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Abstract:

Integration of Na-ion batteries (NIBs) as a cometary energy storage device to the presently
dominating Li-ion battery technology is a must, sidering the cost and sustainability issues of
lithium. However, despite the important laboratspgale achievements concerning Na-ion
electrodes and electrolytes, the improvements mkésterealizing battery devices to meet users
demands are being relatively slow. More specificaihe development of suitable electrolytes
remains as the bottleneck that restrains this tdolgy from meeting the commercial
requirements, hence defining a future challengés fidview explains the design strategies in use
for NIB electrolytes with a special emphasis orringic differences between Li- and Na-ion
chemistries, which are at the origin of difficuti@ssociated with the discovery of optimum
electrolytes for NIBs. We highlight the key requirents that an electrolyte must satisfy and
related experimental techniques that could be disedjuick screening of NIB electrolytes in

laboratory-scale for exploiting in commercial NIBuices.
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1. Introduction: Towardsthetransition from Li- to Na-ion batteries

Li-ion battery (LIB), as energy storage device,oise of the indispensable daily utilities at
present. Owing to more than 25 years of intensagearch in LIB materials and engineering, in
addition to the discovery of new Li-resources, teehnology has witnessed an important cost
drop in the recent years. Yet, considering the grgudemand on LIBs in the market, which is
foreseen to increase in the coming years, the rieedoming up with cheaper and more
sustainable energy storage devices is essentialthiBo end, NIBs represent an attractive
alternative as they not only share analogous cligmisth LIBs, but also same engineering and
production equipment as wéll.Indeed, the progress in NIBs is going relativelgtér compared
to the other beyond LIB technologiesg Li-air/ S, K/ Ca/ Mg-ion batteries, etc), and mtypes

of Na-ion cells have already been demonstratedoth 18650 (TIAMAT, France) and pouch
type (Faradion, UK and Novasis, US etc) cell fosifdf! The Na-ion cells demonstrated so far
uses predominantly hard carbon as negative elex@od inorganic material such as polyanionic
NagVa(PQy)oFs, sodium layered oxide or Prussian blue (white) l@gge as positive
electrodd®™® Organic materials as positive electrode (e.g. apas¥”! though under vigorous
research is avoided for now in real-life NIB apptions, due to their intrinsic disadvantages such

as low conductivity, low redox potential and solitpiof the electrode material in electrolytes.

A specific energy of ~140 Wh Kgis reached using inorganic positive electrode tzard carbon
negative electrode, which is close to that of LiBgRyraphite-based Li-ion cells (~160 Wh'kg
%I The larger mass and the slightly lower reductioteptial of Nd compared to Li(-2.71 vs -
3.05 V vs NHE), ultimately imply lower energy deies in NIBs than in their LIBs analogu®s.
Nevertheless, the achieved specific energy of ~¥® kg' in NIBs combined with the
advantage of sustainability is an inducement fothier advancing the technology and realizing

its commercialization, provided that it could sitisther end-users demands.

The major end-user demands could be summarizedh)agh¢rmal stability and safety, (b)
operation in all climatic conditions, (c) fast cheng capability and (d) minimal self-discharging
when at resf! More importantly, considering the safety conceireg even the well-mature LIB

technology suffers from, with reported fire accitig! it is of paramount importance to early

address this issue in the emerging NIB technologfpre moving towards commercialization.



Interestingly, all the aforementioned aspects thopgrtly depend on the nature of electrode
material in use, theyare mainly controlled by the involved electrolytence making the
electrolyte optimization as the key step towardswmercialization of NIBs. So, in this review,
we summarize the electrolyte design principles thmaist be followed during selection of
electrolytes for NIBs dedicated for real-life aggliions, in addition to the suitable laboratory
scale techniques that could be utilized for quickesning. We underlie the practical difficulties
that hamper the design of the suitable electrolgteNIBs while hoping to contribute to the

efforts aiming to identify possible strategies \@@ome them.

2. Electrolytesfor Na-ion batteries
2.1. Basic principlesand designs

Electrolyte is a major component of the Na-ion drgttthat ensures Ndon diffusion from
positive to negative electrode and vice versa wiagtricting the conduction of electrons through
it. In order to enable an efficient operation dadtery, several necessary characteristics must be
available in the electrolyte such as low viscoditigh conductivity and electrochemical stability.
All these properties have been widely explored hwy ILIB research community. For instance,
mixture of cyclic and linear carbonate based sdléasters) were found to exhibit the optimum
behavior together with a Li- inorganic salt (egPH, LiClIO,4 etc) as a supporting electrolyte and
are termed hereafter as ‘conventional electrolygsghey are routinely used in commercial LIBs.
In this electrolyte formulation, cyclic carbonatasch as ethylene carbonate (EC) possess high
dielectric constants thus helps in dissociatingitn from the anion (eg. RFn LiPF).*”! This
property is an advantage for the battery operatioce it assists the conduction of the alkalfALi
Na") cation through solvation. On the other hand,dmearbonates such as Dimethyl carbonate
(DMC), often used as co-solvents, help in redudimgviscosity of the electrolyte.

Similar design principles were quickly adopted MIB electrolytes as well and studies were
conducted on different sodium salts with varyingn@ntrations in non-aqueous organic
solvent(sf** The inorganic sodium salts namely sodium hexafipbosphate (NaRJ2*!
sodium perchlorate (NaCK** imides such as sodium bis(trifluoromethanesulfiimjtie
(NaN(CRSQ,), termed NaTFSI) and sodium bis(fluorosulfonyl)imigdaN(SQF), termed
NaFS)*® sodium trifluoromethanesulfonate (NaSP; termed NaOTf*® sodium



tetrafluoroborate  (NaBf'”!  sodium bis(oxalate)borate (NaBOB) and sodium
diflourooxalatoborate (NaODFBY' etc were investigated as supporting electrolytelifferent
organic solvent(s) as well as in ionic liqufds Nevertheless, the ionic liquid as solvent is llgua
expensive and in use mainly for special applicatiohere safety is the main concern and not the
cost. Hence, ionic liquid based electrolytes ategarized under ‘non-conventional electrolytes’
and are discussed at the end of this review article

Among the studied conventional organic solventganic carbonate based electrolytes exhibit
good solubility for NaP§ NaClQ, and NaBE etc and ionic conductivity of 6- 10 mS ¢nis
achieved for 1M solution at 28 % Since the usage of NaCJ@ avoided due to its possibly
explosive natur€! NaPF in a mixture of cyclic- linear carbonate solveistshe most preferred
electrolyte formulation for NIBs in reseafth as well as in the start-up compar{?ésMoreover,

the simulation studies on lithium/ sodium/ potassigolvation in ethylene carbonate shows
weaker solvation for Naand K ions than L1 with solvation energies being 5.85, 4.72 and 4.12
eV for Li*, Na" and K respectively?” Such results predict the faster'N#iffusion hence better
ionic conductivity for N& in ethylene carbonate than’Livhich is an added advantage for NIBs
for high power application. Recently, more studies devoted to low viscosity solvents such as
ethers with the aim to reach highest ionic conditgti*! However, the ethers are limited by
their poor electrochemical stability window, in whiesters stand out to be the best due to the

formation of stable interphase.
2.2. Electrochemical stability of electrolytesthrough the formation of stable interphases

