement
Li-ion technology in the near future.[*>)

2. The Solid Electrolyte Interphase

The formation of the SEI can be understood from the thermo-
dynamical point of view by using energy band diagrams.[®>1
Figure 1 depicts the SEI formation process starting from the
open-circuit voltage state (left panel of Figure 1), in this case,
and considering that the cell is under thermodynamical equi-
librium, the chemical potential of the anode and the electrolyte
lay within the electrochemical stability window of the electro-
lyte which, as first approximation, can be defined as the LUMO
(lowest unoccupied molecular orbital) and HOMO (highest
occupied molecular orbital) gap.°?! Therefore, no spontaneous
reactions between electrode and electrolyte are expected. How-
ever, two important points have to be considered here: 1) the
electrode chemical potential is equivalent to the Fermi energy
at zero Kelvin, and it is often used to define the potential dif-
ference of an electrochemical cell, neglecting temperature and
interfacial effects;> 2) the assumption of a system in thermo-
dynamic equilibrium at open-circuit voltage is another approxi-
mation that neglects the spontaneous reactions of the electrode
and the electrolyte as soon as the cells are assembled.!l Upon
charge (central panel of Figure 1), the electrons accumulate in
the anode while they leave the cathode. Following this first-
order approximation, results in an increase of the Fermi level of
the anode (Eg") above the LUMO level of the electrolyte and in a
decrease of the cathode Fermi level (Ex*) below the HOMO level
of the electrolyte. The new energy band distribution will lead to
the spontaneous irreversible reduction of the electrolyte at the
anode side and the irreversible oxidation of the electrolyte at the
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cathode side. The electrolyte decomposition can only be prevented
by the formation of a suitable passivation layer (the SEI) in both
electrodes that will block electron transfer after reordering the
energy levels of the system (right panel of Figure 1).

It has to be noted that HOMO and LUMO are concepts
defined within the electronic structure theory, that is, while
investigating the electronic structure of isolated molecules
not participating in redox reactions. On the other hand, redox
potentials are directly linked to the Gibbs free energy differ-
ence of the chemical reactants and the resulting products in the
redox process. For these reasons, the electrolyte stability should
not be defined by the HOMO-LUMO gap, but by the potential
of electrolyte reduction at negative potentials, and the potential
of solvent oxidation at positive potentials (cf. Figure 2).54

The HOMO-LUMO gap has been shown in several cases to
be a few eV broader than the electrolyte reduction-oxidation
gap. Moreover, as described by Trasatti,l® access to contact
potential of the electrode—electrolyte interface and the elec-
trode’s work function is needed for the definition of the abso-
lute electrode potential for both the anode and cathode. In
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Figure 2. Electrolyte stability window defined in terms of potential of elec-
trolyte reduction at negative potentials, and of the potential of solvent
oxidation at positive potentials. lllustration is based on the information
presented in ref. [54].
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addition, these important parameters are necessary to under-
stand the electronic properties and subsequent energy drive to
electron transfer: a critical aspect of the electrolyte stability and
for the functioning of electrochemical cells.>’!

From the practical point of view, the main drawback to achieve
the ideal SEI is the difficulty to predict the reduction and oxidation
reactions of the electrolyte occurring at the anode and cathode
respectively. The other issue is the complexity to establish the
structure-property relationships. In fact, the SEI remains one of
the most poorly understood mechanisms in rechargeable Li-ion
batteries due to the extreme complexity of the chemically and
electrochemically driven reactions occurring to form the SEI and
the lack of direct characterization of its physical properties.®>l

2.1. How to Name this Interphase?

In the literature, species formed in the contact region between
electrode and electrolyte have been named differently. The first
model and name was proposed by Peled in 197912* for non-
aqueous battery systems of alkali and alkaline-earth metals that,
as claimed by Peled, were always covered by a thin surface layer
(15-25 A thick) of insoluble products which was spontaneously
formed upon contact of the metal with the electrolyte solution.
This layer acts as an interphase between the metal and the elec-
trolyte solution and has the properties of a solid electrolyte, that
is, it is a good ionic conductor and a good electronic insulator.
For this reason, the layer was called SEI.

After this, the studies of the SEI were mainly focused on the
anodes for Li-ion batteries. This is because the low potential
of anodes, such as metallic Li or graphite, operate below 1.0 V
versus Li*/Li which is outside the electrochemical stability
window of most conventional non-aqueous electrolytes.’”) The
operation below 1.0 V versus Li*/Li results in the reduction of
the electrolyte and subsequent formation of an overlayer in the
anode surface that can either stabilize the cell operation after pre-
venting further reactions of the electrolyte with the anode surface
while increasing the cell impedance and decreasing its cycling
efficiency,®® or it forms a reversible interphase layer that nega-
tively impacts the Coulombic efficiency and cycle life of the cell.

The stability of the electrolytes on the cathode side up to
4.5 V versus Li*/Li was out of the range. However, the surface
chemistry of oxide-based Li-ion cathodes was found to be more
complex than expected triggering the decomposition/polymeri-
zation of carbonate ester-based electrolytes.’>®"l The study of
the cathode surface chemistry and the application of the SEI
model was further pursued by Edstrém and co-workers who
introduced the concept of cathode-electrolyte interphase (CEI)
in LiMn,0, and LiNi, 3Co, ,0, cathodes for Li-ion batteries, that
was also described by the same authors as a solid permeable
interphase (SPI) layer:[®!l where it is claimed that while the SEI
in the anodes seems to degrade with slightly high temperatures
and hence suffers from continuous reforming in the reduc-
tion cycles, the CEI thickness continuously increases with cycle
number, storage time and, temperature losing its passivating
ability. For this reason and considering the permeability of such
cathode surface layer to electrolyte solvents and salts, the term
SPI was chosen. Later, it was found that the LiMn,0, surface
modification, for instance through an Al,O; coating, resulted
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in an improved electrochemical performance with a stable SPI
that preserves the electroactive material dynamics.[®!

Later, Edstrom and co-workers, performed a comparative
study of the electrode-electrolyte interphase composition in
cathodes and anodes of a LiFePO,/graphite Li-ion battery.®! As
shown in Figure 3, the inner parts of the anode SEI contain
some species not observed in the thinner cathode SPI, particu-
larly oxides and alkoxides. In contrast, the outermost anode
SEI is somewhat similar to the cathode SPI, containing higher
concentrations of C—H and C—O based compounds. Similar
observations have been reported on the electrode-electrolyte
interphases for LiNiysMn; 5O, and graphite half-cells,!® where
the SEI is reported to be impermeable to the electrolyte solu-
tion in contrast with the SPI which is found to be permeable
to electrolyte. The permeability of the SPI and easy accessibility
of electrolyte molecules are one of the causes of the low Cou-
lombic efficiency of LiNijsMn; 50,.

Although different in compositional nature, the electrode-
electrolyte interphases should have the same role in both
anode and cathode: this is the blocking of electron transfer that
triggers reduction or oxidation reactions while allowing ion
mobility through the interphase layer. Therefore, this main role
as solid electrolyte is one that should determine the name of
the electrode-electrolyte interphase regardless of the solubility
of the interphase components or the permeability of this inter-
phase layer to electrolyte solvents and/or salts which, of course,
are factors of crucial importance for battery performance. In
other words, our proposal is to always use the term SEI when
referring to the electrode-electrolyte interphase in the anode
and CEI for the electrode-electrolyte interphase in the cathode.
The interphase will have different compositional and physico-
chemical properties depending on the materials assembled in
the cell; the permeability of the electrolyte is one of these prop-
erties that may or may not be present. However, recent experi-
ments aimed at the direct determination of the CEI electronic
character in Li-ion batteries have concluded that the electrode-
electrolyte interface in the high voltage operating positive elec-
trodes is an electronically conducting layer.® Therefore, the
observed impedance increase on the positive electrode side
should not be associated with the formation of an electronically
insulating interphase, but it could be ascribed to an increment
of the Li* diffusion resistance through the surface layer or with
a degradation of the active material. Still, the role of the CEI
is unclear and this will hinder the understanding of its phys-
icochemical properties and subsequently, the selection of an
appropriate name that defines the functionality of this layer.>"

In the last years, the focus has been on the solubility of the
SEI components upon cycling rather than on the permeability
of the layers. This is evident for the SEI layers of Na-ion bat-
teries which possess solubility problems.[®®]

3. The SEI Models in Na-lon Batteries

The SEI formation mechanisms remain a matter of debate
with several formation models proposed through the years. The
three most important SEI formation models are depicted with
color in Figure 4 (top panel): a) the Peled model which is the
primary mechanism that defined the SEI formation as a result
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Figure 3. CEl composition of a) LiMn,O,4 cathode, b) LiNij 3Cog,0, cathode, c) graphite anode and carbon-coated LiFePO, cathode as determined by
photoemission electron spectroscopy. Reproduced with permission.®®l Copyright 2013, Elsevier.
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Figure 4. Schemes of the three mechanisms of SEI formation (top panel, color figures): a) the Peled model, b) mosaic model, c¢) Coulombic interaction
mechanism. Schemes, impedance spectroscopy response, and equivalent circuit of the different structural SEI models (bottom panel): d) SEI model,
e) PEl model, f) SPL model, and g) CSL model. a—c) Reproduced under the terms of the CC-BY 4.0 license.?%l Copyright 2015, The Authors, published
by Wiley-VCH. d—g) Reproduced with permission.l'%l Copyright 1987, The Electrochemical Society.
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of a surface reaction of the electrode with the electrolyte, b) the
mosaic model which is based on the Peled model and explains
the SEI formation as a set of decomposition reactions that
result in different insoluble components deposited on the elec-
trode with a mosaic morphology that will allow the ions to move
through the grain boundaries and, c) the Coulombic interaction
mechanism model, where the SEI decomposition products are
lined up forming a unique double layer that strengthens the
components of the SEI resulting in the most stable SEI.

