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Dual-ion batteries (DIB) with a graphitic cathode represent an intriguing concept, which remains challenging to
commercialise. One of the key obstacles is selection of an electrolyte with a sufficiently broad window of
electrochemical stability (0 V < E < 5.5 V vs. Li"/Li). Often, modern studies suggest either use of super-
concentrated electrolytes (Cyy > 3 M) or chemical modification of the solvent to walk round this problem.
These approaches, however, result in decreased power density, a narrowed operating temperature window and
increased cost of the final battery system.

Another option is to avoid using the super-concentration concept by selecting an appropriate combination of
an electrochemically stable solvent and a combination of salts. This was realised in our work. We re-considered
sulfones, known for their exceptionally high oxidative stability, as electrolyte solvents. Their instability within
the anodic range of electrochemical potentials was tackled by mixing LiFSI and LiPFg salts. This resulted into
following synergy: the presence of FSI' anions ensured electrolyte compatibility with metallic lithium and
graphite, serving as anodes, while a sufficient concentration of PFg anions reduced the impact of current collector
corrosion. Before long-term electrochemical tests, we conducted a preliminary physicochemical characterisation
of a series of sulfone-based electrolytes, which can serve as a method for their rational development. Particular
attention was paid to the impact of preparation and testing protocols onto long-term cycling behaviour. Besides,
fundamental ways of improving the sulfone-based electrolytes were discussed. Ultimately, the most promising
electrolyte-candidate was selected based on performance, sustainability, and price.

Anionic intercalation
Sulfone-based electrolytes
Rational design

Salts synergy

1. Introduction improvement of already existing LIBs in terms of materials costs, eco-

friendliness, energy efficiency, life cycle and recyclability. This can be

Green agenda keeps the demand for secondary batteries high.
Modern market of energy solutions for portable electronic devices is
dominated by lithium-ion batteries (LIB) [1]. Within the recent years,
they have also been introduced into the industry of electric vehicles,
which raised the questions regarding the sufficiency of lithium supplies
in the Earth’s crust [2]. Although plenty of alternatives, including bat-
teries based on the electrochemical (de)intercalation of different alkali-
(Na, K), alkali-earth (Mg, Ca) and other metal-ions (Zn, Al, etc.) [2-7]
into suitable host structures, have also undergone significant develop-
ment over the last decade, they still have space for improvement.
Mostly, they are considered for applications in large-scale electro-
chemical energy storage facilities, since there, the specific characteris-
tics (such as charge and energy density) are a less critical requirement
[2].

Another important problem that remains to be addressed, is
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attributed to the widely used term “sustainability” [8]. One of urgent
goals here is to find a resource-efficient procedure of recycling, since a
typical state-of-the-art lithium battery contains a mixture of elements
that can be difficult to separate. Specifically, this relates to positive
electrodes based on LiCoO», LiFePO4 (LFP) or Liy(Ni, Mn, Co)O5 (NMC).
Thus, industrial recycling of spent LIB is currently a rather complicated
process [9].

In late 1980s, a concept was introduced, which could allow to
circumvent the named issue. It is dual-graphite (dual-carbon), or more
generally, dual-ion battery (DIB) [10]. The principle is based on the
amphoteric properties of graphite, allowing it to form both cationic
(acceptor-type) and anionic (donor-type) intercalation compounds.
During charge of a DIB, anionic electrochemical intercalation occurs on
the positive electrode, and cationic intercalation on the negative elec-
trode, both made out of carbon [11]. Besides significant decrease in the
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price of the cathode materials, recycling of such systems is expected to
be less sophisticated, as it would only require separation of graphite
(carbon) from the electrolyte and binder. Numerous advances in this
field have already been reported [12].

Despite their attractiveness, several fundamental obstacles exist,
which severely hinder the practical application of DIB nowadays. First
and foremost, it is the electrochemical potential of anionic intercalation.
For example, PF; anions intercalate at voltages well above 4.5 V vs. Li/
Li, and a significant part of the process occurs above 5.0 V, if we consider
room temperature (298 K) and electrolyte concentration <2 molokg'1
[11,13]. State-of-the-art carbonate-ester-based electrolytes are inca-
pable of sustaining the oxidative decomposition at such high potentials.
The most common approach of overcoming this issue is usage of
super-concentrated electrolytes [14]. According to the well-known
Nernst equation, electrochemical potential E of the anionic intercala-
tion should reduce, if the activity of reduced species (PFg or other an-
ions) a4 increases:

RT, Td"
E = Eo +—In—x. o)
nF l-[ajred

The value of a,.q grows along with the salt concentration. Thus, it was
shown that the upper voltage cut-off of the graphite|4 M LiPFs/DMC|Li
cell can be limited by 5 V (DMC - dimethyl carbonate) [15]. However, it
leads to a decrease of the system’s specific power density. Further,
compatibility of this electrolyte with a graphitic anode has not been
studied. A few recent reports claim that well-operating dual-graphite
battery cells can be made using the idea of super-concentrated electro-
lytes, and such cells are able to deliver hundreds of cycles with a decent
capacity retention [16,17]. In spite of such possibilities,
super-concentrated electrolytes (salt concentration C > 3 M) have two
following disadvantages. These are price, which grows with the amount
of lithium salt used [18], and the temperature range of operation, since
often, such electrolyte systems are prepared on the verge of solubility
limits for the corresponding salts [19]. If the temperature is slightly
reduced, part of the salt should settle on the electrodes’ surfaces or in
between fibres of the separator, causing a drastic decrease of the battery
performance. The mentioned issues should seriously limit the practical
applicability of such electrolytes.