In order to reach high energy batteries, it is ingoat to use electrodes of high redox potential. In
such case, the electrolyte is often less stableiwthe used voltage window and the electrolyte
solvent molecules electrochemically decompose atpibsitive and negative electrodes. If this
process is not controlled at a given time, the ioowus decomposition of the solvent will
eventually lead to cell failufé® Fortunately, in the ideal case, this decompositircess stops
due to the growth of the electronically insulatthgh protecting layers known as solid-electrolyte
interphase (SEI) and cathode-electrolyte interpli@&d) at the interface between the electrolyte
and the negative/positive electrodes respecti@lySuch interphases kinetically extend the
electrochemical stability window of the solvent.elthemical composition of these interphases is
derived from the electrolyte (i.e. solvent+ sati)id decomposition products that deposit on the

electrode surfaces leading to their passivationfalet, the SEI and CElI must satisfy few



conditions to ensure the desired operation of tageby. While electronically insulating, the
interphases must be ionically conductive in oradesécure a facile infiltration of the shuttling
cation to and from the electrodes during chargiisghtarging cycles. In addition, they have to be
insoluble, chemically inert and mechanically robiisthe SEI/ CEI fail to fulfill these demands,
the battery in question will experience an ineviateterioration in the performance. In LIBs, the
carbonate-based electrolytes demonstrated hugeessjcahere the cyclic ethylene carbonate
reduces on the negative electrode (graphite) tm farstable and ionically conducting SEI that
accounts for the long cycle life of LIBs hence thaiige success in the market. So, the question

is, can we expect the same for carbonate-basetlatees in NIBs?

3. Transferring knowledge from L1Bs- to NIBs electrolytes

The ability of carbonate-based solvents in asgstire formation of SEI/ CEIl with required
properties in LIBs spontaneously cast a shadow lmn gelection process of electrolyte
components in the new battery technologies espe®idBs. Thus, the electrolyte constituting of
1M NaPFk in EC:.DMC (1:1 v/v), denoted hereafter by NP30,sweamployed as the sodium
version of LP30 (i.e. 1M LiPFin EC-DMC (1:1 v/v). Using NP30 as electrolyte in
NagV2(POy),F; (NVPF)/ Hard carbon (HC) cell assembled in 186&0n&at, Broux et al. reported
a long cycle-life at room temperature with capaciyention of ~80% after more than 4000
cycles? On the other hand, Guochun et al. reported poafecyife and self-discharge
performances at high temperatufésNevertheless, considering the local temperatuemgés
within the cell during its operation, it is essahto maintain stable cycling at high temperatures.
The authors concluded that the decomposition pitsdoiclinear carbonates on the hard carbon
electrode dissolve and shuttle towards the NVPRigeslectrode resulting in the degradation of
the cell performance. Whereas, linear carbonate®sensively used in LIBs without any such
phenomenon reported. This inferior behavior of NFBNIB with respect to that of LP30 in LIB

points towards the poor stability of interphaseBliBs.

3.1. Intrinsic differences between Li* and Na' and the consequences on the respective

electrolyte behaviors

It is widely accepted that the SEI generated fraditam-based electrolytes is much vulnerable

than that generated from lithium-based analofie®ne possible reason could be the difference



in solubility of the Li and Na-products that compabie SEI. Even by starting from the same
solvent system (e.g. EC-DMC) and the same salt teowamion (e.g. Pf, the NaPF based
electrolyte result in a considerably soluble SEmpared to the one formed from the LiPF
analogue. This behavior originates from the moditfan in the physicochemical properties when
moving from N& to Li*. In fact, apart from both being monovalent positjvcharged, the
cationic radius of Na (102 pm) is larger than that of 'L{76 pm). Consequently, the charge
density (charge/radius ratio) on the ‘Nia considerably lower than on "Livhich makes it a
weaker Lewis acid. The larger cationic radius anelker Lewis acidity yield a different
coordination/bonding behavior of Navith other atoms or molecules. The' lis known to be
involved in highly stable organometallic compoundd® to the covalent character of the bonds it
forms with ligands. There are some literature da#h reporica. 20% weaker binding energies of
Na' complexes compared to the*Lanalogues because of its lower charge/radius.tio
Accordingly, there are several indications thavwllus to perceive sodium salts contributing to
the SEI composition as considerably more solulde their counterparts in the SEI derived from
a Li*-based electrolyte. For instance, ,8@; and NaF, which are often detected as major
components of the Na-derived SEI, are reportedetoniore soluble than the Jd0O; and LiF
counter-parts in a Li-derived SE[! Moreover, the aforementioned differences betweahaXd

Li* also have consequences on their solvation/desmivlehaviors that govern their respective
SEI chemistries. The Liis predicted to have a coordination number (CN3 ekrsus CN=6 for
Na' (Figure 1(a-0) in electrolytes at conventional concentrations. @ 1M).?% In carbonate-
based solvents, cyclic carbonates (e.g. EC or B@)irthte the process of solvation of cations in
the primary solvation sheath due to their high@oti moment where the lone-pair electrons of
the carbonyl oxygen stabilize the Coulombic attoacof the small cation. Thus, if an EC-DMC
solvent is adopted, the coordinating EC molecutesR30 will be more electron deficient than
the coordinating EC molecules in NP30. Thus, thdigpation of EC molecules in the SEI
chemistry in LP30 is more favored than in NP30 tu¢he facilitated electrochemical reductive
decomposition. Accordingly, important difference time properties of SEI derived from the

homologous electrolytes is expected.

3.2. Isolating the impact of the electrode material on the SEI properties



Moreover, the different electrode active materigigphite and hard carbon negative electrode
used in LIBs and SIBs respectively, makes difficthle direct detection of such disparities
between Li- and Nd-based electrolytes in cell mode since the prooe&El formation is also a
function of the involved active material. In aneatipt to eliminate the impact of the electrode
material and investigate the effect of the involeation on the electrochemical behavior of the

electrolyte, we adopted cyclic voltammetry (CV) eiments?®
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Figure 1. Scheme representing the solvation structures )oLi(a and (b) Na derived from molecular
dynamic simulations showing tetrahedral (CN= 4) &gbnal bipyramidal/ square pyramidal (CN= 6)



coordination for LT and N& respectively in EC solvent. (c) Histograms of theygen coordination
number in the first solvation shell. Figures (&)) é&nd (c) are reproduced with permission frGth
Copyright © 2017, American Chemical Society. (d a)dCVs obtained in d) NP30 and e) LP30
electrolytes using a glassy carbon disk workingctetele. The potential of the reference electrode
(Ag/Ag") is converted to N&N&’ or Li*/Li° depending on the measured open circuit poter@@lR) of

the reference electrode versus Na or Li metal. §dan rate used for CV experiments is 0.1 V/s i bot
electrolytes.