The SEI has been described using various models and
equivalent circuits as shown in Figure 4 (bottom panel). Con-
sidering that the SEI is an electronic insulator and an ionic
conductor, these are the different possibilities to represent this
non-blocking system from the point of view of electrochemical
impedance spectroscopy (ELS). The SEI model, Figure 4d, con-
sists of a bulk resistance (Ry) and a geometric capacity (C,)
related to the layer conductivity. This simple model relates the
thickness of the layer with the conductivity. The polymer elec-
trolyte interphase (PEI) model is more complex, Figure 4e, and
three different components are established: the conduction
impedance defined by the R, and the C,, the charge-transfer
impedance defined by the charge-transfer resistance (R.) and
the double-layer capacitance (Cy) and, the diffusion impedance
(Zg). The solid-polymer layer (SPL) model, Figure 4f, which
assumes that the SEI consists of an intermix of solid com-
pounds. In this case, the equivalent circuit can be the same
used for the PEI model, however, different time constants of
the conduction, charge-transfer, and diffusion processes will
result in a different impedance spectrum that cannot be easily
separated. Finally, the compact-stratified layer (CSL) model,
Figure 4g, assumed an SEI made of two sublayers, where the
first sublayer is a solid electrolyte on the electrode surface and
the second one is a polymeric layer in contact with the electro-
lyte solution. Hence, the equivalent circuit would be the circuit
of an SEI model in series with the circuit of another SEI or PEI
model.

The knowledge obtained for the SEI of non-aqueous Li-ion
batteries was subject to a revision when the first studies on
the SEI of Na-ion batteries were performed by Komaba and co-
workers on hard carbonsl®”) on the grounds of XPS in combi-
nation with ToF-SIMS experiments. This was also confirmed
by Brandell and collaborators on organic electrodes by means
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of hard X-ray photoelectron spectroscopy (HAXPES), 8! where
it was found that the Na-ion battery SEI is much thinner and
richer in inorganic compounds than the Li-ion counterpart.
Further synchrotron-based photoemission investigations by
Edstrom’s group reinforced the idea of an SEI divided into dif-
ferentiated sublayers of organic- and inorganic-based nature.l]
Also, our research group determined that the SEI layer of
Na-ion battery anodes such as Na,Ti;O;, besides the reduced
thickness of the interphase, was unstable upon electrochemical
cycling.*?l This was attributed to the partial dissolution of the
organic and semi-organic compounds. The differences in cell
performance in terms of self-discharge and Columbic efficiency
cannot fit into the 0.3 V difference in potential between Li and
Na. It is has been suggested that the dissolution of the SEI com-
ponents in Na-ion batteries is the main reason for the under-
performance of this technology when compared with Li-ion
batteries.[%! These results suggest that the Li-ion environment
is less reactive and hence prone to form organic compounds.
Moreover, this points towards the influence of the Na metal in
the SEI formation and properties when performing half-cell
experiments which were studied by our research group./®!

For the study of the SEI properties in Na-ion batteries, a
refinement of the models presented in Figure 4 was consid-
ered that had been successfully used in Li-ion battery electrodes
(Figure 5)."Y The model is named the surface layer (SL) model,
and was first proposed by Aurbach and was used to explain the
Li* intercalation into graphite.”? This model assumes an inter-
calation electrode with high electronic conductivity, as well as
a compact enough electrode that ensures the contact between
particles (solid-solid interface). After that, Barsoukov and co-
workers, slightly modified the SL model, including R/C circuits
in series to consider more realistic situations, such as non-uni-
form particle size, particle structure change, and new phase for-
mation upon alkaline-ion insertion./?!

The parameters that describe the alkaline-ion intercalation
into porous electrode model including the SEI formation are
Ry which is the high-frequency intercept onto the real axis and
corresponds to the Na* resistance across the electrolyte (solu-
tion); the high-frequency semicircle can be associated with a
resistance and a capacitance of the SEI layer (Rgg and Cgp) in
parallel which corresponds to the electric resistance of the Na*
diffusion through the SEI layer and the double layer capacitance

Rsol

RSEI' CSEI High frequency Medium frequency Low frequency \
n _— G

— Rerll Co
H } R C C Rsei 1 Cogy l
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Zwr Ci
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Figure 5. Scheme of the charge behavior in the electrode surroundings (left panel) and corresponding impedance spectroscopy equivalent circuit
(right panel). The different contributions identified in the relevant interfaces of the left panel figure appear at different frequencies in the impedance

spectroscopy experiments as noted in the right panel figure.
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ascribed to the SEI-electrode interface; the medium-frequency
semicircle is described by the Rcr and Cpy which correspond
to the charge-transfer resistance of the Na* through the elec-
trode surface and the double layer capacitance appearing in
the electroactive material-electrolyte interface or in the electro-
active material-SEI interface.” The sloping line in the lowest
frequency region is the result of the solid-state diffusion of the
Na* inside the electroactive material and can be considered as
a Warburg diffusion element (Z,)® in series with an intercala-
tion capacity (C;j).V® If the accumulation of charge at the elec-
troactive material surface, or at intraparticle crystallite domains,
is leading to a given capacitance (Cg..) along with an electronic
resistance of the electroactive material (R.), an additional
semicircle will appear in the low-frequency region overlapped
with the solid-state diffusion features.” The aforementioned
parameters, that is, Ry, Rsgi||Csgr, Rer||Cor Zy» and C; are con-
nected in series as indicated in the equivalent circuit in Figure-
our model (right panel), due to the fact that the corresponding
processes of each R/C circuits occur in series.

The SL model that describes the alkaline-ion intercalation
through the SEI layer and the porous electrode can be compared
and correlated with previously proposed models of the SEI layer
(see Figure 4 — bottom). First, the SEI model assumes that the
SEI is composed of inorganic compounds, but it has been exper-
imentally proven that the SEI is composed of both inorganic
and organic species. Nonetheless, the Ry, and C, proposed by the
SL model might be equal to the Rgg; and Cgg;. However, the Ry
and Cgp also considered the electrode surface area (S), as well
as the thickness (J), ionic conductivity/ resistivity (¢ =1/p) and
permittivity (€), see Equations (1) and (2).7”!

Rse = pl/S (1)
Csu =S/l 2)

Second, the PEI model assumes that the SEI is composed
of polymeric and inorganic compounds, but the interphase
has the polymer electrolyte properties. This is close to the
assumption that the SEI behaves as a polymer electrolyte.
However, the PEI model is not accurate since the alkaline ion
resistance across the electrolyte and SEI occur in series, there-
fore the parameters of each process should appear in series
and not in parallel. Third, the SPL model proposes a similar
equivalent circuit as the PEI model, not considering that the
process occurs in series. In addition, the assumption of SEI
composition by SPL, that is, solid compound dispersed in a
polymer electrolyte, is not experimentally observed. In fact,
several studies report that the SEI is not homogeneously dis-
tributed, and it is composed of more than one layer, where
each layer displays a different composition and properties.
Finally, the CSL model approach of two sublayers, one solid
close to the electrode and the other outermost composed by
polymer compounds, is closer to the experimental observa-
tion, but the sublayer is not homogeneous and both types of
species can be detected in the same sublayer. In this case, the
equivalent circuit is the same as the one proposed by Aurbach
and co-workers (SL model), since depending on the time con-
stants of the processes, one or more R/C circuit/s in series will
appear. In other words, when the time constant of the different
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processes occurs close (when frequency ratio (@;/@,) < 10) the
Nyquist plot only exhibits one semicircle, which can include
several processes and the equivalent circuit is composed of
one R/C circuit, but when the time constant of the processes
is different (@;/®, > 100), each process exhibits one semicircle
and the corresponding R/C circuit.

The impedance spectroscopy spectra can be fitted with
Boukamp’s Equivalent Circuit software,”8l ZView," etc. so
for each EIS spectrum a set of Ry, Rsgr, Cser, Rer Cor Zy G,
Rejecr and Cgec Will be obtained. In the fitting procedure, the Z,
and C elements can be replaced with constant phase elements
(CPE) that will account for deviations from the ideal interfacial
behavior such as inhomogeneities and roughness."” If a series
of EIS measurements are carried out at many different states of
charge during charge and discharge, each one of the obtained
EIS spectra can be individually fitted using, for example, the
Boukamp’s software. Hence obtaining the different resistance
and capacity values during cycling,*3% which will provide a
dynamic picture of the electrochemical behavior and in par-
ticular of the SEI evolution.