Along with the pivotal physical characterisation of the electro-
chemical PFg anions’ intercalation into graphite, an alternative elec-
trolyte for dual-ion batteries was proposed in work [11], with ethyl
methyl sulfone (EMS) serving as a solvent. It is possible to dissolve
significant amount of various lithium salts in various sulfones, formu-
lating electrolytes with acceptable electrical conductivity [20]. Gener-
ally, sulfones are known for their exceptionally high stability against
electrochemical oxidation at high voltages [21]. In particular, EMS and
tetramethylene sulfone, or sulfolane (TMS, SL), can be stable above 5.5
V vs. metallic lithium (depending on various parameters) [21,22], which
makes them well-applicable for fundamental studies of electrochemical
anionic intercalation. However, sulfones with simple hydrocarbon rad-
icals are incompatible with the graphitic anode, most likely due to
instability of the ~SOo— group against reduction at low electrochemical
potentials [23]. In the literature, various strategies of overcoming this
disadvantage have been proposed [24-26]. One of the most recent re-
ports demonstrates a rather interesting approach of chemical modifi-
cation of EMS to induce the electron delocalisation through enhanced
resonance and electron-withdrawing effect. This was achieved by fluo-
rination of the ethyl radical [24]. Other possibilities are represented by
the concepts of localised high-concentration electrolytes [25], use of
SEl-forming additives or use of selected co-solvents [26]. Chemical
modification of the solvent should significantly increase the final battery
price, whereas the other two options were not tested for the electro-
chemical stability above 5.0 V vs. Li'/Li. Thus, being attractive either
from the fundamental point of view, or for targeting the application of
sulfone-based electrolytes with state-of-the-art high voltage cathodes
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like NMC, the use of the above approaches for DIB operating at extreme
voltages might be limited, especially if the electrolyte concentration is
reduced.

Another way of overcoming the problem of sulfones being unstable
at low electrochemical potentials is to choose the right salt. To be more
specific, some of the electrolyte salts are capable of forming a robust
solid electrolyte interface (SEI) from the products of their decomposi-
tion. Typical examples are LiTFSI (lithium bis(trifluoromethanesulfonyl)
imide) and LiFSI (lithium bis(fluorosulfonyl)imide [27]. Generally, this
should mean more flexibility in selecting the electrolyte solvent, since if
the salt forms the SEI itself, the reduction of the solvent at low potentials
is inhibited. Moreover, solubility of lithium and other alkali metals’ salts
containing bis(sulfonyl)imide anions in different battery-relevant polar
aprotic solvents is rather high, which opens the opportunity of devel-
oping super-concentrated sulfone-based electrolytes for dual-graphite
batteries [28]. In this case, however, disadvantages of the
super-concentrated electrolytes related to their price and operational
temperature range remain. On the other hand, the use of
super-concentration concept allows to reduce the impact of the main
drawback of FSI" and TFSI anionic species. It is known, that FSI” anions
exhibit rather high corrosive activity against aluminium, which is a
common cathode current collector material, at electrochemical poten-
tials slightly above 4.0 V vs Li*/Li [29]. In LiFSI-based electrolytes with
high salt concentrations, the corrosion is, however, inhibited [28,30].

The problem of Al corrosion can also be overcome by using a mixture
of salts. For example, LiPF¢ (lithium hexafluorophosphate) is proved to
supress the named issue, as a passivation layer of AlF3 is formed on the
aluminium surface at high potentials [31]. Also, it was shown that the
corrosion of the cathodic current collector is strongly influenced by
oxidation of the solvent molecules under these conditions. If the latter
does not occur, passivation of the Al current collector in the presence of
PFg anions is more efficient [32]. Logically, one could consider the ad-
vantages of mixing the LiPF¢ and LiFSI salts to formulate a sulfone-based
electrolyte which would be both compatible with the graphitic anode
and stable at cell voltages above 5.0 V. Interestingly, this kind of synergy
has already been reported for carbonate-based electrolytes, but the focus
was put on the graphitic cathode [17,33]. In our work, we assessed this
concept for sulfone-based systems.

To summarise, current work is dedicated to development, charac-
terisation and tests of sulfone-based electrolytes for dual-graphite bat-
teries, relying on the synergy of PFg and FSI” anions. We showed that the
studied electrolyte series exhibited oxidation stability over 5 V vs.
metallic lithium, compatibility with the graphitic anode and negligibly
small corrosion impact on aluminium. Lastly, the economical expedi-
ency was evaluated. The final comparison criteria can be formulated
more laconically as Performance (specific characteristics delivered by
the system) — Sustainability (long-term cyclic stability at various current
densities and resistance to the corrosion) — Price (PSP).

2. Results and discussion

If we consider the possibility of practical application of the electro-
lytes discussed in this study, a basic economical criterion should also be
defined. In terms of specific energy density compared to that of modern
LIBs produced by industry, dual-ion batteries are close to the LFP-based
ones (450-550 vs. 540 Whokg'l, estimation is based on the cathode),
which are also the most widely used in industry [28,30,34,35]. For
preliminary comparison on the laboratory scale, we may assume the
average cathode material loading of 5 mgecm?, corresponding elec-
trolyte volume of 100 pl, and 1 M LiPF¢/EC:DMC (1:1, vol.) electrolyte
(LP30, EC - ethylene carbonate, DMC - dimethyl carbonate). From a
rough calculation, the price of 3000 € per litre of electrolyte and cor-
responding amount of the LFP cathode powder can be obtained, if we
take a look in the catalogue of Sigma Aldrich, one of the most renown
chemical suppliers [36]. This will serve as a reference value for the
analysis of costs given in Section 2.6.
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2.1. On the importance of preparation protocols