A glassy carbon disk electrode was used as a simgt&ing electrode material to study the
electrochemical behavior of Li- and Na- based ebdytes in response to applied reductive
potentials. A platinum grid and a non-aqueous Ag/Asilver wire immersed in C¥N
containing 0.1 M TBACIQ and 0.01M AgNQ® electrodes were used as a counter and a
reference electrode, respectivelygure 1d and shows the CVs obtained in LP30 and NP30
electrolytes. A distinct electrochemical responsth whe appearance of a pronounced cathodic
peak atta. 1.2 V vs Li/Li® in the CV recorded inLP30~{gure 1¢. On contrary the CV obtained
in NP30 remained featureledsdure 1¢. The irreversible reduction peak observed inGheof
LP30 is attributed to the reductive decompositibEG molecules while the absence of peak for

the CV recorded in NP30 suggests an unfavored tietugrocess of EC in this medium.

We postulate that the high point charge effectidftbgether with its associated four coordinating
solvent molecules leads to electron deficient E@xgsained above, contributing to sufficiently
lowering its lowest unoccupied molecular orbitalU4O). As a result, it becomes eventually
easier for the coordinating EC molecule to accepelactron and therefore the electrochemical
reduction takes place at lower overpotentials. I@ndther hand, the lower charge density of Na
and the higher number of coordinating EC molecutes LUMO of the latter are not sufficiently
lowered in a way that allows it to be reduced albasoverpotentials as in LP30. It is important
here to emphasize that the above discussion daemply that EC is not reduced on the anode
in NIBs, but that it takes place to a rather lowetent than it does in Li-ion counterparts and this
could contribute to the observed difference in iitas of the SEIs in both battery types.
Consequently, the SEI in NIBs differ in their fortied mechanism, hence at the level of
composition and structure to that of SEI in LIBsofgover, the SEI made of Na-based salts is

more soluble and poorly stable therefore affeciimglobal behavior as a protective layer.

4. Necessity of stableinterphases towards commer cialization of NIBs.



A stable SEI and CEl is essential in order to hlavg cycle life with good capacity retention.
Apart from this, the nature and stability of SEEIGIso controls the essential properties such as
thermal stability, safety etcS€¢heme. Lwhich are extremely crucial for real-life applicas of

the envisioned commercial NIBs. The availabilityatif these specifications in the electrolyte is

indispensable for enabling real-life applicatiofshe battery.

Envisioned Commercial Sodium-ion Battery
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Scheme 1. Schematic representation of the crucial role af #ectrolyte in securing the essential
specifications for commercial NIBs. The number ssential specifications correlates the correspandin
property of the electrolyte with that specification

4. 1. Thermal stability

Thermal stability, which is linked to safety, isetmost essential requirement for the battery for
not to put end users at risk. In real-life applimas, there are possible mishandling conditions in

which the battery can undergo thermal (e.qg. fikerbeat), mechanical (e.g. crushing of battery)
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or electrochemical abuse (e.g. over charge/ digehashort circuit etc.) that lead to rise in
temperature of the battery. When the cell tempegatges beyond specific temperatures (eg. 90
°C), the interphases (SEI/ CEI) which are reportedcbnsist of stable and metastable
components could undergo exothermic decompositossibly generating flammable bi-
productd®® This could promote vigorous decomposition reactetween the bare electrodes

and the electrolyte leading to burning of the etdgte and thermal runaway.

High thermal stability of the electrolyte meansttihds resistant against catching fire even during
such exothermic parasitic reactions and over a waage of temperature. So, nowadays more
research is dedicated to the development of sateres by moving from organic to aqueous
electrolyted®™3Y polymer electrolytd®® or even to solid-state electrolyt®¥! However,
practical difficulties in using these electrolyiescommercial batteries are much higher and the
readers are directed to specific reviews on thepeg****! Unfortunately, the overwhelming
majority of the alkali metal-ion batteries (LIBsdaiNIBs) at present employ liquid electrolytes
based on organic solvents (esters and/or ethemsgequently the absolute thermal stability

cannot be attained.

So, at present, the safety of the commercial hastergainst explosions/ firing is achieved using
safety devices such as a thermal fuse, positiveridlecoefficient (PTC) or current interrupt
devices (CIDY® The PTC exhibits low resistance at usual operatorglitions and the resistance
increases to shut the current flowing to the bgatédnen the battery temperature rises beyond the
safety limit. The process is reversible as the Pasistance decreases again to make the cell work
usually when the normal operating conditions amovered®”! However, CID is a fuse type
device and it shuts the current permanently duhiglp pressure, temperature, or high voltage.
The LIBs are additionally protected using a safetpt which opens up and release the evolved

gas to decrease the cell pressure, when PTC/ QXdgorovide protection.

In purpose of reducing the use of such sophistics#dety devices in the batteries, more research
is being devoted to study additives that improve thermal stability of SEI/ CEl and/or
“unusual” solvents such as trimethyl phosphate (JMBRat demonstrate fire retardant
propertied®® TMP is used in paint industries as fire retarddmnte their gaseous form, on sudden

heating breaks into phosphorous-containing radittads scavenges the®Hadicals that are the
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major cause of fir€® The same mechanism of fire retarding is expeateapply when TMP is
used as an electrolyte component in batteries. Mexvéurther studies are still needed in order to
come up with a conclusion concerning the viabiifyTMP-based electrolytes in satisfying the

other requirements.

4.2. Ability towork in different climatic conditions, cyclelife of the battery

If commercialized, NIBs are required to sustainchthatic conditions by maintaining good cycle
life as well as power performances. The primaryunesment for the ability to operate in all
climatic conditions is the good bulk Nan conductivity in the electrolyte. In fact, this the
first property that must be considered and measdugthg the electrolyte design. Once this is
met, the electrolyte is selected based on thelmigoand crystallization temperature to know the
temperature window within which the electrolyte sns in its liquid form to ensure good
battery performance. In addition to the bulk'Nan conductivity, the charge transfer resistance
also needs to be minimal for achieving high powerfggmance. The CEI/ SEI also leads to
increase in resistance and hence reduce the p@sermance. Especially, the thickness of CEI/
SEI depends on the temperature at which the celesyHence, the stability and charge transfer
resistance of the SEI/ CEl is important to guaramoper functioning of batteries irrespective of

the cycling temperatures.

If the SEI is not stable at high temperatures utwanted parasitic reactions are promoted within
the battery, leading to the gradual depletion @f ¢fectrolyte and eventually to cell faildf®.
The decomposition reactions could generate gasporducts that lead to pressure build-up
inside the cell thereby increasing the risk of &plesion. Further, the electrolyte decomposition
may also generate a thick SEI of large impedanat ld#ads to cell heating and eventually a
thermal run away. This implies a short cycle-liféhwincreased safety issues especially in
extreme working conditions. On the other handpat temperatures the ionic conductivity could
decrease dramatically leading to high polarizaéind possible Na plating on the electrode, hence
a detrimental deterioration in the charging/disgivay performance of the battery. This is the
reason, the cyclic propylene carbonate (PC) i®dhtced as co-solvent in LIB electrolytes and is
found to extend the freezing temperature of thetegte and also helps in forming SEI with

improved charge transfer properti&s.
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4.3. Low self-discharge.