4. The SEI/CEI in Na-lon Battery Electrodes

The family of electrode materials that have been developed in
the last decades for Na-ion batteries is rather broad, including
transition metal layered oxides (Na,TM,0,, TM = one or more
metal/s),B1#3  polyanionic compounds,#! Prussian blue
analogs (PBAs)®® and organic compounds® 88 as cathodes
and hard carbons,B% soft carbons,®? sodium titanates,*>%4
alloys,® and also PBAs® as anodes. However, very few of
them have reached the prototype/demonstrator level. In 2013,
Sumitomo Chemical Co. Ltd. developed a pouch cell proto-
type of Na-ion battery using hard carbon as anode and O3-type
NaNi, ;Fe; 4Mn, 30, as cathode, delivering 650 mAh.””l In
2015 several Na-ion cell prototypes were released worldwide
using hard carbon as anode: Sharp Laboratories of America,
Inc. reported a Na-ion cell prototype in combination with
a Prussian White cathode,”® Faradion Itd. developed a 126
Wh kg cell using Ni-based layered oxide,® that culminated
with the deployment of a 400 Wh Na-ion battery pack used to
power an e-bike.% Also in 2015, the French electrochemical
energy storage network (réseau sur le stockage électrochim-
ique de I'énergie, RS2E) announced the first 18 650 cell proto-
type of a Na-ion battery delivering 90 Wh kg™ over 2000 cycles
that was acquired by Tiamat company.'®"1%2 In 2017, Sharp
Laboratories of America, Inc. filed a patent of a hard carbon
anode,l'3 the same year, Sharp Laboratories of Europe pub-
lished the results of a 4.2 Ah cell with an energy density
of 252 Wh 1! that consisted of a hard carbon anode and a
NaNiy sFe; gMny ;3Mgy 1,Sny1,0, cathode.'® All the investiga-
tions carried out at Sharp Laboratories of America and some of
their researchers started the spin-off Novasis Energies Inc. that
developed Na-ion battery prototypes based on PBAs as cathode
and hard carbon as anode, reaching energy density values in the
range of 100-130 Wh kg or 150-210 Wh 171119 [n 2018, HiNa
Battery technology Co. in China released a low-speed car pow-
ered by a Na-ion battery.0>1%] After this, in 2019, HiNa Battery
installed a 30 kW/100 kWh large-scale energy storage system
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based on O3-type Nago[Cuy,,Fe30Mng 4]0, cathode and hard
carbon anode chemistry.'"””l Recently, Contemporary Amperex
Technology Co Ltd (CATL) successfully integrated Na-ion cells
and Li-ion cells into one pack, based on Prussian White as
cathode and hard carbon as anode, with the advantages of high
energy density (Na-ion battery cell up to 160 Wh kg™ — 2nd
generation up to 200 Wh kg™), fast-charging capability (80% in
15 min at room temperature), excellent thermal stability, great
low temperature (limit at —20°C) and high integration efficiency
(>80%). In parallel, CATL has started the industrial deployment
of Na-ion batteries, and plans to form a basic industrial chain
by 2023.11%1 However, despite all the efforts on the development
of a suitable Na-ion battery prototype, issues such as the SEI
formation were overlooked. This is a very important factor that
has a significant impact on the battery in terms of electrochem-
ical performance and cost.[”]

The surface specificity of XPS has made this technique
one of the better suited and most widely used to study the
SEI and CEI components and chemical species as well as its
stability. XPS consists of an incident X-ray beam that illu-
minates the material under study down to a depth in the
pum range. The incident photons will induce the emission
of photoelectrons from the core levels of the atoms present
in the material. Due to their short inelastic mean free path,
only the photoelectrons emitted from the outermost surface
atoms (few nanometers depth) will be able to leave the mate-
rial under study and travel to the photoelectron detector. The
kinetic energy of the detected photoelectrons can be cor-
related with the binding energy of the electron energy level
in the atom. Since the binding energy is a unique feature of
each element, the analysis of the photoelectron spectra will
allow the identification of the elemental composition of the
material surface. Slight energy shifts of the binding energy
can be used to evaluate the chemical environment of the ele-
ments. Of course, this technique has its own limitations: 1)
the analysis has to be carried out under ultrahigh vacuum
conditions, unless the system is based on a solid electrolyte
or a liquid electrolyte with very low vapor pressure and with
a particular architecture/thickness that allows photoelectrons
from the SEI to travel through the electrolyte. All XPS
analysis will have to be carried out ex situ, which involves
careful sample handling to avoid surface reaction with air; 2)
the use of X-ray photons that are in the 1 to 3 keV energy
range for laboratory-based XPS and can go up to 12 keV in
synchrotron-based XPS may lead to photon-induced reactions
of the material under study and subsequent modification of
the surface composition; 3) the removal of electrons from the
material under study might lead to surface charging effects
that are translated into artificial shifts of the binding energy,
hence rendering extremely difficult the XPS peak interpreta-
tion. Regarding this last point, the consistent use of refer-
ences is very important for the correct interpretation of the
XPS data. In Figure 6 the most relevant SEI compounds in
Na-ion batteries are shown in terms of the binding energies
of the C 1s, O 1s, F 1s, and Na 1s photoelectron lines. In the
figure, there is not a unique binding energy value for every
single component and there is a slight tolerance in the values
that depends on several factors such as electronic conductivity
of the species and the existence of non-stoichiometric phases.

Adv. Mater. Interfaces 2022, 9, 2101773 2101773 (7 0f2'|)

INTERFACES

www.advmatinterfaces.de

For this reason, the compounds presented in Figure 6 are
assigned to a range of binding energies instead of having a
single binding energy value.

4.1. SEI/CEI Formation with Carbonate Ester-based Electrolytes

The carbonate ester-based electrolytes have been the model
electrolytes in Li-ion battery technology. They possess excel-
lent ionic conductivity values and are the electrolyte of choice
in commercial Li-ion batteries. Due to their success, versatility,
and ease of use, these electrolytes have also been adopted in
Na-ion batteries.

The carbonate esters solvents can be classified into cyclic and
linear: propylene carbonate (PC) and ethylene carbonate (EC)
are cyclic carbonate esters with dielectric constants in the =65
to =90 range, viscosities at room temperature above 2.5 cP and
close to 2cP, HOMO levels around —0.25 eV and LUMO levels
close to —0.015 eV; dimethyl carbonate (DMC), ethyl methyl car-
bonate (EMC), and diethyl carbonate (DEC) are linear carbonate
esters with dielectric constants around 3, viscosities at room
temperature in the 0.59 to 0.75 cP range, HOMO level around
—0.25 eV and LUMO levels in the —0.009 to —0.003 eV.!'?8] Typi-
cally, cyclic and linear carbonate ester-based solvents are mixed
so as to tune the viscosity while improving ionic conductivity
and electrochemical stability.

In this context, the most common salts for carbonate ester-
based electrolytes are NaClO,, NaPFg, NaTFSI, NaFSI, and NaF-
TFSI. Among them, NaClO, and NaPF, are widely employed
in research despite the risk of explosion of the former and the
water sensitivity that leads to HF formation of the latter salt.
For example, NaTFSI and NaFSI are more thermally stable but
they are highly corrosive and tend to damage the Al current col-
lectors used in Na-ion batteries.[?’]

In terms of additives to ameliorate the interphase, only
fluoroethylene carbonate (FEC) has been effective in enhancing
the cycling performance.!®” Other additives used in Li-ion bat-
teries with good results such as ethylene sulfite (ES), vinylene
carbonate (VC), and difluoroethylene carbonate (DFEC) have
not worked in Na-ion batteries.'3%133] The most relevant results
regarding SEI/CEI characterization are presented below and
summarized in Table S1, Supporting Information.

4.1.1. Negative Electrodes

Hard Carbons: The electrochemical response of carbon against
Na was reported in 1993 by Doeff and co-workers,** in 2000,
Stevens and Dahn reported the Na® insertion in hard car
bons!*! which was resumed by Komaba et al. 10 years ago.[*’]
Hard carbon is one of the negative electrodes for Na-ion bat-
teries that has reached prototype level, however, its application
in battery production at the industrial level has been negatively
affected by its high initial irreversibility, poor rate performance,
and long-term cycling degradation typically ascribed to the con-
tinuous consumption of electrolyte and SEI growth.lMoM The
role of the SEI in hard carbons has been studied for more than
a decade. During this time, the common belief is that the hard
carbon capacity fade is due to the continuous SEI formation,
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Figure 6. Experimental photoelectron binding energy references used to assign the XPS peaks to the different compounds. The most common SElI
compounds for Na-ion batteries are included in four different photoelectron lines: a) C1s, b) O 1s, ¢) F 1s, and d) Na 1s. The binding energy values

have been obtained from refs. [42,67,70,110-127].