The work on the specified electrolytes began in parallel with our
earlier study dedicated to structural behaviour of the graphitic DIB
cathode at elevated temperatures [37]. There, we revisited the 2 M
LiPFe/EMS electrolyte proposed by Seel and Dahn [11] for the supple-
mentary kinetic studies. Note that we switched to molality (rnolsahakg'—1
solvent) from molarity, since formally, molar concentration
(molsaltd;})lvem) is temperature-dependent. Although it was possible to
obtain similar values of specific capacity to those reported, the stability
upon cycling was never achieved (Fig. 1a). In the original publication,
cell assembly was described as being done under an elevated pressure of
ca. 10 bar for 20 min, which guaranteed proper wetting of the separator
and electrodes. In our case, visually, the electrolyte was well-absorbed
by the separator after about thirty seconds, and pressure applied to
the cells during assembly was expected to assist with wetting of the
electrodes. However, after the first few charge-discharge cycles, the
characteristics dropped drastically, while the original work reported
stable electrochemical cycling. The reason was unclear, until an elec-
trochemical cell with the same electrolyte was tested after a few days of
storage. In this case, the cycling stability became reproducible (Fig. 1b).
Similar effect was observed when the formation cycles were conducted
straight after assembly of the cells, and before further tests, these cells
were left overnight. Recently, a study has been published, where the
impact of the formation cycle conditions on the exfoliation of a graphitic
anode was systematically investigated [38]. There, it has been clearly
shown that preparation procedures play one of the key roles in the
improvement of long-term performance of a battery system. Same ef-
fects, thereby, should be expected for the graphitic cathode. In our case,
it is most likely related to the better penetration of the electrolyte into
the pores of active material with increased storage time, as 2 m LiP-
Fe/EMS is a rather viscous liquid, with 7 = 201.3 mPaes at 293 K (Fig. S1
and Table ST1). For the systems with modified electrolyte compositions,

5.5F
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the preparation protocol was also found to be imperative, as shown in
Section 2.4.

2.2. Basic physicochemical characterisation of the electrolyte series and
approaches for their improvement

Although long-term cyclic stability might be achieved for the Li|2 m
LiPFs/EMS|graphite cells at low current densities, their characteristics
drop drastically when the current is increased. The reason for this is a
relatively low specific electrical conductivity ¢ of the named electrolyte.
At 293 K, it equals 0.64 rnS-crn'l, which is more than an order of
magnitude lower than that of the commonly used LP30 electrolyte (ca.
14 mSecm™ [39]).

Replacement of LiPFg by LiFSI led to a significant decrease of dynamic
viscosity (201.3 down to 66.0 mPaes, Table ST1) and specific electrical
conductivity of the electrolyte. The latter at 293 K is equal to 1.52 mSecm’
! for the 2 m LiFSI/EMS mixture, meaning more than double increase in
comparison to the initial composition. This is related to the weaker
interaction between Li* and large FSI” species in the solution compared to
that between Li" and smaller PF species. However, FSI” anions are known
for their corrosive activity against aluminium current collector [29],
which was confirmed by low-rate cyclic voltammetry.

We compared specific electrical conductivities and corrosive activ-
ities for various ratios of LiFSI and LiPFg salts in the 2 m EMS-based
solutions. The goal was to find the optimal ratio, which would offer a
combination of a decent ¢ value combined with stability of the system at
electrochemical potentials exceeding 5.0 V vs. Li*/Li. The next step was
to check the same parameters for the found ratio of the salts, but for the
electrolyte based on another, preferably, a cheaper solvent of the same
chemical nature. Later, the prepared electrolytes were tested in dual-ion
cells with a graphitic cathode and lithium anode. The results of basic
physicochemical and electrochemical characterisation are summarised
in Table 1, Fig. 2 and supplementary Fig. S1 and Table ST1. As expected,

50 2m LiPF/EMS, 298 K

1-week storage

>
545
5
-
240
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—— cycle 100
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0 ' ' ' 700

25 50 75
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Fig. 1. The impact of storage of the electrochemical cells with EMS-based electrolyte before testing on subsequent cycling performance. Formation cycles are shown

in SL

Table 1

Specific electrical conductivities of the 2 m sulfone-based electrolytes with a mixture of LiPFe and LiFSI salts. Naming: “solvent/anion (FSI:PF¢ ratio)”. Data points

which were not included into the Arrhenius plots are shown in red.

Electrolyte — EMSPF6 EMS13 EMS11 EMS31 EMSFSI SL31
T,K|

o, mSecm™? N

253 0.030(14) 0.0589(4) 0.080(4) 0.0409(3) 0.168(12) 0.22(10)
263 0.044(4) 0.137(10) 0.17(2) 0.1358(5) 0.330(3) 0.38(11)
273 0.137(2) 0.285(2) 0.33(3) 0.424(6) 0.585(9) 0.601(6)
283 0.362(7) 0.534(9) 0.610(12) 0.768(3) 0.97(15) 0.92(2)
293 0.64(14) 0.925(7) 1.010(5) 1.22(2) 1.52(2) 1.37(2)
303 1.07(12) 1.46(3) 1.570(12) 1.816(3) 2.27(4) 1.94(2)
313 1,67(2) 2.16(12) 2.310(10) 2.56(2) 3.150(9) 2.7(11)
323 2,47(2) 3.05(15) 3.20(2) 3.42(4) 4.23(8) 3.6(14)
333 3.41(3) 4.13(2) 4.30(6) 4.5(10) 5.55(9) 4.7(2)
E,(diff), eV — 0.362(9) 0.38(13) 0.36(10) 0.30(11) 0.319(9) 0.278(3)
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Fig. 2. (a) — Arrhenius plots of specific electrical conductivities for six studied

voltage range.

the specific electrical conductivity of the 2 m EMS-based electrolytes at
near-room temperatures grows along with the increase of LiFSI amount.
Apart from that, the values of ¢ served as an indirect way of assessing the
lower limit of operational temperature for members of the studied series.
Drastic drop of the conductivity at a certain (reduced) temperature
shown in Fig. 2a, means that the system is either frozen partially,
becoming biphasic, or completely. Thus, we could confirm, that the 2 m
LiPFs/EMS (EMSPF6) electrolyte was not applicable at temperatures
below 273 K. All mixtures containing the LiFSI salt follow the trend of
conductivity increasing along with the FSI'/PFg ratio in the temperature
range of 273 — 333 K. However, the tendency breaks at lower temper-
atures, with local maxima of conductivities for the 1 m LiFSI + 1 m
LiPF¢/EMS electrolyte (EMS11). This points on the complexity of the
ternary LiPF¢ — LiFSI — EMS system in terms of competitive ion-dipole,
ion-ion and dipole-dipole interactions. One may assume that EMSPF6
and EMS31 stop being single-phase liquids at 263 K, which causes a
dramatic decrease of their ¢ values.