Self-discharge is the phenomenon during which #elases its capacity while it is at ré&l. It

can be reversible as is the case of Ni-MH battesiasreversible where the lost capacity cannot
be recovered by re-charging the cell. A typicaldn-battery self-discharges about 5% in one day
and 1-2 % per month at room temperature and noopetating condition$? Such low self-
discharge rate adds advantage to the LIB technolbigyever, the self-discharge rate could
increase with temperature or under extreme voltagaditions. Considering NIBs, since the
formed SEI/ CEl is not stable under a given conditiside reactions are aggravated within the
cell leading to irreversible capacity 1d88.Further, NIBs are usually advertised for theirigbi

to be stored and transported at 0 V which is theeme voltage conditio™¥! thus the stability

of SEI/ CEl at 0 V storage need to be addressed.

5. How to improve the inter phase stability: Therole of electrolyte additives

Obviously, there is an essential need to optimieetmlyte formulations for NIBs in order to
come up with a suitable electrolyte recipe thathke to provide an SEI with ideal properties. As
the solvent/salt components alone have proved theapability of achieving that, doping the
electrolyte with additives becomes the best stgatig circumvent this restriction in NIBs.
Additives are chemicals that are added in smalhtjties (typically between 1 and 5% wi/w) into
the mother electrolyte mixture in order to promate even impart it one or more desired
properties that could be weak or missing in thetpre electrolyte. Such properties could be:
increased wettability, safety (decreased flammighfft®! chemical stability and film forming
capability*®*® etc... In NIBs, most of the research in additivefoisused on its enhanced film
forming ability since the NIBs lack robust intergla. In such case, the additives are expected to
reduce (for SEI) or oxidize (for CEI) before theseh of the solvent decomposition, thereby
participating in the SEI/ CEI formation and subsiaty changing their properties in comparison

to those derived from additive-free electrolytes.

5.1. Film forming additivesreported for NIB electrolytes

Several film forming additives, known in the LIB:=fd, have been revisited and studied for NIBs.
Remarkably, the majority of these additives arerhe-based due to the superior passivation

ability demonstrated by these compounds througlyémeration of sodium fluoride NaF which is
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considered as a crucial component of a robust SA&hong these additives are
fluoroethylenecarbonate (FE&], difluoroethylenecarbonate (DFEC),
fluorinateddimethylcarbonate (DMCIE‘?,] sodium oxalate difluoro borate (NaODFB) etc, with
the expectations to form SEI consisting of NaF bhadnore stable upon cycling and during self-
discharge. Komaba et .akported stable SEI with FEC additives in Na-metalls using
NaNiosMnosO, positive electrodé’” However, the studies from R. Dugas etciim that the
stabilization effect of FEC is associated with t&metal counter electrode and is not present
when Na-ion full cells with hard carbon negativeeottodes are usét! This shows the
importance of the electrode material in determinthg SEI chemistry and the necessity of
carrying out the studies in Na-ion full cells inder to come up with decisive conclusions.
NaODFB is explored as effective electrolyte S3las well as an additive to form stable $&I.
However, increasing the NaODFB additive beyondgpecific limit is reported to rise the cell
resistance leading to cell failufé Other additives such as organic carbonates tiairtel to
polymerize and form stable SEI/ CEl (e.g. Vinylarsbonate, vinyl ethylene carbon&te)and
sulfur containing additives (e.g. 1,3- propane ), have also been studied for NIB

electrolyted®?!

As implied above, most of the studies on the adeltiare carried out in Na-metal half cells
except very few studies in Na-ion full cells whassues from the positive electrode were
observed. These problems from the positive eleetriod NIBs are more pronounced when
NagV2o(POy),F; or sodium layered oxides are used as positivetreties, since most of their
capacity is attained by cycling the material tohhigpltage®?®>¥! For example, the N¥2(PQy),Fs
exhibit a long plateau at 4.2 V from which 50% béit capacity is realized. Similarly, sodium
layered oxides could be useful only if the full aapy is utilized (> 80%) which involves the
oxidation process above 487! Nevertheless, high energy of the battery couly del achieved
with high capacity and voltage explaining the intpace of having effective protective layer on

the positive electrode as well.

To protect the positive electrode, the additive hsas adiponitrild>® N-PropykN-Methyl
Pyrrolidinium bis(trifluoromethanesuIfonyl)imidtrés,] trimethylsilylphosphate,
tris(trimethylsilyl)phosphit€” etc were investigated. They can be used by comdpimvith
additional additive(s) to protect the negative etete (e.g. NaODFB}*¥ So, using a blend of
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additives that work in synergy is now a preferrggbraach to achieve the protection of both
positive and negative electroded*¥128I¢] However, considering the accumulated empirical
knowledge throughout the years of research onrelgté additives for LIB electrolytes, it is not

a simple process to study and screen all possduéiees for NIB electrolytes. Further, due to
the difference in Li and Na-ion chemistries, théicednt additives used in LIBs would not
necessarily be efficient if used in NIBs. Esseftjalew additive blends should be developed and
tuned if this technology is to be upgraded and $astening methods need to be introduced for

selection of suitable additive(s).

5.2. Fast screening of additives by CV

Screening electrolytes following the common methogyp generally requires a long time of cell
cycling and analyses in order to come up with assion concerning the role of each of the
electrolyte components (solvent-salt-additives)ug,hthere is a compelling urge to find an
alternative way to accelerate these tests. Thela@went of high throughput approaches for
screening the best additives is rapidly develogng success is still limited. Meanwhile, we
identified that CV could be a fast and a useful foo the preliminary assessment of the SEI-
forming capability of the electrolyte including thdditives. Along this line, we have utilized CV
in the presence of glassy carbon working electasl@ model for the carbonaceous electrodes
hard carbon (HC) and graphite in NIBs and LIBs eesipely, in order to investigate not only the
awaited formation of SEI upon imposing reductivéeptials, but also its stability (durabilit{f!
The idea is based on mimicking the events takiragelat the negative electrode within an
operating battery, where the potential drops gréylaad slowly during charging provoking the
electrochemical decomposition of the electrolytsponents leading to the formation of the SEI.
Although relatively faster than the events in al feattery, the CV experiment could give a
reliable anticipation of the behavior of the elettte in terms of SEI formation, stability and
consequently of the global performance of the ¢elyure 2c-¢. The advantage of such an
experimental setup is that it enables acquirindrtrege information about the system and thus

assisting in faster screening of electrolyte foratiohs.