however, there are other experiments that point to a particular
inward SEI progression towards the anode instead of the con-
ventional outward growth. This SEI growth effect on the hard
carbon capacity fade is presented along with the influence of
metallic Na as counter electrode.31 On the other hand, the
influence of the hard carbon precursors in the SEI composi-
tion has been recently studied on three hard carbons synthe-
sized from three different precursors namely, phenolic resin,
polyethylene fibers, and lignin-rich biomass.'”l The tests in
Li- and Na-half-cells have concluded that, other than the hard
carbon precursors, the SEI chemical composition is influenced
by the solubility of the SEI species. The SEI in Li-ion cells was
composed of organic and inorganic species, where the con-
centration of the inorganic species increases in the SEI sub-
surface, close to the electrode, while the SEI layer in Na-ion
cells was mainly formed by carbon/oxygen-containing species.
The sodium electrolyte salts were marginally found in the SEI
sublayer, due to their high solubility in the electrolyte upon
electrochemical cycling and washing procedure. These results
suggest that the sample preparation of the cycled electrodes
for the ex situ characterization experiments in Na-ion systems
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is significant, more so than for Li-ion systems. In 2016 a thor-
ough XPS study concluded that the passivation films formed
upon contribution from FEC electrolyte additive can lead to
an improvement of the capacity retention resulting in a better
passivation of the SEI. The use of NaPF; salt in combination
with FEC in PC-based electrolyte results in the optimum pas-
sivation of the hard carbon electrode with polyvinylidene
difluoride (PVAF) binder that ultimately leads to the enhance-
ment of the cycling performance."? Nonetheless, it has been
observed that hard carbon electrodes with carboxymethyl cel-
lulose (CMC) binder do not need FEC additive to deliver high
reversibility and cycling stability, as well as a good passivation
SELMM8] The electrode and electrolyte formulation and their
combination are essential to define the electrochemical and
SEI properties of the system. Recent studies of the SEI were
performed on hard carbon electrodes in Na half-cells with two
different salts (NaPFg, NaTFSI) and two different electrolyte
additives FEC and fluorinated dimethylcarbonate (DMCF) in
a mixture of EC and DMC solvents. The best electrochemical
performance was delivered by the NaPFg salt together with
3% FEC. The DMCF additive was found to have a detrimental
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effect in all combinations. As determined by XPS, the SEI com-
position based on sodium ethylene dicarbonate and NaF was
ascribed to the best electrochemical behavior, while the worst
electrochemical performances were associated with low NaF
or high Na,CO; containing SEIs.'™ In stark contrast with the
positive effect of FEC, previous studies have reported the detri-
mental effect of FEC additive in terms of specific capacity and
Coulombic efficiency.!® In parallel, it has been found by other
authors!3% that the combination of NaTFSI salt with 3% FEC in
PC electrolyte for hard carbon half-cells delivers electrochem-
ical performance comparable to the best combination, namely
NaPF; with 3% FEC in a mixture of EC:DMC. Moreover, the
SEI in the NaTFSI-based electrolyte stabilizes its physicochem-
ical features after 10 cycles when the NaF and Na,CO; concen-
tration increases in the organic-inorganic hybrid SELI

Alloys: Alloy compounds have been considered as alternative
negative electrodes for Na-ion batteries, as high storage capacity
and low voltage operating materials. Among the various semi-
metals candidates from group 14 (Si, Ge, Sn, and Pb) that will
form NaX- and Na;sX,type compounds, Sn has been postu-
lated as the most promising due to its theoretical capacity of
approximately 847 mAh g (assuming the full conversion into
NaysSn,).12! Meanwhile, group 15 elements (P, As, Sb, and Bi)
will form Na;X-type compounds, with phosphorous being the
element delivering alloying reactions with the highest specific
capacity (2596 mAh g™). However, the main disadvantage of
alloy compounds is their poor cycling stability due to the con-
tinuous volume changes upon (de)sodiation hindering the
formation of a stable SELI In this context, the SEI chemical
composition and properties have been examined by several
groups on various Sn- and Sb-based alloys, such as Sb, Cu,Sb,
and SbSn.[124126127] The reported works highlight that the elec-
trode and electrolyte formulation as well as their combination
govern the formation of a stable SEI. Bodenes and co-workers
compared the SEI chemical composition and stability on Sb
electrodes cast with two different binders, namely PVAF and
CMC, in Na- and Li-ion systems, highlighting that the SEI
thickness is related to the binder nature, while the chemical
composition depends on the chemistry, that is, Li- or Na-ion.[12¢]
As it has been shown for hard carbons, the Na/CMC formula-
tion was better suited than Na/PVdF.

Intermetallic Sb,—M, alloys have been developed as a
strategy to mitigate the volume changes of alloy-based elec-
trodes. For instance, SnSb alloys have been reported as feasible
anodes for Na-ion batteries,!! although the SEI formation was
only inferred from the profile of the charge/discharge galva-
nometry. Instead, the SEI of SnSb nanoparticles, which were
encapsulated in porous carbon nanofibers, has been investi-
gated using FEC electrolyte additive.'”) It has been observed
that the presence of FEC prevents the electrolyte decomposition
and leads to the formation of a thin and uniform SEI; once in
half-cell configuration the FEC positive effect was confirmed.
The beneficial effect of FEC additive on the SEI stability has also
been confirmed for Sn electrodes where the additive enables
the extended cycling of Sn-polyacrylate electrodes.? Commercial
intermetallic InSb alloys have demonstrated good electro-
chemical performance as anodes for Li-ion batteries,™! in
terms of structural stability and electrochemical reversibility.
The InSb alloy has also been tested in Na-ion batteries with 1m
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NaClO, in EC:DMC (1:1) and 5% FEC as electrolyte,* while
delivering 450 mAh g after 50 cycles at C/5 and 310 mAh g™
at 5C. The SEI on the InSb electrode was studied by means of
XPS that revealed that the SEI is based on FEC and salt degra-
dation products such as NaF and NaClO;. Some organic species
deriving from carbonate degradation were also evidenced, yet
they partially dissolve on charge.

The theoretical capacity of red phosphorous (P) has always
been considered as one of the most viable anodes for Na-ion
batteries. However, sodium storage in red P anodes is limited
by significant technical challenges such as poor conductivity,
large volume swelling, and unstable SEI therefore they have yet
to be implemented in batteries.

Regarding the SEI on red P anodes, it tends to crack upon
Na cycling resulting in freshly exposed electrode surface, hence
promoting the continuous growth of the SEI layer and leading
to low Coulombic efficiency and large electrode resistance.!'*’]
However, the use of FEC additive on 1M NaClO, in PC can
improve the SEI structural stability.* The effects of using or
not using the FEC additive on the composition of the formed
SEI in each case were studied by means of hard- and soft-X-
ray photoemission spectroscopy.'*! This study demonstrated,
for the FEC-containing electrolyte, the formation of (PO,4)3", P,
Na,P, and NaH,PO, species in the subsurface SEI while (PO4)3"
and NaH,PO, are the only species observed in the outermost
SEI, which suggests that Na3P reacts with the SEI and the elec-
trolyte to form the P*-based species. Of course, NaF and Na,P-
F,O, species resulting from the fluorinated additive are also
formed. Meanwhile, the FEC-free electrolyte led to the forma-
tion of an SEI completely free of P® and Na,P species, instead,
alkyl carbonate (ROCO,Na) ester-based species appear.

Sodium Titanates: In the family of sodium titanates, Na,Ti;O;,
is considered the most promising negative electrode, due to its
low voltage redox reaction (0.3 V vs Na/Na*) and its composition
based on Earth-abundant elements.¥”] However, it suffers from
poor capacity retention,¥ which is tied to the inadequate com-
bination of electroactive material, electrolyte, and binder which
does not result in a stable SEI that suffers from ROCO,Na dis-
solution as determined by XPS and Na-Auger parameters.*?l In
the same study, it was concluded that the =5 nm thick SEI has
a bilayer structure with an inner layer of inorganic compounds
such as Na,COj3, NaF, and NaCl, covered by a semi-organic over-
layer of polyethylene oxide (PEO) and ROCO,Na. The inorganic
components, namely, NaCl and NaF are formed after sponta-
neous decomposition of the electrolyte salt in contact with Na
metal and by the PVAF dehydrofluorination, respectively: con-
firming the higher reactivity of Na if compared with Li. These
results largely expanded the ex situ high-resolution TEM
(HRTEM) investigation carried out by Pan et al. that revealed
the instability of the 2-5 nm thick SEI and the negative influ-
ence of the fluorinated binder on the electrode cyclability.*]
This work also reported based on ab initio calculations, the insu-
lator to electronic conductor transition of the Na,Ti;O; upon
electrochemical cycling. Later, the SEI instability and the electro-
active material conductivity changes were directly determined by
means of EIS measurements,’ where the electroactive material
resistance and the oscillations of the SEI layer resistance with
the state of charge were identified and the latter associated with
the ROCO,Na dissolution and the breaking of the layer itself.
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The impact of Na metal on the electrochemical performance
and SEI formation was evaluated by comparing the Na,Ti;O,
electrode in half-cells with Na metal and full-cells using
NaFePO, as the cathode.’” It was concluded that, although the
SEI composition was similar in both cases, the full-cell SEI was
slightly thinner, the spontaneous reactions observed in half-
cells were almost negligible in the full-cell configuration. This
highlights the importance of full-cell studies to understand the
SEI formation behavior, without neglecting the half-cell studies
that are always a good starting point. The ROCO,Na dissolution
observed in half-cells was also detected in full-cells, thus indi-
cating that the metallic Na is not responsible for the ROCO,Na
behavior.

On the other hand, the CEI formed on the NaFePO, positive
electrode, in terms of composition is similar to the SEI formed
on the Na,Ti;O; negative electrode; but with lower thickness,
around 2.5 nm, as determined from the graphitic compo-
nent intensity change in the C 1s XPS data and considering
the Tanuma’s equation for photoelectron inelastic mean free
paths. 150

4.1.2. Positive Electrodes

The non-aqueous liquid electrolytes generally used in Li-ion
technology are oxidized at operating voltages >4.5 V versus
Li*/Li.®! Considering that the equilibrium potential of Na*/Na
is 0.3 V above that of Li*/Li, it is reasonable to deduce that the
carbonate ester-based electrolytes will be thermodynamically
unstable above =4.2 V versus Na*/Na in Na-ion batteries.[?
Given that many of the cathode materials used in Na-ion bat-
teries have their redox activity totally or partially above this
oxidation limit; progress is needed for the design of new elec-
trolytes that can withstand the required (higher) voltages.