Activation barriers for the ionic diffusion estimated from the
Arrhenius plots, change non-monotonously. For example, 25%
replacement of LiPFg by LiFSI in the EMS-based mixture led to a slight
increase of E, (0.38 eV for the EMS13 vs. 0.36 eV for the EMSPF6). The
lowest barrier of 0.30 eV was calculated for the EMS31 mixture. We
could expect this electrolyte to deliver the best performance among the
series of mixtures in dual-ion batteries with a graphitic cathode. The
consequence of replacing ethyl methyl sulfone by sulfolane, a common
solvent in chemical industry [40], and thereby, beneficial in terms of
price [36] for the 1.5 m LiFSI + 0.5 m LiPFg ratio was an increase in
specific electrical conductivity for all temperatures, at which the mea-
surements were done. Apart from that, a significant decrease of the E,
took place. The calculated value was 0.278 eV for the SL31 electrolyte
(1.5 m LIFSI + 0.5 m LiPFg in sulfolane).

Further, we assessed the sulfone-based electrolytes series in terms of
oxidation stability as well as stability of the aluminium cathodic current
collector against corrosion at high electrochemical potentials. These
may be reliably evaluated by low-rate linear sweep voltammetry. Panel
b of Fig. 2 represents the results of these measurements. As one can see, a
significant current increase is observed at around 4.9 V vs. Li*/Li upon
addition of a significant amount of LiFSI (EMS31 electrolyte). This is a
definite confirmation of the Al current collector corrosion in the pres-
ence of FSI', as described in work [29]. When only FSI” anions are pre-
sent in the solution, the corrosive process becomes noticeable at around
4.65 V vs. metallic lithium.

Interestingly, for the same 3:1 ratio of LiFSI and LiPF, the initial
corrosive current appears to be much lower in sulfolane then in ethyl
methyl sulfone. At 5.45 V, the corrosive current density is slightly over 1
pAecm?, which is around 0.6% of the lowest current densities in the
galvanostatic charge-discharge experiments shown in Sections 2.3 and
2.4. To be more precise, the minimal current density was equal to 164

sulfone-based electrolytes; (b) — linear sweep voltammograms in the high-

pAecm? for the electrodes of 12 mm diameter and ~5 mg loading of the
electrode composite. The estimated corrosion impacts the coulombic
efficiencies of galvanostatic charge-discharge process for the cells shown
in those sections. However, one should note that generally, the corrosion
impact should be much lower in case of Al foil covered with the elec-
trode composite compared to the bare foil served for the model studies.
Besides, parasitic current in the SL31 electrolyte becomes noticeable
only above 5.3 V, and such cells are subjected to this potential for a
rather short time period. Finally, passivation of the current collectors in
the presence of PFg anions should take place upon cycling. Thus, loss of
coulombic efficiency at lower currents should rather be caused by other
undesired reactions in the cells, or, more likely, by kinetic complications
of the solid-state diffusion than by the Al corrosion only.

The 1.5 m LiFSI + 0.5 m LiPFg/SL electrolyte seemed to be the most
preferred both in terms of electrical conductivity and resilience of the Al
current collector to corrosion. The possibility of making the sulfone-
based electrolyte series compatible with metallic lithium was indi-
rectly proved by the long-term cycling of the Li-graphite half-cells after
optimisation of the preparation protocol, as shown in Sections 2.1 and
2.3. However, even for the SL31 electrolyte, selected as the most
promising one after the preliminary studies, the disadvantage of rela-
tively low specific electrical conductivity remained. Here, a funda-
mental physicochemical approach might be considered to expand the
temperature window of operation for the sulfone-based electrolytes. The
components of these electrolytes: LiPFg, LiFSI, SL, EMS, are able to form
eutectic mixtures [41,42]. For the optimal ration of the electrolyte salts,
we investigated some effects of using the eutectic mixture of EMS and SL
as a solvent.

As seen from our differential calorimetry (DSC) experiments, EMS — SL
represent a system with a simple eutectic (Fig. 3). EMS has a melting point
of 310 K, which makes it applicable as a solvent only when the electrolyte
salt is added. For sulfolane, this value is less defined. At 298 K it is an oily
amorphous substance. While many suppliers state its melting point to be
slightly above the room temperature, the results of differential scanning
calorimetry (DSC), which was conducted to build the phase diagram of the
EMS - SL binary system, revealed the value of about 290 K. In fact, this
result agrees with literature, where the difference between the melting
(301 K) and transitional (288 K) temperatures are explained by the
globular properties of SL molecules [43,44]. These globular properties of
SL molecules can explain the anomalously high electrical conductivity of
the SL31 electrolyte compared to that of EMS31. While EMS and SL have
comparable dielectric constants (¢ = 57.5 and 42.9, respectively [20]) and
dipole moments (both p > 4.5 D), the molecular structure of sulfolane
tends to hinder influence of the positive pole [40], thus one can expect a
weaker interaction between SL molecules and anions compared to that in
case of EMS. Also, it is important to note that these parameters of sulfolane
should depend on its purity, and chemical nature of the admixtures, in
other words, on the supplier.
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Fig. 3. Phase diagram of the binary ethyl methyl sulfone — sulfolane system. (a) — molar fractions, (b) — mass fractions. Points on liquidus and solidus lines are
displayed concerning the highest error in the series: +1 K for the liquidus and +2 K for the solidus.