In a typical measurement, the GC electrode is drieelower potentials very close to 0 V vs

Na/Na in the electrolyte in question. The electrolytestiy one or several additives which
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could be electrochemically active and their redigcipotentials are expected to be within the
potential window of study, i.e. > 0 V vs. NBa’. How does it work? Let's suppose that we have
two electrolyte formulation: Electrolyte A and Hiextyte B containing different additives X and
Y respectively. Five successive CV scans are recbid both electrolytes then a resting tinge
could typically be any value <1 hour) at open dirpotential (OCP) is allowed before & 6can

is recorded. Following the first scan that featumedistinct irreversible process attributed to the
reductive decomposition of additives, the conseeusicans demonstrate a massive suppression
of Faradaic current. Such a behavior is attribtitethe insulation of the electrode surface due to
the adsorption of an insulating layer (basicallg t8EI) resulting from the electrochemical
reductive decomposition. Now that the SEI is fornmmdo the electrode surface, testing its
stability remains the critical step before the fijadgement on the electrolyte. If thé' €V
recorded after a resting tinn@t OCP is identical or similar to th& &ne recorded before resting
this means that the SEI is stable as it remainéérad to the electrode surface and was still able
to suppress the heterogeneous electron transfar fre electrode towards the solution (See
Electrolyte A infigure 2g. On contrary, if the BCV scan features an important Faradaic current
i.e. it resembles the™recorded CV, this indicates that the formed SE$ Wagile as it didn’t
sustain for a long time at OCP and it was eithéacheed or dissolved (see the case in Electrolyte
B, figure 2. Once the good electrolyte is identified, it mbsttested in a real battery to confirm
its positive attributes. Finally, it is worth memting that it is important to carry this test at
different temperatures to have a more reliable gnagnt on the electrolyte performance since its
behavior could improve or deteriorate at differeainditions depending on the electrolyte

composition.

The experiment helps us to quickly screen the mlté additives and follow their roles during
SEI formation. Similar experiments could be perfedhusing more realistic conditions such as
using a hard carbon electrode instead of glasdyooarAlthough such CV experiments could
provide a rough idea of the expected SEI stabilitgy differ in the time scale when compared to
the real batteries and are also incapable of proyideeper revelations concerning SEI properties
(example shown iffrigure 2e-f. For example, if the formed SEI grow thick andéshibit high
impedance upon cycling, it cannot be visualizednfrGV experiments alone. Thus, additional

tools such as electrochemical impedance spectrgs@s) which could provide information
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about the resistive nature of SEI/ CEIl with timeuldobe coupled with the CV experiments.
Although CV could be a useful technique that héhps preliminary assessment of the electrolyte

components, further testing in actual full batteglls are essential in order to draw out solid

conclusions.
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Figure 2. (a, b) Model cyclic voltammograms to describe ifhentification of (a) stable SEI, and (b)
poorly stable SEI by CV. (c and d) A representatxample for successful implementation of CV for
additive selection. NP30 with additives vinylenerbmmate (VC), sodium-oxalatedifluoroborate
(NaODFB) and tris-trimethylsilylphosphite (TMSPiktebited stable SEI in CV and stable cycling
performance while testing in coin cells. (e and flepresentative example where stable SEI is okservy
CV but deterioration in cycling performance waserkied (electrolyte used was NP30 with additives VC,
prop-1-ene-1,3 sultone (PES) and TMSPi). Both yyairg profiles shown here are derived from coin
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cells using NgV,(POy).Fs and Hard carbon as positive and negative electraaied the experiments are
carried out at 58C. The cells are cycled at C/5 (1C= 120 mAl.g

6. Experimental techniquesto screen the eectrolyte salt(s), solvent(s) and additive(s)

In order to test and compare new electrolyte foatiohs and to identify their suitability for real-
life applications, it is vital to set experimenfailotocols that take into consideration all the
required specifications. This could help bridge ¢fa@ between the acquired knowledge at the
laboratory scale and the ability to exploit thiowhedge in developing battery devices that fulfill
the commercial standards. In the following subsest we explain a simple experimental
protocol that can be used at the laboratory scatpiickly screen new electrolyte formulations. It
should be mentioned that the more detailed stuaiasg to gain a deeper understanding of the

nature/ composition/ morphology of the interphaaesnot reviewed here.

6.1. lonic conductivity/ viscosity and separ ator wettability.

The Na-ion conductivity of the electrolyte is thenpary and most important parameter that must
be considered in the selection of an electrolyt@chEelectrolyte component, whether it is the
solvent, the supporting salt or the additives if/,aall play a role in determining the ionic
conductivity of the final electrolyte. Preliminasglection of solvents and salt concentrations can
be done based on the reported values of ionic ativity for different solvent mixtures.
However, it is essential to experimentally meaghesionic conductivity of the final electrolyte.
The bulk ion conductivityd), which is the ability of ion conduction in thelgton, is usually
measured in lab by an adapted instrument calledwdivity meter and the expected value is
around 10 mS cthat 25°C. Since, the ionic conductivity varies as a funrctof temperature, it

is necessary to measure the conductivity at diftetemperatures and the electrolyte with
optimum conductivities at all temperatures is pmefg@ over electrolytes that show maximum
conductivity exclusively at room temperatuféigure 3ashows one such example of ionic
conductivity measurements of NaGIONaTFSI in different solvent mixtures together twthe

change in conductivity as a function of temperaté&igure 30).

It is worth mentioning that the measured ionic agtlity represents the overall conductivity
resulting from the contribution of both cation amgion of the salt. In a metal-ion battery, only

the contribution of the cation is what matters #mgs to discriminate between the contribution of
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each of the ions to the overall conductivity, amottescriptor is put in place, the transference
number {). Transference number is the fraction of ionicrent carried out by the positive (Na

or the negative ion (e.g. PRn NaPF) in the electrolyte, with the total being 1. Ims® cases,
low transference number of cation or high curreontcbution from anions can cause
concentration polarization that is detrimental tendrite growth. In conventional carbonate
based liquid electrolytes, the large solvation IsbEthe solvent molecules around Ngield a
low cation transference number (typically 0.2- Qiplying a significant contribution of the
anion to the global ionic conductivity. The transfece number and the transport properties of
the cation and anion could be analyzed using @eloérmical methods and/or nuclear magnetic
resonance (NMR) measuremehits However, the method is not employed in routinelyses

for optimization purposes. Instead, a preliminanpwkledge from previous studies are used to

select the proper electrolyte formulation.

Besides ionic conductivity, the other parametershsas viscosity and wettability are also
considered for the initial screening of electradytédighly viscous electrolytes reduce ionic
conductivity Figure 33 and suffer from a weak wetting ability toward® theparator. Hence,
low-viscosity solvents such as linear carbonatesadtren used in order to reduce the overall
viscosity of the final electrolyte. Viscosity cam measured using viscometer while wettability is
estimated directly using contact angle measurem&msll contact angle values are associated
with the high wettability. It is to be noted heteat although the wettability is related to the
viscosity of the solvent, it also depends on theraction between the electrolyte in its entirety
and the separator. Therefore, the wettability afivaen electrolyte salt and solvent(s) can be

affected if additives are used.