Prussian Blue Analogs: Prussian blue with general formula
Na,TM[Fe(CN)gly- —y-nH,O (TM = transition metal and y =
Fe(CN); vacancy), are interesting cathode materials for Na-ion
batteries due to their high theoretical capacity and low-cost.
However, the high number of Fe(CN)¢ vacancies and crystal
water generated by current synthesis routes lead to limited
cyclability.’3154 In contrast, very recent investigations on Prus-
sian blue with a considerable number of Fe(CN)g vacancies
and crystal H,0 point towards a low cyclability due to the CEI
instability. In fact, the addition of cresyl diphenyl phosphate
(CDP) to the 1m NaClO, dissolved in EC/DEC (1:1 volume ratio)
with 8% FEC can effectively suppress the interface side reac-
tions between the Prussian blue and the electrolyte and extend
the cycle lifetime with a capacity retention of 83.1% after
700 cycles at 1C."°° This enhanced interface stability is ascribed
to the formed overlayer which is composed of some phosphates
that originated from partial CDP decomposition on the Prus-
sian blue surface during cycling. The formed phosphates, spe-
cifically FePO,, activate the low-spin Fe ions during cycling,
which is also beneficial for the extended cycle life of Prussian
blue in Na-ion batteries. In general, the kinetics of Na-ion bat-
teries are known to struggle owing to the solid-state diffusion
of Na* in the intercalation host. This problem also appears in
PBA-based electrodes, however, this bulk-related drawback
can be tackled by a surface modification approach such as the
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controlled etching of the Prussian blue surface that results in the
activation of new Na storage sites and the stabilization of the
CEl while improving the Na* diffusion dynamics.®®l Other
authors have reported the importance of having significant
concentrations of Na,CO; in the Prussian blue CEL™ In
this work, they compared the electrochemical performance
of two Prussian blue cathodes synthesized using the same
route but with different water content. This water reacts with
the ROCO,Na present in the CEI leading to the formation of
Na,COs. The CEI with a higher concentration of Na,CO; helps
to enhance the cycling stability and rate performance by pro-
viding the electrodes with better protection and facilitating the
charge-transfer process as determined by FTIR and EIS. Again,
this result contradicts the argument that crystal water hinders
the cyclability of Prussian blue cathodes. Moreover, the pres-
ence of Na,COj; in the CEI of aqueous Na-ion batteries was
reported to be beneficial '8 whereas in non-aqueous systems
the presence of Na,COj; in the CEI is detrimental for electro-
chemical performance. Besides the higher solubility of Na-ion
CEI components with respect to Li-ion CEI, in particular, the
solubility of Na,COj; in organic solvents is much higher than
the one of Li,COz: 6.603 mg L' in PC and 3.648 mg L' in
EC:DEC for Na,CO;, 0.160 mg L' in PC and 0.135 mg L' in
EC:DEC for Li,CO;.1%%

Polyanions: Among the polyanionic materials, the
Na,CO;5(PO,),P,0; positive electrode exhibits multi redox
couples at high voltage, between 4.1 and 4.7 V, and a specific
capacity of 95 mAh g at 0.2C in the 3.0-4.7 V versus Na'/
Na voltage window with a capacity retention above 95% over
100 cycles, as reported by Toyota Battery Research division in
2013.11%0 The chemical composition and stability of the formed
CEI are of extreme importance considering that the high oper-
ating voltage of this electrode material is around the stability
limit of most conventional carbonate ester-based electrolytes.
Recent investigations on the grounds of EIS and XPS reveal the
formation of a bilayer CEI after full desodiation (4.7 V vs Na*/
Na),®% with semi-organic-rich compounds in the inner CEI
region (close to the electrode surface) while the organic com-
pounds are mostly accumulated in the outer CEI region facing
the electrolyte. Meanwhile, after full sodiation (3.0 V vs Na*/
Na), an additional outermost inorganic overlayer, =10 nm thick,
is formed on the CEI. This inorganic overlayer is mainly com-
posed of Na,CO; and Na,PF, and it dissolves upon oxidation/
desodiation while during reduction/sodiation it is reformed. In
the meantime, the other CEI sublayers remain stable.

Among the NASICON (Na3M,(XO,);); X = Si*, P>, S°,
Mo®", As>") framework materials, which are well known for
their facile Na* conductivity. Na;V,(PO,); has an impressive
theoretical energy density of 400 Wh kg™! with good thermal
stability in the charged state 11162 that has been shown to
report excellent cycling stability, rate capability, and Coulombic
efficiency.l"®3l The modification of the material morphology has
resulted in a CEI with reduced impedance, as determined by
EIS, that, despite not having details on its composition and
distribution, has certainly contributed to the observed improve-
ment of the electrochemical performance.l®¥ At the same time,
the N-doping of the carbon matrix introduced with Na;V,(PO,);
decreases electroactive material polarization by facilitating
the charge-transfer at the electrode-electrolyte interphase.l%!
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Besides the investigations performed on surface modifications
or doping of the Na;V,(PO,); electrodes, a thorough study of
the CEI in half- and full-cells is still required.

Na3V,(PO,),F; is considered by part of the scientific commu-
nity as the exemplary material for the cathode of commercial
Na-ion Dbatteries.l'® This polyanionic compound has outper-
formed some P2- and O3-type layered oxides in full-cells assem-
bled with hard carbon anodes, with the layered oxides falling
behind the polyanion due to their intrinsic phase transformations
and volume changes. However, not all layered oxides were con-
sidered in this study, for instance, P2-type layered oxides doped
with Ti with general formula P2-Na,;Mn,gFe,,Ti,O, deliver
outstanding electrochemical performance with Ti buffering
structural distortions.®] Nonetheless, Na;V,(PO,),F; still suf-
fers from limited Coulombic efficiency and cyclability. The use
of conventional liquid electrolytes in Na3V,(PO,),F; half-cells has
resulted in the formation of an unstable and extended CEI that
hinders the electrochemical performance and could only be par-
tially improved by the use of FEC or VC additives, %8 still deliv-
ering low capacity retention: =44% at 25 °C and =34% at 60 °C
after 500 cycles. In full-cells with hard carbon, it has been shown
that the soluble species formed in the SEI from the presence of
linear ester carbonates in the electrolyte can shuttle to the cathode
affecting the long-term cyclability.'%! This result would suggest
limiting the use of linear carbonates like DMC, DEC, etc. in favor
of the cyclic ones such as PC, EC, etc., in stark contrast with the
latest studies that report the best electrochemical response of
Na3V,(PO,),F; half- and full-cells with hard carbon in the 0 to
50 °C range for the electrolyte with the highest linear carbonate
content: 1M NaClO, in 1:1 PC:DMC with 5% FEC additive.[""]

Layered Oxides: The layered oxides with general formula
NaTMO, (TM =Ti, V, Cr, Mn, Fe, Co, Ni, and a mixture of 2 or 3
elements) offer many advantages due to their simple structure,
high capacities, and relatively easy synthesis.B%771l According to
the classification by Delmas, these layered oxides are typically
found in trigonal prismatic (P) or octahedral (O) coordination
for the Na and with a different number of unique interlayers
surrounded by different oxide layers, in other words, typically
2 or 3 transition-metal layers in a single cell unit.'”?l The most
common arrangements are P2-, O3- and P3-type phases. In
this context, single TM layered oxide systems such as Na, TiO,,
Na,CrO,, Na,MnO,, Na,FeO,, Na,CoO,, etc. were developed in
the early 1980’s and although in some cases exhibit excellent
cyclability in an acceptable voltage range, these systems have
been used as the basis for more complex compounds. Exploring
in detail the single and binary TM systems would be beyond
the scope of this review, for this reason we will focus on the
more recent ternary systems. In particular, Mn-based materials
meet the requirements for low-cost stationary batteries without
sacrificing energy density or safety. Therefore, herein we will
focus on Mn-based materials.

O3-type phases are preferred because of the high Na content
that would permit the use of a Na-free negative electrode and
also exhibits an improved 1st charge capacity. However, after
the 2nd cycle, the P2-type phases show better electrochemistry
because of the low diffusion barrier and high ionic conductivity.

O3-type NaNij ¢Cog osMng 350, has demonstrated
=157 mAh g! specific capacity at 15 mA g7 in half-cells and
125 mAh g! with 80% retention over 300 cycles in full-cells.l”3]
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The cycling of this cathode in hard carbon full-cells with 1m
NaPF4 in EC:DMC (30:70) with 2% FEC in the 2 to 4.2 V range
results in the formation of a mixed O3-P3 phase that takes place
in the 4.0 to 4.2 V range after 50 cycles.'” TEM investigations
have concluded that this phase transformation only occurs in
the outermost =20 nm of the electroactive material surface and
it also affects the chemical composition, particularly Na defi-
ciency, Mn dissolution, and TM reduction. This change in the
surface composition will drive the formation and evolution of
the CEI which has been found to be rather inhomogeneous and
composed of fluorinated species, ROCO,Na, and Na,CO; as
determined by XPS.