In our DSC results, on the curve corresponding to temperature
elevation, two endothermic peaks were observed for sulfolane: the big
one, with a maximum at about 290 K, and a much smaller one, with a
maximum at 296 K. The first one can be attributed to the melting point
of sulfolane. The smaller peak corresponds to melting of the admixtures
(Figure S2a). In the presented phase diagram, we considered the first
peak as the melting point of sulfolane, accounting for its upper-
mentioned nature at the given temperature. Another characteristic
feature of this system is the tendency to form supercooled liquids.
Hysteresis between melting and freezing processes was observed for
both end-members of the row, as well as for all their mixtures. This
agrees well with an earlier report dedicated to the ethylene carbonate —
sulfolane binary system [45]. Thus, we considered the heating part of
DSC curves for defining the points of the liquidus curve. Two endo-
thermic peaks are visible on each one, except for pure EMS and the
eutectic mixture (Figure S2b, c). Following the general practice [46], we
took onsets of the first endothermic peaks as solidus temperatures, and
maxima of the second endothermic peaks as liquidus. Corresponding
values are available in the supplementary file (Table ST2). A mixture
consisting of 70 mol. % (72 mass %) sulfolane and 30 mol. % ethyl
methyl sulfone was found to be the eutectic with a melting point of 262
K, which fulfils the goal of broadening the temperature window of
operation for the sulfone-based electrolytes. Besides, electrolytes with
this mixture serving as a solvent, could still be economically beneficial,
since the mass fraction of EMS is low.

Certainly, lowering the melting point of the solvent for a given salt
(or ratio of salts) does not necessarily guarantee the improvement of
electrolyte characteristics. In the case of a single salt — binary solvent
system or binary eutectics, this approach can be applied relatively
directly, allowing to broaden the operating temperature window for the
electrolyte [41,42,45]. In our case, we deal with two salts, so the system
becomes quaternary, and given the significantly different solubility of
LiPF¢ in EMS and SL [41,42], one cannot conclude a noticeable drop of
viscosity and increase of the electrical conductivity just from lowering
the solvent’s melting point. Nevertheless, for the electrolyte with high
amount of LiPFg, EMS13, certain improvement was achieved. Firstly,
from the economical point of view, the replacement of 72 mass % EMS
by SL is beneficial. Secondly, the possibility of dissolving a sufficient
amount of LiPF¢ remained, which is advantageous in terms of preventing
the Al corrosion. However, the impact of solvent replacement on the
electrical conductivity was not direct. Slight increase of the ¢ values was
observed at temperatures below 273 K for the 0.5 m LiFSI: 1.5 m LiPFq
ratio (see Table ST3). For the ratio of 1.5 m LiFSI: 0.5 m LiPFg, the
replacement of EMS by the eutectic mixture led to more than a double
increase (0.094 vs. 0.041 mSmecm’!) at 253 K. Both mixtures exhibited
a slight loss in conductivity above 273 K compared to the electrolytes
with a singular EMS solvent. It appears that for the selected mixture of
salts, simple use of a singular solvent with a lower melting point is more

beneficial, as the SL31 electrolyte outperformed all the other candidates.
For the future studies, search for ternary eutectic of the LiFSI — LiPF¢ — SL
system can be proposed. Although requiring a significant effort in
search, this eutectic mixture might be the best among the electrolyte
compositions within the system in fulfilling the earlier formulated “PSP”
criteria. One can also try reducing the overall salt concentration to
decrease the electrolyte viscosity and increase its conductivity
(Figure S3a, Table ST3), but this results in a significant loss of coulombic
efficiency at relatively low currents compared to the initial 2 m LiP-
F6/EMS electrolyte (Figure S3b) due to increased impact of parasitic
reactions in the cell. Long-term stability at higher current densities de-
creases as well (Figures S3c-d).

The next step of this work was to subject the most promising
electrolyte-candidate to tests in dual-ion cells for its long-term perfor-
mance evaluation. The same was done for the remaining members of the
series.

2.3. Long-term cycling at a moderate current density

Although electrochemical cycling of graphitic cathodes for DIB at
high currents is beneficial for several potential applications, as well as in
terms of reducing the impact of corrosion, and subsequently, improve-
ment of the coulombic efficiency, the stability of these systems at low
current densities is imperative, since normally, even if charged fast, the
batteries are supposed to be discharged within a relatively long time. If
we consider the industry of electric vehicles, most of the modern stan-
dard battery testing protocols are limited by current densities between
0.3 and 2C [47]. Here, 1C corresponds to the current required for a
complete charge or discharge of the electrochemical cell within an hour.

An additional comment has to be made on calculations of the theo-
retical specific capacity values for graphite in case of anionic interca-
lation. Unlike for state-of-the-art cathodes, the exact compositions of
graphite anionic intercalation compounds are not defined that well.
Typical example is C4PFg, for which the x value was assumed to be 16,
18, and 20 as the final electrochemically achievable stage. These as-
sumptions were made after applying a variety of theoretical and
experimental methods, the latter in different conditions [11, 48—51].
Therefore, referring to the current densities instead of C-rates would be
more correct.

Typical galvanostatic charge-discharge curves for graphite-Li cells
with the sulfone-based electrolytes are presented in Fig. 4, and the
extended information is available in the SI file (Figures S4, S5). The
average anionic intercalation potential decreased along with increasing
the amount of LiFSI in the system. Complete replacement of LiPFg,
resulted into a significant drop of coulombic efficiency, which is
explained by a more pronounced corrosion of the Al current collector in
the presence of FSI" anions. However, the contribution of corrosion for
the cells with EMSFSI electrolyte can be significantly reduced at
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Fig. 4. Typical galvanostatic charge-discharge curves corresponding to long-term cycling of the graphitic cathode in series of 2 m sulfone-based electrolytes at
current density of 40 mAeg™l. For the 2 m LiFSI/EMS electrolyte (f), a singular cycle is shown to illustrate the impact of corrosion.