The initial assessment of an electrolyte is caraatlby investigating its ionic conductivity and
electrochemical stability. If the electrolyte demstrates an acceptable behavior at the level of
these parameters, they are then subject to testeugability of forming a stable SEI. The latter
study is carried out by following the electrocheahiperformance of the Na-ion cells involving
the electrolyte in question. In parallel, it is esigal to analyze the occurrence of unwanted side
reactions and probable gas evolution during cycliigally, all the previous tests are followed

by post mortem analyses of the cell componentgderoto gain a deeper insight on the global
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cell status such as the SEI/ CEI composition, nditsolution, current collector corrosion, metal

plating etc.

6.2. Analyses on electrochemical performance of the electrolytes.

Testing the electrochemical stability of the elelgtie is usually carried out using Linear Sweep
Voltammetry (LSV) experimentd={gure 3¢ or CV experiments. However, as discussed above,
the electrolyte components decompose on the etectsorface to form the SEI/CEI thereby
kinetically extending its electrochemical stabiyndow. Accordingly, a more reliable analysis
of the electrochemical stability window should fprmed in a full cell in presence of the two
concerned electrode materials. For this purpose; oo pouch- type cells are mounted and their
electrochemical stability window together with ttests on their performance are carried out
using either constant voltage or constant currecttrtiques. One of the essential points here is to
have electrodes as standards such that electrduieb are properly coated and calendared are
used for comparing the performances of differeectebdlytes in order to exactly mimic the

electrode surface reactions that are possibleailklife batteries.

As a case study, we discuss the electrochemicysssaof the NP30 electrolyte that we carried
out in NVPF/HC coin type 2032 full cells. To prepahe electrode films, each of the HC and
NVPF materials were mixed with conducting carbond golyvinylidene difluoride (PVdF)

additive, then the slurry was cast on aluminum.fdihe porosity of the electrodes after
calendaring was 35 and 40 % respectively for thetipe and negative electrodes respectively.
The mass loading of the electrodes are done swathtlie positive to negative electrode mass
ratio is 2:1 to match the practical capacities. €lextrodes were punched into circular discs of
13 mm diameter and assembled in coin type 2032.cEle electrochemical performances are

analyzed using biologic cyclers and the resultscarapiled inFigure 3(d-i)

Figure 3dshows the galvanostatic (constant current) chatgpeharge cycles of the cell where
the experiment was performed at a fixed temperatftid °C to accelerate the parasitic reactions
for quick analysis. The total delivered currentidgrthe time of the charge or discharge was used
to calculate the practical capacity of the celleTycling profile by plotting as shown Kigure

3e provides information about the polarization of tedl. Any change in the impedance upon

cycling can be followed by consecutive EIS measemsas the cell cycles. Alternatively, the
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Figure 3. (a) lonic conductivity values (mentioned as blacksh of 1M NaClQ in different organic
solvent(s) with the viscosity in green bars. (b)rh&nius plots of conductivity (as a function of
temperature) of the electrolyte 1 M NaTFSI saltsdiged in different solvent(s) (reproduced with the
permission fronf*®); Copyright 2013, Royal Society of Chemistry. Egctrochemical stability window
obtained using LSV in three electrode cells witifedént concentrations of NaRFReproduced with
permission from®®: (License number 4947141028858, copyright fromnJaMiley and Sons). (d)
Galvanostatic charge-discharge cycles of the NViIFd carbon electrode cycled in NP30 electrolyte at
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55 °C in coin cell mode. (e) The voltage versufedintial capacity plot of the data shown in ‘dthwthe
inset showing the zoomed image to visualize pddion. The apparent resistance is calculated by
dividing the change in voltage for the given chairgeurrent at particular time intervahtj. (f) First 10
cycles showing the slippage in capacity on chamyg discharge with the inset showing the capacity
retention plot and the efficiency during cycling-if The analyses on self-discharge experimentgavhe
the cycle before self-discharge is shown in (g) tredcharge for self-discharge and subsequentatigeh
after 168 h rest at 4.3 V shown in (h) and the veppcycle in (i). In the given example, 83 % cdpais
retained after 168 h self-discharge at 4.3 V aedd¢itovery is 94% of the cycle before self-discharg
apparent resistancAR) could be also calculated from the cycling peofilself {nset in Figure
3¢).*¥ By following the change of this quantity upon dygl we could gain a direct insight on
the resistance evolution. Continuous increase sistance and polarization is a direct indication
of the cell failure. The cycling profiles when supgposed together as ifigure 3f and
information on the capacity slippage on charge @isdharge could be acquired. These capacity
slippage values could be calculated as explainebahn et al®” However, such calculations are
meaningful only when high accuracy coulometer isdus addition to the use of cells with high
amount of active material (such as pouch/ cyliralficectangular types) that ensures the high
flow of current for testing and relatively lessarin measurements. For coin cell studies in the
laboratory, such accurate calculation is not fadi@vever, a comparative study can be done by
following the charge/ discharge slippage. Furtheemby following the capacity retention and
coulombic efficiency, the capacity decay indicateesgradation in electrode material and/or
increase in cell impedance, whereas a coulombicigftty inferior to 100% is an indication of

parasitic reactions taking place in the electro(yiset in Figure 3f

In order to evaluate the stability of the intergdsasn the battery, it is ideal to follow its self-
discharge behavior that is closely related to tle seactions that would take place at the
electrodes if the SEI or CEI are fragile. Thesdstese performed here at 86 by holding and
already cycled cell at its full state of charge (§0.e. at 4.3 V after the removal of 2 Na from
NVPF for a given period of timél week in this particular experiment) and thewihg it to
continue cycling under the same conditiéiig(re 3g- ). Holding the cell at 100 % SOC and at
55°C aims to impose the extreme conditions at whicte sieactions are promoted and self-
discharge would be maximal. The first dischargerdfie resting period (1 week in this particular
experiment) is characterized by its capacity) (®@hich when compared with the corresponding
charge capacity (i.e. just before holding) providgermation about the extent of self-discharge

that took place during the holding period. Furthere the ratio of the discharge capacity of the

22



subsequent cycle (Q) to that of the last cycle before resting,{Ris taken as an index of the
recovery ability of the battery after being subjecextreme (1 week at 4.3 V, 86) conditions
favoring the self-discharge. If the used electmliybssesses all the requirements discussed above

the self-discharge would be minimal, and 100 % veop (Q.+1/ Qn-1=1) is expected.