The combination of Ni, Mn, and Co has also displayed inter-
esting cycling stability and specific capacity in P2-type layered
oxides. P2-type Na,Co,;3Mn;,gNij;00, when cycled in half-cell
with 0.5Mm solution of NaPFg in PC with 5% FEC additive in the
2.0-4.2 V range can reach 89% capacity retention after 90 cycles
with a Coulombic efficiency >99.4%. Nevertheless, despite
displaying a high specific capacity of 140 mAh g7, the electro-
chemical performance of this material drops when charged to
4.5 V versus Na*/Na. Therefore, a key point to study will be the
chemical reactions at the electrode-electrolyte interface which
will partly depend on the electrolyte stability at high voltages
and the electronic structure of the cathode material. The tran-
sition metal oxidation state in the electroactive material sur-
face and the CEI evolution of this system have been studied
by means of HAXPES and XPS, respectively.”!l The HAXPES
experiments have determined that whilst the transition metals
in the pristine electrode surface are in the Mn*", Ni**, and Co**
state with traces of Co*, in the first charge to 4.5 V, only Ni and
Co are active and oxidize to Ni*" and Co*. During discharge at
3.5V, these two cations were initially reduced to Ni** and Co**
while a further voltage decrease to 2 V resulted in activation of
Mn being reduced to Mn>*" together with the partial reduction
of Ni and Co to Ni** and Co*". After the 2nd charging cycling,
all cations were oxidized to 4+ state. This analysis confirms that
the plateaus observed in the electrochemical charge/discharge
profile do not necessarily correspond to a given redox couple.
As for the CEI composition, NaF, Na,COs, and traces of oxy-
genated and carbonaceous species are present in the pristine
electrode, prior to any contact with the electrolyte. Once the
cell is assembled and the electrolyte introduced, the electrode
overlayer remained intact. It was during charge that NaF and
Na,CO; were slowly disappearing and reappearing during dis-
charge. Meanwhile, the oxygenated and carbonaceous species
were not affected during cycling. NaPF4 and other degradation
products are part of the CEI, the detailed analysis of the outer-
most surface region confirmed that phosphates were the main
degradation product at low potential while fluorophosphates
were the dominant degradation product at high voltages.

Of course, if the focus application of Na-ion batteries is for
large-scale energy storage, suppressing the use of Co is of para-
mount importance.

One of the Co-free layered oxides is the distorted O3-type
NaMnO, which, as with all Mn-containing layered oxides can
suffer from water and/or CO, adsorption when exposed to
air and Mn** disproportionation. Both of these effects being
dramatic for the material degradation and capacity fade. The
Ti enrichment-induced surface reconstruction in distorted
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03-type NaMnTi, ;Niy;0,, can lead to many benefits.”” The all-
titanium surface layer effectively prevents the contact between
the Mn species and environmental conditions and suppresses
the disproportionation reaction of manganese: 2Mn’** —
Mn* + Mn?*. This Ti**-rich overlayer with spinel-like structure
and atomic-scale thickness boosts the electron and ion con-
ductivity while significantly increasing the chemical/electro-
chemical/thermal stability with impressive specific capacity of
(186 mAh g), rate capability (118 mAh g%, 1000 mA g™, 5C
rate), and cycling stability.

P2-type Na,;3MnggFe,Tig;0, layered oxide with a voltage
cut-off of 4.0 V versus Na*/Na is a promising Co-free cathode
material made of Earth-abundant transition metals that delivers
156 mAh gt with 90% capacity retention after 100 cycles. When
cycling in half-cells using 1M NaPFg in EC:PC with 2 wt.%
of FEC additive as electrolyte, the CEI consists of fluorinated
species (NaPF,O, and NaF), mainly observed at reduced state,
while at the discharged (oxidized) state the fluorinated layer is
covered by carbonaceous species such as PEO, Na,COs, and
ROCO;Na. The latter species being highly soluble in the elec-
trolyte, thus dissolving during desodiation, and providing an
unstable CEL[70]

Recently, the sodium  deficiency of  P2-type
Na, ;3Mny gFe 1Tig 10, layered oxide and its intrinsic 1st cycle
irreversible capacity loss has been addressed using Na,C;05
as sacrificial salt to compensate for the lack of Na.l'’’] This
results in the formation of a thin CEI with the same compo-
sition as the CEI formed in cells without sacrificial salt. The
CEI thickness could be a consequence of the salt decomposi-
tion, during which CO, gas is released while “breaking” and/
or creating cracks along the interphase formation. In addi-
tion, the alkoxides formed on the negative electrode diffuse
through the electrolyte to react with the CO, formed at the
positive electrode while filling the cracks in the interphase,
thus resulting in a more stable CEI.

4.2. SEI/CEI Formation with Advanced Electrolytes

Considering the limited success of carbonate ester-based
electrolytes in Na-ion batteries, the scientific community
strongly focused on the development of advanced electrolytes;
the ether-based and the ionic liquids are amongst the most
explored.'?#178] Other solid or quasi-solid electrolytes are also
hot topics of Na-ion battery research such as gel polymer, solid
polymer, and inorganic solid electrolytes,”>81 as well as,
organic ionic plastic crystals (OIPCs) which are the solid coun-
terpart of ionic liquids.!"®2] However, in terms of interface char-
acterization, the solid or quasi-solid electrolytes still remain
a challenge for the state of the art surface characterization
techniques. Therefore, we will only review the SEI studies per-
formed with advanced liquid electrolytes, namely ether-based
and ionic liquids.

In Li-ion batteries, ether-based electrolytes have never been
regarded as a viable candidate.l® In contrast, they have offered
interesting properties in terms of SEI formation for Na-ion bat-
teries.84185] Ether-based electrolytes, also known as glymes,
have been studied for use in Na-ion batteries since 2010.
Ether-based electrolytes (Im NaOTf in diglyme) allow the Na*
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co-intercalation into graphite, enabling the possible use of
graphite anode for Na-ion batteries.'8%]

Tonic liquids were first synthesized in 1914 by Walden,['®”) and
if small molecular ionic liquids are considered, they generally
have large-size low-symmetric organic cations and small-sized
inorganic anions. The representative anions are TFSI-, FSI—,
BF,—, PFs—, SbFe—, AsF—, C,FoSO;—, CF;80;—, (CF3S0,),N-,
CF;CO0-, C3F,CO0—, (C,F580,);C—, (C,F5SO,),N—, FSA, etc.
The cations usually are [PYrr], [PYri], [RRIm], [NR,H, ], or
[PRH,4] types. All ionic liquids are characterized by low vapor
pressure, non-volatility, the adjustability of polarity, wide liquid
phase range, high inherent conductivity, wide electrochemical
window, as well as dual solvent and catalyst functions.!"”®l Tonic
liquids were first tested in Li-ion batteries, and now new ionic
liquid electrolytes are being developed for Na-ion batteries to
enhance the electrochemical performance of the different elec-
trodes such as alloys, polyanionic compounds, layered oxides,
etc.'88193] The most relevant results regarding SEI/CEI charac-
terization on advanced electrolyte systems are presented below
and summarized in Table S1, Supporting Information.

4.2.1. Negative Electrodes

Hard Carbon: As mentioned in section 4.1.1, hard carbon is the
most studied anode material for Na-ion batteries. Therefore, it
is also the electrode in which the most advanced liquid elec-
trolytes have been tested. Carbonate ester-based electrolytes
formed a thick SEI that could be further stabilized by using
FEC additive. Meanwhile, the SEI formed on hard carbon
anodes cycled with 1M NaCF3;SO; (NaOTf) in diethylene glycol
dimethyl ether (DEGDME) resulted in the formation of a thin
SEI that improved the initial Coulombic efficiency and cycling
stability if compared with the same system cycled in 1M NaClO,
in EC/DEC." The diglyme electrolyte performed much better
than the carbonate esters for the first charge/discharge cycle:
320 mAh g at 0.1C with 63% initial Coulombic efficiency for
the diglyme and 280 mAh g with 41% initial Coulombic effi-
ciency for the carbonate ester-based. The superior performance
of the diglyme was even more significant at high C rates: 217
mAh g at 3C for the diglyme which is almost 3.5 times higher
than the 61 mAh g! delivered by the carbonate ester-based cell
at the same rate. The ether-based SEI is compact but dense
enough to prevent further decomposition of electrolytes when
in contact with the electrode. At the same time, the reduced
thickness of this SEI facilitates fast Na* diffusion which results,
as described above, in very good response at high C rates. With
extended cycling, that is, 2000 cycles and beyond, the capacity
of the diglyme system dropped substantially to =70 mAh g
The extraordinary efficiency of the diglyme-based system was
later combined with the stability of the carbonate ester-based
SEL In other words, the thick SEI for the hard carbon was
formed using a carbonate ester-based electrolyte. Once the
SEI was formed, the cell was disassembled and reassembled
using diglyme-based electrolyte so as to take advantage of the
efficiency of the ether-based electrolyte while operating with
unprecedented reversibility.'®! The ester-based SEI is thicker
and will therefore result in lower Coulombic efficiency in the
first cycle and higher resistance to Na*-transport, leading to
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slow kinetics. However, the mechanical properties of the ester-
based SEI are much better than for diglyme-based SEI. The
Young’s modulus of the SEI as determined by AFM nanoin-
dentation is one order of magnitude lower for the ester-based
SEL in the range of polymeric materials, which involves an
improved mechanical compliance to allow for volume changes
in the long cycling. The XPS observations conclude that the
diglyme-based SEI is thinner and with an elevated concentra-
tion of inorganic species which would agree with the higher
Young's modulus measured.

The ionic liquids, such as sodium bis(fluorosulfonyl)amide
(Na[FSA]) dissolved in N-methyl-N-propylpyrrolidinium-FSA
(IC5Cypyrrr][FSA]) have stable operation in a wide tempera-
ture range and deliver superior electrochemical performance.
Na[FSAJ-[C3Cipyrrr][FSA] was found to be suitable for use
on hard carbon electrodes exhibiting a reversible capacity of
260 mAh g! at 90 °C.I%l The irreversible capacity observed in
the first cycle is attributed to the formation of the SEI. The EIS
measurements at mid-frequency are consistent with a charge-
transfer process at the electrode-electrolyte interphase. Since
the charge-transfer resistance is much larger than the electric
resistance, the cell resistance can be approximated with the Ry
which, after increasing with decreasing temperature, would
indicate a significant sensitivity to the temperature of the SEI.