relatively high currents. Thus, at 280 mAeg™!, the coulombic efficiency
of up to 98% can be reached for this mixture (Figures S4b, S5f).
Nevertheless, a significant concentration of PFg has to be present to
achieve stable cycling at low current densities. For the cells with mixed-
salt electrolytes based on ethyl methyl sulfone cycled at 40 mAheg!, the
coulombic efficiency (CE) varied from 92 to 98% (Figure S5a-e), which
exceeds or is the same with the values reported in recent studies, where
higher current densities were applied and carbonate-based electrolytes
were used [17,30,33]. Although higher CE values were shown by the
cells with higher concentrations of PFg anions, the most stable cycling
was exhibited by those with the 1.5 m LiFSI + 0.5 m LiPF¢/EMS elec-
trolyte. Also, such cells delivered the highest values of specific discharge
capacity during the preliminary tests. This is explained by combination
of factors. The impact of parasitic electrochemical reactions in the cell
caused by FSI” anions remained relatively low, while physicochemical
properties of the electrolyte improved: reduced viscosity, increased
ionic conductivity and surface wetting of graphite (was evaluated
visually, see Figure S6) influenced the overall performance positively.
After 300 cycles at 40 mAeg!, the discharge capacity decreased from 90
to 86 mAheg™, meaning about 95.6% retention (Figure S5e). Cells with
concentration of LiPFs > 1 m tend to lose cyclic stability more rapidly
(Figure S5a-c).

Electrochemical cells with the 1.5 m LiFSI + 0.5 m LiPFg mixture in
sulfolane, which was initially selected as the most promising electrolyte-
candidate, outperformed the EMS-based series in terms of delivered
specific characteristics, as well as long-term behaviour. After being
subjected to the same number of charge-discharge cycles, the cells
delivered 98.0% capacity retention. The coulombic efficiency varied
between 92 and 94% (Figure S5e). One of the reasons for this should be
laying in the lowest activation barrier for ionic diffusion in the SL31
electrolyte among the whole series. From the preliminary evaluation,
this electrolyte looked the most promising for DIBs, concerning both the
performance and economical aspect.

2.4. Optimisation of the preparation and cycling protocols

Carefully selected voltage window is one of the key factors defining
the long-term performance of a battery system. In case of electro-
chemical anionic intercalation, the upper voltage cut-off seems to be
even more crucial. Generally, this parameter should be set based on the
balance between the achievable energy density and undesired side re-
actions, represented by corrosion of the current collector and (or)
decomposition of the electrolyte. Numerous works report excellent
stability of the current collector and electrolyte within the given voltage
range for the super-concentrated electrolytes [13,14]. Therefore, the
origin of the reduce in reversibility of the electrochemical insertion of
anions to stages with low number n remains uncertain. Apart from the
side reactions, partial trapping of the intercalated anions in between
graphene layers [51] as well as co-intercalation of solvent molecules

5.5

1.5m LiFSI + 0.5m LiPFg
in EMS, 298 K

Upper voltage:
——520V,CE=9%4.7%
[——5.35V, CE = 88.0%
—5.50V,CE=85.7%

3.5

0 150

50 100
Specific capacity, mAh-g”

Fig. 5. The effect of increasing the upper voltage limit for EMS31. Current
density: 56 mAeg™.
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might take place [50,52]. All of that, together with uncertainty of the
exact chemical compositions of anionic GICs, complicates the develop-
ment of cycling protocols. Thus, a proper choice of the voltage cut-off for
operation of the graphitic cathode at various currents could be done only
by trial and error. Fig. 5 represents a typical example of such selection.
As shown in the previous section, the cells with the 1.5 m LiFSI + 0.5 m
LiPF¢/EMS electrolyte were charged up to 5.15 V vs. lithium with a
current density of 40 mAeg, allowing a discharge capacity of 90
mAheg’!, good cyclability and a coulombic efficiency exceeding 92%. If
these cells are subjected to higher currents, polarisation increases, and
the intercalation process requires higher voltages. When the upper
voltage was increased to 5.35 and 5.5 V from the initially chosen 5.20 V
(Figure S4c) for cycling at a slightly increased (56 mAeg™) current
density, the reversible specific capacity values grew to about 110 and
120 mAheg™, respectively, and remained relatively stable. However, the
coulombic efficiency dropped below 90%. The most obvious explanation
for that would be increased contributions of currents from corrosion of
the Al current collector and (or) solvent decomposition. Although these
should definitely take place, it is important to compare the shapes of
charge-discharge curves. From Fig. 5 it is clear, that the shape of the
charging curve did not change much with the upper voltage increase and
it was reproducible for multiple cycles (Fig. S2c), whereas the polar-
isation of the cell decreased: discharge occurred at higher voltages in the
second case. Thus, it would be logical to assume that the part of the
charge curve between 5.35 and 5.5 V is dominated by the anionic
intercalation. Note, the latest theoretical calculations propose the final
composition of C12FSI for FSI-based GIC [48,49], which would corre-
spond to a specific charge capacity of 187 mAheg™. The values we were
able to obtain in this experiment, correspond to compositions of Cy¢(FSI,
PFg) on charge and roughly to C;g(FSI, PFg) on discharge. Thus, we
might suppose that the charge process was ended at the beginning of the
intercalation stage 1 (or more generally, the maximal intercalant con-
centration stage MIC [37]) formation. This assumption, however, re-
quires confirmation by more sophisticated experimental methods.
Certainly, if the current density is increased, the relative contribution
of parasitic electrochemical reactions should decrease accordingly,
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allowing to charge the studied dual-ion cells to higher voltages, thus
achieving higher reversible specific capacities and coulombic effi-
ciencies. On the other hand, this should result in an increased polar-
isation and a more rapid decay of the specific characteristics due to
inhomogeneous distribution of the intercalant species in graphite, sub-
sequently causing exfoliation. Additionally, the increased polarisation
might lead to inaccessibility of the stages with a low number n upon cell
charge. One should expect the polarisation issue to be more critical for
the electrolytes with relatively low conductivities, to which the studied
series belong. At this point, we also investigated the impact of storage
time onto polarisation of the graphitic cathode during charge. Fig. 6 is
demonstrating the influence of the upper voltage cut-off as well as the
storage time before electrochemical tests on performance of the cells
with the 1.5 m LiFSI + 0.5 m LiPFs/SL electrolyte. Supplementary file
contains the same information for the EMS-based series (Figure S7).