6.3. Analysis of gas evolutions and pressure changes

Thermal stability and safety of the battery is tm®st important phenomeno to be well
understood before commercialization of the battelgwever,the alkali metal-ion batteries are
known to heat up during cycling thus triggeringgsatic reactions within the electrolyte that are
often associated with the formation of gaseous ymtsd Even worse, certain additives, could
continuously produce gaseous products when thest wgh the other electrolyte components,
thus compromising the important safety requirentérihe battery. In order to better understand
the gassing phenomenon in the battery and itsnariigi the electrolyte, it is essential to examine
the nature and quantity of the produced gasesoim aells, such gas evolution is not directly
detectable since the produced gas could occupgrtipgy space available within the cell. On the
contrary, this phenomenon is easily detectableurcp-type cells where the swelling is observed.
The quantity of the evolved gas is estimated bysueag the weight of the pouch cell before and
after cycling. This experiment provides informatimm the quantity and not on the identity of the
evolved gases. However, unraveling the identityewdlved gases is essential especially when
these gases could be reactive with the cell comgené&or this purpose, online electrochemical
mass spectrometry (OEMS) or differential electrosttal mass spectrometry (DEMS) is used
and the gas evolved from the cell is collected andlyzed by mass spectrometry. The gas
collection could be done simultaneously during cgittling or by degassing an already cycled
cell. By calibrating the gases and the signal fiffeient gases, quantification of the evolved
gases can be done. These experiments could bemedat different temperatures and the data
from different electrolytes could be easily compbamd analyzed. The DEMS/ OEMS analyses
have been extensively used to study the LIBs albtés and a representative example is shown
in Figure 4a-d®1? However similar studies with NIBs electrolytes agéatively less except in

few studies that aimed to investigatgé&volution from the electrode material in half calbde.

23



Operando pressure and gas Thermal stability of the electrolyte (flame Post mortem analyses (XPS for SEI/ CEl
analyses by DEMS/ OEMS test and TGA - DSC} nature and SEM for Al corrosion)

6 \ 6 EC/DEC  TFEP \ {9) F1shv=1486.6eV \

Mother electrolyte With additives

+OASEOUS ¢ adnpole MS

= o products S

=
| =
4 ion cuwl =
] F-1
oo """ 37 Ts0 B0 7o 80 T AT 0 =
time / h 3
1st cycle 4th cycle (e} E
360J g7 _4B =
= \ Jf\'/ \\
Ll NI NI/ g NaV;(PO,)y-EC-DEC s
| Ni(u_ Nigv)
ig ZE T 690 538 636 534 532 630 688 GBG 684 682
;,& § |wweosreee o 0sa | Binding energy (eV)
5 ”w \J\«-\'—J-«—.”}\ (h) SEM (Al current collector)

50 100 150 200 250 300 350 400

(c) 151 oycle 4th oycle A Temperature (°C)
50
45 T ) _ | A
bt |8 VA s | 122499
ul (DY) T || < u
I\(IIF NEHIN’ | }_ ! ', | ¥
35+ o A
= Na,C-EC-DEC —=B A8
0 miz=2 ;
e aa g R 3
- | ’
a miz= a4 B [NeCaFer — LiTFSI
Bon Al L E
3 s y ‘
H
= e e’ 50 100 150 200 250 300 350 400
et

Temperature (°C)
0 Fi) 70 B0 y \ /
ifh

Figure 4. (a- f) Analyses on change in pressure, thermal stability safety. (a) A representative cell
model used for following the online pressure changgng DEMS measurement for long cycling. (b and
c) A pressure analyses done on Lif¥n, sO4/ graphite based Li-ion cell where the change asgure is
mentioned ad\P, the mass spectra for the molecules(id/z= 2), CQ (m/Z= 44) and ethylene .8,
(m/Z= 27, 28) are shown in (c), (reproduced withrngission from®? and ®¥ for (a) and (b,c)
respectively; Copyrighttd 2015 American Chemical Society). (d) Flame tesbwshg the high
flammability and better thermal stability of EC/ DbEbased electrolyte with and without TFEP additive,
respectively. The thermal stability of both elebttes are also compared using DSC analysis (e) in
presence of desodiated Na(PO,); positive electrode and (f) sodiated carbon negatdlectrode
(reproduced with permission frolf¥; copyright 20187 Elsevier). (g and h) post mortem analyses, (g) F
1s XPS data of 1M NaRFin EC-PC (mother electrolyte), and with additivé¢C, NaODFB,
succinonitrile (SN) and 1,3- propane sultone (P@produced with permission frolff’; copyright from
John Wiley and Sons. (h) Scanning electron micnoisc¢SEM) image of Al current collector after
cycling when the cell cycled with electrolyte cdntag PR and TFSlsalts of Lithium. Al corrosion was
observed with LiTFSI but no corrosion seen with E§ased electrolytes, reproduced with permission
from [3; copyright Elsevier.

Although of crucial importance is in-live monitognof the SEI during its formation and its
associated thermal and pressure effects. Optioairsgwas recently shown as an elegant method
to monitor such chang&$! To do so, Fiber Bragg Grating (FBG's) sensors virjected into a
18650 Na-ion cells with the shift in the FBG sigrtaht is a function of T, P and strag),(being
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monitored as a function of cycling and else. Thhesduthors could access the pressure build-up
and heat generation of NP30 electrolyte upon vartesting protocols. The results provide clear
evidence on the huge gas evolution in Na-ion edgges. Sensing the events within the battery
using optical sensors is possible for hundredsyofes thus providing long cycling analyses.
However, the usage of optical sensors and theerkls¢nsing methodology cannot be used as
routine analysis technique due to its complexityd dimited availability of the needed
instrumentations, in addition to the requiremenii®650 or pouch type cells with large mass of
the active materials. Hence, devising sensing nasthioat are adapted to coin cells scale would

be more useful for routine analysis.

6.4. Thermal stability of the electrolyte

The absolute thermal stability of the electrolyseaften proved using flame test where the
separator is soaked with the electrolyte underysam introduced directly to the flame. Such
experiment could be used where absolute thermhblligtas expected and the electrolyte does
not catch fire. TheFigure 4dshows an example of such experiment. Since TFE#Ranze-
retardant additive, was added to the electrolyte, tlammability of studied electrolyte is
suppresself® However, the organic carbonate based liquid elBtes without any flame-
retardant additives does not exhibit absolute thémstability. Still, it is essential to know the
flash point of the electrolyte and the amount dcdithiédat could be released when the electrolyte
burns. The fire incident would be more severeéf ¢bntact between the electrolyte and electrode
material releases oxygen/ hydrogen during the 8c.it is essential to study the thermal stability
of the electrolyte in presence of the electrodé&srhighly charged/ discharged states. Thermal
gravimetric analysis (TGA) and differential calogtry (DSC) are ideally used to understand the
thermal stability of electrolyte. The simultanediGA-DSC analysis could be carried out for the
electrolyte separately or in presence of the eddetrmaterial in its highly charged/discharged
state in order to simulate the actual conditions ipattery where electrodes are preseéigufe
4e,f). The experiments are performed in an argon atheygpand the electrolyte decomposition
is measured as function of temperature. The hedtigan could be quantified and compared for
different electrolytesFigure 4e,shows the TGA of two different Na-ion electrolytagpresence

of de-sodiated N&»>(PQy); and sodiated hard carbon respectively.
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6.5. Nature of SEI/ CEIl: Operando / ex-situ (post mortem) techniques.