On hard carbons, more in depth studies of the SEI have
been performed with other ionic liquids such as sodium
bis(trifluoromethylsulfonyl)imide ~ (Na[FSI])  dissolved in
1-butyl-1-methylpyrrolidinium-FSI ([Pyr;J[FSI]) electrolyte has
been analyzed and compared to the behavior observed with
carbonate ester-based electrolytes (cf. Figure 7). XPS experi-
ments determined the SEI thickness in this system to be thin
(<7 nm), well below the thickness reached with carbonate ester-
based electrolytes. Moreover, in the ionic liquid-based SEI few
inorganic-based compounds are present, with NaF the main
inorganic species, with high concentrations of hydrocarbons
and C—N-based species, the latter from [Pyr;,]* decomposition
reactions.'”” The [Pyry,]* contribution found in the subsurface
region suggests that the SEI is porous. The SEI composition in
the ionic liquid-based system is prone to be insoluble therefore
the SEI is more stable.

Alloys: The suitability of InSb alloy as anode for Na-ion bat-
teries was first demonstrated using ionic liquid-based electro-
lytes Na[FSA] dissolved in N-methyl-N-propylpyrrolidinium bis-
(fluorosulfonyl)amide ([Pyr;3][FSA]),*®! before carbonate ester-
based electrolytes were utilized. This cell with Na[FSA]-[Pyr;3]
[FSA] was more stable than the one with carbonate ester-based
electrolyte, delivering capacities of over 400 mAh g for 250
cycles. However, the SEI in this system requires further study
to ascertain the difference in cycling performance.

Dahbi and co-workers tested the red P electrodes with ionic-
liquid electrolyte, NaFSI in N-methyl-N-propylpyridinium-bis-
fluorosulfonylamide ([MPP][FSA]), and compared their electro-
chemical performance against cells assembled with carbonate
ester-based electrolytes, namely 1M NaPF; in EC:PC:DEC,
EC:DEC, and PC electrolyte solvents.'??l Just as hard carbon
electrodes in ionic liquid-based electrolytes, the capacity reten-
tion of red P improves with respect to the carbonate ester-based
ones. This capacity retention increase was attributed to the dif-
ferent chemical compositions of the formed SEI. HAXPS and
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ToF-SIMS experiments revealed that the SEI layer formed with
ionic liquid electrolyte onto P mainly consists of inorganic spe-
cies, originating from the decomposition of MPP* cations and
FSI™ anions which form a homogenous and stable surface layer
during the first cycle that effectively passivated the P electrode.
Meanwhile in carbonate ester-based electrolytes the continuous
growth of the SEI up to the 20th cycle was observed, leading to
poor electrochemical performance.

Sodium Titanates: Na,Ti;O; is the most promising mate-
rial within titanates due to their low Na voltage insertion.
For this reason, its performance has been also tested using
NaFSI in [C3Cpyrr][FSI] ionic liquid in a 2:8 molar ratio at
90 °C in half-cell configuration.'® The Na,Ti;O, delivers
215 mAh g as the first charge capacity, which is above its
theoretical capacity (178 mAh g7),¥] with an initial Cou-
lombic efficiency of 51%. The large irreversibility on the first
cycle was attributed to the formation of the SEI, as occurs
when this electrode is tested in carbonate ester-based elec-
trolytes. Despite the higher initial charge capacity for ionic
liquid-based cells than in carbonate ester-based electrolytes
(=150-200 mAh g!), the Na,Ti;O; still suffers from poor
long-term stability, displaying a poorer capacity retention for
ionic liquid-based cells. The EIS, XRD, and SEM experiments
indicate that the poor long-term stability of Na,Ti;O; is due to
the insulator nature of the material, suffering from sluggish
Na* insertion/extraction kinetics. The SEI formed with ionic
liquid electrolytes is stable upon electrochemical cycling, as
suggested by the unchanged high-frequency semicircle in the
EIS measurements. Therefore, it can be concluded that, for
the Na,Ti;0,, the capacity retention is not enhanced by devel-
oping an optimum electrode-electrolyte configuration but by
modifying the material itself.

4.2.2. Positive Electrodes

Prussian Blue Analogs: The interfacial side reactions and Na
dendrite growth typically observed in PBA-based Na-ion bat-
teries that rely on conventional carbonate liquid electrolytes can
be suppressed by a polymerized FEC that results in a semi-solid
state Na-ion battery with a reinforced PBA-electrolyte interface,
which achieves an ultra-long lifetime of 3000 and 4000 cycles at
1 and 2C, and high-rate capacity of 121 mAh g' at 1 C and 88
mAh g at 10C.' Besides, the use of ionic liquids with PBAs
for Na-ion batteries has yet to be explored. However, there
are some studies on Ca-ion?*! and Zn-ion batteries?*!l where
the use of PBAs along with ionic liquid-based electrolytes is
exploited. Considering the interesting behavior of PBAs as elec-
trodes for Na-ion batteries, the role of ionic liquids in these sys-
tems requires additional exploration.

Polyanions: The Na3V,(PO,),F; and Na;V,(PO,); polyanions
have been tested using 1M NaPF in diglyme using Na metal,
hard carbon, or Na;V,(PO,); as anode (counter) electrode.l??!
In contrast with the observations gathered from the same elec-
trochemical couples in carbonate ester-based liquid electrolytes,
the diglyme electrolyte permits the use of Na metal as counter/
reference electrode, due to the fact that the diglyme is reduc-
tively stable against Na metal. The diglyme reduction stability
was further studied by considering the possible gas evolution
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negative electrode tested in a) carbonate ester-based (1M NaPFg in EC:PC) and b) ionic-liquid (0.35m Na[FSI] in [Pyri,][FSI]) electrolyte.

upon time, where no gas evolution was observed in contrast
with the gas formation detected for 1M NaPFq in ED:DMC (1:1).
Westman and co-workers suggested that the absence of gas-
sing may be linked to the CEI stability. The Na;V,(PO,),F;|Na
half- and Na;V,(PO,),Fshard carbon full-cells exhibit a Cou-
lombic efficiency of ca. 99.5% and 99%, respectively. The
lower Coulombic efficiency in the full-cell is limited by the
hard carbon desodiation irreversibility, which was further con-
firmed by the excellent Coulombic efficiency achieved by the
Na;V,(POy),F3|Na;V,(PO,); full-cell.

The mechanism of CEI formation (Figure 8) has been studied
on Na;V,(PO,); using NaPF salt dissolved in imidazole-based
ionic liquid 1-butyl-3-methylimidazolium bis (trifluorometh-
anesulfonyl) imide ([BMI][TFSI]).2! In general, it has been
demonstrated that this electrolyte with high thermal stability
(>350 °C) reduces the flammability of the cell, hence increasing
the safety. The existence of free TFSI™ and [Na(TFSI),]” in the
electrolyte was predicted by DFT simulations and confirmed by
Raman spectroscopy. Meanwhile, the oxidative decomposition
of the free TFSI™ resulted in the compounds later forming the
CEI, namely Na,SO,, Na,S,0,, and NaF as detected by means
of EDS, XPS, and FTIR. The CEI layer was evident after one
cycle, becoming more homogeneous and stable after 20 cycles.
The hydrolysis of Na* in the electrolyte generates NaOH which
is also detected in the CEI.

Na3V,(PO,),F; cells cycled with Na[FSAJ-[C;Cipyrr]|[FSA]
have demonstrated excellent cyclability as well as an enhanced
rate capability at high temperatures: 105.6% capacity reten-
tion after 500 cycles with an average Coulombic efficiency of
99.8% at 25 °C and 90.5% capacity retention with an average
Coulombic efficiency of 99.2% at 60 °C. This excellent electro-
chemical performance is the result of the thin and robust CEI
formed after the oxidation of FSA™ in the ionic liquid electrolyte
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at different temperatures, as suggested by XPS and EDX
measurements.[1%8]

The influence of highly concentrated [FSA]-based ionic
liquid electrolytes such as Na[FSA]-C,Ciim][FSA] and
Na[FSA]{C;C;pyrr][FSA] on the rate capability and cycle life
of Na,FeP,0; positive electrodes has been studied up to mid-
temperature. At around 90 °C, the electrode retained 93%
of its initial capacity while cycling at 1 A g7, almost full dis-
charge capacity is obtained at 4 A g™, and 79% of the capacity is
retained at 20 A g1 In the 25 to 90 °C temperature range, a very
high Coulombic efficiency above 99.5% is found at 100 mA g
for more than 300 cycles.? The increase of the temperature
or the Na salt fraction promotes the formation of lower coor-
dination environments for Na*, for instance [Na[FSA],]” which
will influence the reactivity of the electrolyte with the electrode
surface. Raman spectroscopy investigations have demonstrated
that the interfacial chemistry on the electrode surface can be
altered by changing the Na* local coordination. Considering
that the desolvation energetics drive the ion transfer behavior
at the electrode-electrolyte interface,?® the weak interaction
between Na* and FSA™ is supposed to facilitate the Na* inser-
tion reaction thus improving the resulting battery performance.
As demonstrated by EIS experiments, the Na[FSA]-[C,C;im]
[FSA] results in charge-transfer resistance values two times
lower than those observed in the Na[FSAJ-{C;Cpyrr][FSAJ-
based system. Therefore, it can be concluded that the Na* diffu-
sion in the electrolyte and the electron transfer at the electrode-
electrolyte interface is superior for the Na[FSA]-[C,C,im]|[FSA]-
based system, leading to enhanced electrode kinetics. Neverthe-
less, the structural changes and the interface also impact the
Na* diffusion.