As visible from panel a, without improvement of charge-discharge
and preparation protocols, decent specific characteristics and cyclabil-
ity can be achieved at moderate current densities. When the latter is
increased, polarisation of the cells grows significantly, making the
intercalation to stage 2, represented by the last plateau on the charge
curve, impossible, and the process ends at stage 3. Although the cycling
stability remains, at current densities above 100 mAeg™?, such cells
deliver between 0.5 and 0.6 of their discharge capacity obtained at
lower currents. Nevertheless, when the current is reduced again, the
initial values are retained. Increase of the upper voltage cut-off (panel b)
results into broadening of the currents range, under which a decent
electrochemical performance is exhibited. However, the issue of polar-
isation is still present.

Storage of the assembled cells for longer time (panel c) resulted in a
significant improvement of all parameters. The most noticeable effect
was reduced polarisation of the cells with current increase. It allowed to
achieve even higher specific characteristics at 280 mAeg™! current than
those at 40 mAeg™, probably due to the reduced impact of corrosion.
Apart from that, an exceptional capacity retention was achieved for
hundreds of cycles (panel d). In this case, one could potentially assume
the pseudocapacitive phenomenon [53] participating in the charge
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Fig. 6. The effects of preparation and testing protocol on the electrochemical behaviour of graphite as a cathode in Li-cells with the 1.5 m LiFSI + 0.5 m LiPFg/SL
electrolyte. (a) — storage overnight after formation cycle, no upper voltage cut-off optimisation; (b) — storage overnight after formation cycle, optimised voltage cut-
off; (c) — 1-week storage, optimised voltage cut-off; (d) — long-term performance of a typical cell shown in panel (c). The capacity was normalised on the number
obtained statistically after cycling of 10 cells at 40 mAeg™ current density, equal to 94+5 mAheg™ (see the SI for the procedure).
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storage or even a classical capacitive energy storage mechanism. How-
ever, the specific surfaces of all cathode composite components are
rather low (74 m2eg™! for KS6L and 54 m2eg! for C65, Table ST4 and
Figure S8) compared to that of activated carbons (> 500 mzog'1 [54D),
and the named effects are expected to be negligibly small.

For basic evaluation of storage effects on the Li-anode, we conducted a
series of EIS experiments under blocking conditions (0% state of charge) of
the freshly assembled cells with EMSPF6, EMS31 and SL31, the same cells
straight after formation cycle and finally, after subsequent storage. The
results are available in the supplementary file (Fig. S9). Although
complicated assumptions would be inconclusive, some preliminary ones
can be made. In the case of 2 m LiPFs/EMS electrolyte, charge transfer
resistance attributed to the Li-electrolyte interface was stable straight after
assembly of the cells. It increased significantly after the formation cycle,
but tended to decrease during storage. As the most general outcome, we
may assume that formulation of SEI on the Li-anode continues after the
formation cycle is over, and storage is required for this process to com-
plete. After additional 12 h, the tendency of decreasing charge transfer
resistance remained, but was much less pronounced.

In the case of EMS31 and SL31, the situation got more complicated.
Despite the better electrochemical performance of such cells compared
to the EMSPF6-based ones, the charge transfer resistance on the Li-
electrolyte interface appeared to grow over time under the same con-
ditions. However, as stated earlier, the impact of long-term storage was
found to be positive for them as well. Strong decrease of the low-
frequency component was observed for these electrolytes too. Prob-
ably, this is caused by some anions trapped in the host structure of
graphite. Nevertheless, the positive impact of storage on the resulting
performance was observed without conducting the formation cycle be-
forehand. Decrease of the low frequency component seems to be critical
at the end, but the reasons for its decrease remain uncertain. Compre-
hensive understanding of the processes occurring on the electrode-
electrolyte interface would therefore require a separate electro-
chemical study.

2.5. Compatibility with a graphitic anode and metallic lithium

As specified in the introduction, one of the main disadvantages of
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sulfones as electrolyte solvents is their instability against reduction at
low potentials. Presence of FSI" anions in the electrolyte series investi-
gated within the frame of this study allows to overcome this issue, as
shown in Sections 2.2 and 2.3 by long-term cycling of half cells with
graphite serving as a cathode. Since part of the concept, being targeted
by development of these series, represents reduction of lithium con-
sumption, it was essential to assess the compatibility of EMS- and SL-
based electrolytes also with a graphitic anode. Fig. 7 is demonstrating
the results of such tests for the 1.5 m LiFSI 4+ 0.5 m LiPF/SL electrolyte.
The same was done with the EMS31 mixture, however the results were
less satisfactory (Fig. S10).

Panel a is illustrating the effect of storage of the assembled half-cells
on the formation cycle for the graphitic anode in the named electrolyte.
It appears that the storage effect is much less pronounced in this case
compared to that with graphitic cathode: the coulombic efficiency of the
first formation cycle improved only slightly, from 78 to 82%; the num-
ber of cycles (about 10), required to achieve the stable capacity and
coulombic efficiency close to 100%, as shown in panel b, remained
unchanged after 1-week storage. The values of initial coulombic effi-
ciency on the formation cycles are comparable to that in most of con-
ventional LIB electrolytes [55], and excellent capacity retention is
obtained at current densities corresponding to those in the cells tested in
Section 2.3. Clearly, the SL31 electrolyte is compatible with a graphitic
anode, and after a further optimisation, it could be used in dual-graphite
cells.