Even after 25 years of research in LIBs towardseustdnding the SEI/ CEIl, very less is
understood so far and attaining complete knowlamtgénterfacial reactions that happen within
nanoscale regions is very difficult. Seveogerando and ex-situ techniques are developed to
follow the interfacial reactions and the subsequfammation of interphasé®®®I5% This
includes infrared spectroscofs§) Raman spectroscofi/! ultra violet spectroscopy and several
electroanalytical techniques étd. The morphology of the interphases is often folldwey
microscopic analysis and the rigidity/mechanicakrsgth is analyzed by EQCN! Surface
techniques such X-ray photo electron spectroscERs}*®1**! and time-of-flight secondary ion
mass spectrometry (TOF-SIM8) are highly used in electrolyte studies to identifg SEI/ CE|
composition and their growth upon cycling (examipleXPS data shown ifigure 49. Several
other techniques are in trial or in developmengetm order to get better knowledge about the
SEI/ CEI formation and its nature/ stability etclthdugh routine usage of these techniques
during initial screening stages of the electroligenot feasible, the deeper understanding of
interphases is essential from time to time, forther progressing with the electrolyte
optimization. Hence explaining the European inkmt BATTERY 2030+ where the

understanding of the interface via artificial itiggnce is one of the great challen§és.

6.6. Analyses on electrolyte reactions with cell components (post-mortem analyses)

The other important property of the electrolytéssstability towards cell components. In order to
diagnose the chemical stability of an electrolytee first component to investigate is the
Aluminum current collectors on which the electrodeaterials are usually coated. Some
electrolytes (e.g. electrolyte salts having TR8lion) are known to severely corrode Al foil due
to its incapability of forming a protective pasgiea film. The Al corrosion in a given electrolyte
could be simply studied, either by voltammetry taghes prior to cell cyclic through employing
an Al foil as a working electrode or by recoveritg Al-current collector from the cells after

cycling in order to analyze it by scanning electnoiecroscopy Eigure 410).

7. Summary and outlook

As is the case in LIBs, conventional organic eldgte based on sodium salts in a solvent

mixture of cyclic and linear carbonates, is stk formulation of choice for NIBs. However, the
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interphase (SEl and CEIl) formed in case of NIBsfesufrom poor stability and dissolves/
decompose upon long cycling leading to cell detation. The deterioration in battery
performance is more pronounced at elevated tempesaind high oxidizing working potentials.
To this end, the use of electrolyte additives tdrroait to be an important game changer.
Although no single additive has proven capable eloinproviding solutions for all the problems,
thought-out combinations of several additives hafferded promising results for realizing a
breakthrough in this deadlock. The efficiency of additive varies with the electrodes in use,
hence making the additive selection to be deliaatd highly dependent on each system’s

conditions.

Importantly, if the additives blend provides staBEl/CEI, this doesn’t necessarily mean that the
electrolyte in question is applicable for commdrbiaiteries as other problems may show up. In
our group, we have come up with two different efdgte formulations that showed excellent
electrochemical performance in terms of self-disggaand recovery even at elevated
temperatures. The first formulation is based on MslPFk in EC- PC with succinonitrile,
vinylene carbonate, 1,3 propane sultone and sodiifinorooxalatoborate (NaODFBY
However the practicality of this electrolyte is ited by the usage of solely cyclic carbonates
which increase the viscosity and reduce the ioniedactivity, wettability of the electrolyte. In
such case, the cell design needs to be modified seéparators that shows improved wetting
property but it comes with other difficulties inlicassembly. Later, we have succeeded to
overcome these problems through a new electrotytadlation constituting of EC-DMC mixture
with additives NaODFB, vinylene carbonate VC anid-ttrimethylsilylphosphite (TMSPI).
Unfortunately, one of the the used additives TM&Riibited detrimental reactivity that resulted
in continuous gas release which lead to pressuile-bp and cell failuré”® These results
underlie the importance of analyzing all essemgraperties together during the identification of

suitable electrolyte for NIBs targeting real lifepdications.

Instead of conventional designs, non-conventiotattelytes were also studied for possible
utilization on sodium ion batteries. Among the elifint non-conventional electrolytes studied so
far, electrolytes based on ionic liquids as solweke the main place due to their non-volatility,
low flammability, and high chemical stabili§! Though poor total ionic conductivity is reported

with ionic liquid based electrolytes, the higheansference number for Nan ionic liquids
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offsets this drawback and good Na-ion conductivigy reported with ionic liquid based
electrolyted”™ Similarly, it was believed that the absence of enalar species result in non-
formation of SEI/ CEl and hence possibility to useombination with highly reactive electrodes
as welll”™ Recently, the studies show SEI formation in ioliguid based electrolytes by the
decomposition of electrolyte s&it'’”) The formed SEI is thermally stable and also shiyh h
resistance to Al corrosion, hence allowing the afs@nic liquid based electrolyte with the same
mechanism as conventional electrolytes in orgaaibanate§’® For example, SEI formed from
NaFSA in [GCipyrr][FSA] (where GCipyrr= N-butyl-N-methylpyrrolidinium) was found tceb
more stable than that from NaFSA in EC/ DEC solsefitese advantages in addition with the
wide liquid phase temperature range makes ionwididpased electrolytes more attractive for
NIB applications. Hence, usage of ionic liquid mhséectrolytes is expected irrespective of their
high cost for special applications where the cpéiration under harsh environmental condition is
required’® Still, deeper understanding of the electrode-ebéyte interphase chemistry and Na-
insertion/de-insertion properties is required befds usage in commercial NIBs. Further, the
issues related with high viscosity of ionic liquidence high polarizations during Na-insertion/

de-insertion need to be solved.

In recent periods, other non-conventional electeslythat are much away from the conventional
design strategies such as super concentrated orgtettrolytes’® water in salt electrolyte
(WISE)Y |ocally concentrated electrolfi8 etc attracts the scientific community as it extsibi
interesting properties such as thermal stabilitgcteochemical stability etc. However, these
electrolyte designs are still in their infancy staand further analyses need to be carried out to
ensure whether these electrolytes could satisfy tladl required properties for real-life
applications. Currently, the two major drawbacksheafse electrolytes being i) their cost because
of the need of high concentration (20 M) of Li-bésalts and ii) their very high viscosity at low
temperature which lead to limited power rate cdfighf"! Hence, we can hope that further
systematic study in these non-conventional elegslmay help in bringing new dimensions to
the NIB field.

Overall, we hope to have conveyed the crucial aflehe electrolyte in governing battery
performances and the humongous amount of worksheteded to prepare the proper electrolyte

configuration with the proper metrics in terms afiic conductivity, dielectric constant, viscosity
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and so on. Optimized electrolytes can contain Untr 6 chemicals which because of synergetic
positive effects of 2 or 3 additives. In absencedictive theoretical calculation researchers
must rely on field-trial approaches, hence exptgnihe intense activities in developing high
throughput techniques to identify optimized elelgtieo formulation. Such an effort together with
the development of new-situ techniques to probe interfaces is becoming mopoitant than
ever in the past. Future progresses in the devedoprof Metal-ion batteries in terms of
durability and reliability will come from progressat the interfaces rather than at the materials
levels. Although tedious research on electrolytasely provide high impact journals paper, it

actually brings the reward of enabling battery testhgies.
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