The former phosphate (Na,V,(PO,)3) and the pyrophosphate
(Na,FeP,0,) have been tested with phosphonium cation OIPCs
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Figure 8. The reaction steps of the electrolyte NaPFg-[BMI][TFSI] with the
Na3V,(POy); electrode that led to the formation of the CEl. Reproduced
with permission.2% Copyright 2018, Elsevier.

based on FSI™ and TFSI™ mixed with Na salts, which are the
solid counterpart of ionic liquids with all their advantages com-
plemented with high ionic conductivities.?%! These advanced
electrolytes allow the operation of the cell at high temperature
with better performance in terms of current density, polariza-
tion, capacity, and rate capability than at room temperature. This
is due to the higher ionic conductivity of the bulk electrolyte
and a higher level of electron transfer occurring at the electrode
surface at high temperature, as confirmed by the evolution
of the charge-transfer resistance at the electrode-electrolyte
interface during EIS experiments.

Layered Oxides: Several layered oxides have been studied
in ether-based electrolytes in half- and full-cell configuration,
in all cases they displayed a satisfactory electrochemical per-
formance. For example, the P2-type Nay;CoO,|NaClO, in
TEGDME|Graphite full-cell delivers high Coulombic efficiency,
long cycle life -80% capacity retention at 10C over 1200 cycles-
and outstanding high power density (45% of the maximum
capacity is obtained discharging in 6 min) with an average
voltage of 2.2 V.2l However, few works have been carried out
on the CEI study of layered oxides with this type of electro-
lyte. Among them, the O3-type NaNijCogsMny 350, layered
oxide cycled in hard carbon full-cells with high-concentration
ether-based electrolyte: 1.2m NaFSI in dimethoxyethane (DME)
with (bis(2,2,2-trifluoroethyl) ether (BTFE) outperforms the
carbonate ester-based electrolyte system discussed in Sec-
tion 4.1.2. In the 2-4.2 V range, this cathode delivers good
cycling stability with =83% capacity after 100 cycles in the
advanced electrolyte, contrasting to the 72% after 50 cycles in
the conventional electrolyte.l’ With this advanced electrolyte,
the O3-P3 surface phase transition is one order of magnitude
thinner than the observed carbonate ester-based electrolyte.
Also the CEI is slightly thinner, 3 nm for the advanced elec-
trolyte and 4 nm for the conventional one, and with a different
composition absent of carbonates and alkyl carbonates and
with a marked increase of NaF.

The CEI formation using ionic liquid electrolytes has also
been investigated in the layered oxides. Gomes Chagas and
co-workers compared the electrochemical performance of
P2-type Nag45Nig,,Coo11Mng 60, half-cells in 0.5m NaPF4 in
PC and 0.45m NaTFSI in Pyr,FSI at room temperature.208l
The main difference between both systems is the cycling
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stability and specific capacity, showing higher values in ionic
liquid- than in carbonate ester-based electrolytes. The P2-type
Nay 45Niy 2,C0011Mng 660, in PC solvent delivers 90 mAh g
with a Coulombic efficiency of 978% after 100 cycles and a
capacity retention of 40%. Meanwhile, when using ionic liquid
electrolytes 177 mAh g are delivered with a Coulombic efficiency
of 98.7% and 80% capacity retention. The higher Coulombic
efficiencies and cycling stability with ionic liquid electrolytes
have been attributed to the absence of Mn dissolution in the
electrolyte and on the other hand, the formation of a thin but
uniform CEI that covers the active material and carbon con-
ductive additive, as indicated by post-mortem SEM images. In
contrast, the cycled electrode in PC shows agglomeration of
particles, a non-uniform layer with a rough surface and high
porosity, indicating a continuous formation and potentially a
partial dissolution of the CEI.

Another in-depth study of the CEI formation and composi-
tion has been carried out with similar ionic liquids, thatis, 0.45m
[NaFSI)-[Pyry[FSI], using the P2-type Nay¢MnggFeq Tip 0,
layered oxide as cathode. The formed CEI has been investigated
by means of XPS and compared to that formed in carbonate
ester-based electrolyte (Figure 9)."%l The CEI in this P2-type
cathode using ionic liquids has some similarities to the SEI
observed in hard carbons when using the same ionic liquid
electrolyte. The CEI thickness is found to be lower than in car-
bonate ester-based electrolytes. While the CEI chemical compo-
sition mainly consists of organic species as observed in hard
carbon—such as hydrocarbons and C—N-based species. Mean-
while, less inorganic compounds are observed, such as SO,
and NaF. The NaF formation in the cathode side is even less
pronounced than in the anode side, suggesting that the NaFSI
might be stable in this configuration. Finally, the CEI in the
ionic liquid-based system is more stable upon electrochemical
cycling, which may be due to the formation of decomposition
products that are less soluble.

The practical applications of ionic liquid using layered oxides
as cathode and hard carbon as anode has been also investigated
by Wang and co-workers, as well as the formation of the CEI/
SEI in both electrodes and compared with the one formed in
carbonate ester-based electrolyte.® The Nag 4,MnO,|Im NaFSI
in N-propyl-N-methylpyrrolidinium (PMP)-FSI |hard carbon
full-cell overcomes the electrochemical performance obtained
by carbonate ester-based electrolyte, delivering 117 mAh g! at
0.1C with a Coulombic efficiency of 99% and a capacity decay of
3% after 100 cycles at 25 °C. The superior electrochemical per-
formance using ionic liquid electrolyte has been investigated by
post-mortem SEM images, illustrating that the SEI formed on
the hard carbon electrode is dense while CEI is negligible on the
Nag 4MnO, cathode side. However, in the carbonate ester-based
system the electrode-electrolyte interphase is more pronounced
on both sides, showing a high concentration of decomposed
products also in the cathode. In addition, XPS experiments
were performed for the P2-type Nag4sNij,,Cog11Mng 660,
cathode with the CEI determined to be composed of hydro-
carbons in ionic liquid media. Meanwhile the CEI formed
on carbonate-based electrolyte is full of O—C=0 and Na,CO,
species, suggesting that the formation of ROCO,Na/Na,CO; is
detrimental for the stabilization of the CEI and for optimal
electrochemical performance.

© 2022 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 9. Voltage profile of the st cycle and the concentration of the CEI species obtained by fitting C 1s and F 1s photoelectron line of P2-type Na,3
Mng gFeq1Tig 10, positive electrode tested in a) carbonate ester-based (1 M NaPFg in EC:PC) and b) ionic-liquid (0.35 m NaFSl in [Pyry4][FSI) electrolyte.

5. Conclusions

Tailored electrode and electrolyte materials may lead to the
development of advanced Na-ion batteries that meet the
requirements for electric vehicles and renewable energy
storage. However, in general, the combination of such com-
ponents, namely electrode and electrolyte, and the subsequent
formation of a stable interface between them is essential for the
superior electrochemical performance of the battery. This elec-
trochemical investigation must be performed with a considera-
tion of the physicochemical properties driving the surface and
interface chemistry in an electrochemical cell. Particular atten-
tion must be paid to revising critical concepts such as the abso-
lute electrode potential, the modeling of the charge-transfer
phenomena, and the ultrafast ion and electron dynamics at
the electrode surface. This will only be possible using model
systems that are similar to those used commercially and if the
experimental characterizations of the surfaces and interfaces
can provide information of the system under real operating
conditions.

From the studies performed on the SEI/CEI of Na-ion bat-
teries, one can conclude that Na-ion technology could be com-
petitive with Li-ion technologies if a suitable composition of
binders, carbonate-based electrolyte, additives, and electro-
active materials is realized, along with a feasible cell design.
However, the quest for a suitable electrolyte is required to
bring the Na-ion technology to the market. The available
knowledge from the Li-ion technology can be of help to design
the electrolytes for Na-ion batteries, but the direct and full
transfer of knowledge is not granted. For instance, ether-based
electrolytes are rarely used in Li-ion batteries due to their
stability problems in the cathode surface above 4.0 V versus
Li*/Li or their low passivation ability on the anode side. In

Adv. Mater. Interfaces 2022, 9, 2101773 2101773 (16 0f21)

stark contrast, ester- and ether-based organic electrolytes are
the most promising for Na-ion batteries, due to their advan-
tages such as high ionic conductivity, great wettability towards
electrode and separator and, low cost. Indeed, ether-based
organic electrolytes in Na-ion batteries have shown to be more
resistant against reduction on the anode side while leading to
a thinner SEI offering higher Coulombic efficiency, which is
well beyond that obtained with ester-based electrolytes. Both
types of organic electrolytes, namely ester- and ether-based,
still display significantly high fire hazards, which is the main
drawback for battery applications. In the long term, the com-
mercial feasibility of ionic liquids will have to be assessed.
Currently, the ionic liquid-based electrolytes are sometimes
considered as a high-cost solution that delivers back safety,
environmental friendliness, and electrochemical efficiency.
There are no obvious reasons to think that, with the adequate
upscaling plan, ionic liquid electrolytes cannot be cost-com-
petitive, thus becoming electrolytes of choice for future Na-ion
batteries.
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