2.6. Estimations of costs

After selecting the best-performing sulfone-based electrolytes, we
can assess them in terms of price. For LFP-based Li-ion batteries, the cost
strongly depends on that of the cathode material, while for sulfone-
based dual-ion batteries, the price is defined by the electrolyte. The
comparison based on the earlier set laboratory-scale parameters, is
presented in Table 2. In the calculations, we neglected the low price of
graphitic cathode.

One can see that among Li-based electrolytes for dual-ion cells with
graphite as a cathode, proposed by several reference works [15,17,34],
only those with super-concentrated 4 M LiPFg in DMC [15] are cheaper
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Fig. 7. (a) - the impact of storage time on the coulombic efficiency of the first formation cycles for graphitic anodes in the 1.5 m LiFSI + 0.5 m LiPF/SL electrolyte at

a current density of 150 mAeg™'; (b) — long-term cycling behaviour.

Table 2

Preliminary comparison of prices for LFP-based batteries and graphite dual-ion cells.

Cathode Electrolyte Electrolyte price (Sigma Aldrich), €/litre 1 L of electrolyte + 70 g of cathode price (lab scale), €
LiFePO4 1 M LiPF¢/EC:DMC (1:1 vol.) (LP30) 1300 3000
graphite 4 M LiPFs/DMC [15] 2400 2400

5 M LiFSI + 2 M LiPF¢/EC:DMC (1:1 vol.) [17] 10,500 10,500

1 M LiTFSI in Pyr;4TFSI¥, [34] 7800 7800

2 m (LiPFg + LiFSI)/EMS, this study 6000 6000

2 m (LiPFg + LiFSI)/SL, this study 2400 2400

* Estimations are based on the other supplier (TCI Chemicals), with higher quantity and purity of reagents available. The price of graphite is neglected.
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than the LFP-based ones (20% advantage in costs). However, as speci-
fied earlier, specific characteristics of graphite in this electrolyte are
more moderate than in sulfone-based ones. Electrolytes with higher
concentration of lithium salt (7 M, [17]) exceed the price of the
LFP-based system several times. An ionic-liquid-based alternative,
despite its promising performance [34], suffers from the same
drawback.

If we consider the 2m-concentrated EMS-based electrolyte series on
the laboratory scale, we double the costs compared to the LFP-based
reference. However, for the same salt concentration, the replacement
of EMS by SL is price-beneficial: a system based on a graphitic cathode
and the SL31 electrolyte is 20% cheaper than the one based on LFP and
LP30. Noteworthy, higher loadings of the electrodes, more relevant for
potential industrial applications, would be profitable for the graphite-
sulfone electrolyte combination. Thus, if the electrode loading is
doubled (keeping the electrolyte volume unchanged), the cathode-
electrolyte price for the LFP-reference increases to 4700€, making the
sulfolane-based electrolyte even more competitive from the economical
point of view, especially, if the recycling costs are accounted for. Lastly,
we must make a note of caution, since the prices of the reagents for
laboratory and industry might differ strongly, and also can change
quickly. Therefore, we highlight that the given price estimations are
approximate, and serve primarily to demonstrate the importance of the
economical factor for electrolytes’ development.

3. Conclusion

In our study, we demonstrated the principal possibility of making
practice-relevant sulfone-based electrolytes for long-term cycling of
dual-ion batteries with a graphitic cathode. These electrolytes were
made compatible with both metallic lithium and graphite, serving as
anodes, by applying the synergy of two lithium salts: LiPFg and LiFSI.
The first one was necessary to passivate the cathodic current collector
during the formation cycles, whereas the second one assured the sta-
bility of sulfones against reduction at low potentials. We were able to
avoid using the concept of super-concentrated electrolytes, which
resulted in improvement of specific characteristics of the graphitic
cathode. Several hundreds of electrochemical cycles at various current
densities with high coulombic efficiencies are possible for such battery
cells. Current densities in between 100 and 300 mAeg™! were found to be
optimal. If lithium metal is used as an anode, such cells can already be
upscaled for practical applications, the ones with a graphitic anode
would require additional optimisation, especially in terms of prepara-
tion protocol. This might include putting the assembled cells under
slightly elevated temperatures to reduce the storage time before elec-
trochemical procedures, or pre-cycling of the graphitic anode. We expect
that the time required for proper wetting of the electrodes by sulfone-
based electrolytes might be significantly reduced, if the assembled
cells are stored at a moderately elevated temperature. This is particu-
larly important for improving the previously mentioned practical ex-
pediency. Such investigations are considered for further research on the
system.

Furthermore, it was possible to develop a sulfolane-based electrolyte,
competitive from economical aspects, as well as in terms of perfor-
mance. Since the family of sulfones contains a lot of compounds, an even
cheaper one (or a mixture of sulfones) can be selected as the solvent. We
assessed the perspectives of improving the studied electrolytes through a
fundamental approach. In particular, we conducted a primary physico-
chemical investigation of the binary ethyl methyl sulfone — sulfolane
system, and built its phase diagram with a binary eutectic point defined,
purposing to broaden the operating temperature window of the dual-ion
batteries from current work. This approach, however, is not straight-
forward in application, as it was shown by the subsequent conductiv-
ity measurements, and requires an extended study, such as investigating
the ternary systems of a type binary salt — singular solvent.

Extensive studies involving EIS at various states of charge, post-
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mortem SEM, TEM, XPS, as well mass-spectrometry during cell opera-
tion, to target the possible formation of an artificial solid electrolyte
interface on the anode of DIB and cathode electrolyte interface on its
positive electrode during storage, will be the main subject of follow-up
papers, as well as processes occurring on both electrodes upon long-term
cycling in the sulfone-based electrolyte series. Special focus will be put
onto influence of the storage conditions on the latter and the resulting
battery behaviour. Finally, the electrolytes presented in this work might
find applications in other high-voltage batteries, for example, with Li-
NMC cathodes, although their low electric conductivity might be an
issue. Another interesting direction would be to expand the proposed
electrolyte concept onto dual-ion systems with other alkali-metals.
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