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Abstract
Adual-ion battery employs two graphite electrodes to host cations and anions from the electrolyte.
The high potential required to intercalate anions in graphite fully, typically> 5V versus Li+/Li,
triggers electrolyte decomposition and dissolution of the aluminiumcurrent collector. Such unwanted
reactions significantly aggravate self-discharge, leading to low energy efficiency and shorter cycle life.
This study investigates changes in graphite structure during the intercalation of bis(fluorosulfonyl)
imide (FSI) anion in 4MLiFSI in ethylmethyl carbonate (EMC) and evaluates the stability of the
associated FSI-intercalated graphite compounds using in situRaman spectroscopy. The results
highlight the critical importance of the duration theGICs remain in contact with the electrolyte,
before the acquisition of the Raman spectra. Accordingly, theGICswith high FSI anion content
exhibited only short-term stability and lost anions during open-circuit potential relaxation; only
dilute GIC phases (stages� IV)were sufficiently stable in the presence of the concentrated electrolyte.
Furthermore, the formation of gaseous products during the charge–discharge cycles was verified using
a 3-electrode cell with a pressure sensor. Future studies can adopt the experimental strategy developed
in this work to assess the efficacy of electrolyte additives inmitigating self-discharge inDIBs.

1. Introduction

Owing to its layered structure, interlayer spacing of 3.35 Å, and electronic structure, graphite can host both
anions and cations, forming donor- and acceptor-type graphite intercalation compounds (GICs) [1–4]. Some
acceptor-typeGICs have found applications as positive electrodes in dual-ion batteries (DIBs), an emerging
technology promising for stationary energy storage applications [5–15].

Most anion intercalation in graphite occurs in the 4.3 to 5.2V versus Li+/Li range, which raises a serious
challenge associatedwith the degradation of state-of-the-art electrolytes, Al current collector, and binders
[7, 16, 17]. These oxidative reactions have been cited as possible reasons for coulombic efficiencies of< 100%
and quick self-discharge inDIBs using anion-intercalatedGICs [17]. Thus, there is a pressing need for
electrolytes with high oxidative stability and the ability to formprotective layers at the electrode–electrolyte
interfaces [7, 16–19]. So far, the reversible graphite-graphite DIB chemistry has been enabled by electrolytes
composed offluorinated salts, solvents and additives, which canwithstand electrochemical reactions above 5V
versus Li+/Li [20–23]Themost common electrolytes employed inDIBs are concentrated-salt organic
carbonates and ionic liquids (IL) [20, 24–26]. Awide variety of salts, including those containing PF6

−, BF4
−, ClO4

−,
bis(fluorosulfonyl)imide (FSI) and bis(trifluoromethane sulfonyl)imide (TFSI) anions have extensively been
studied in electrolytes forDIBs [15, 16, 22, 27, 28]. Though salts containing PF6

− andBF4
− are efficient in

passivating Al current collectors, they have relatively limited solubility or pose safety concerns linked toHF
generation, particularly in the case of PF6

− [29]. As a result, salts containing FSI andTFSI anions are preferable
from a safety and performance perspective. Alongwith carboxylate esters and linear carbonate solvents, these
salts allow to prepare electrolytes with concentrations of up to 5M, achieving an optimum trade-off between
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ionic conductivity and energy density [9, 16, 30]. However, concentrated electrolytes of TFSI and FSI-based salts
still suffer from long-termdegradation andAl dissolution, causing poor coulombic efficiency (CE) and limited
cycle life ofDIBs [7, 16]. Some fluorinated electrolyte additives such as LiPF6, LiBF4, lithiumdifluoro(oxalate)
borate (LiDFOB) andmethyl difluoroacetate have been shown to some extent tomitigate parasitic reactions
[22, 31]. In the absence of additives that can passivate the electrode–electrolyte interfaces, low coulombic
efficiency, short cycle life and aggravated self-discharge were observed [22, 31]. Tools such as XPS and electron
microscopy have been used to characterise the insoluble products forming on the surface of graphite electrodes
[7, 16]. Full analysis requires characterisation of the species dissolved [32–34] in the electrolyte and the gases
evolved [35–39].

The impact of side reactions on long-term charge retention and stability of GICs can be evaluated using
various techniques, including x-ray diffraction, Raman spectroscopy, electrochemical dilatometry, online
electrochemicalmass spectrometry, and x-ray spectroscopy [9, 16, 27, 37, 40–44]. In particular, in situRaman
spectroscopy can readily be applied to track structural changes inGICs during anion intercalation and extraction
processes [1, 42]. This study applies in situRaman spectroscopy to explore the stability of FSI-intercalatedGICs
prepared electrochemically in Li-graphiteDIBs. Similar to previous studies on other anions, it is proven that FSI
intercalation in graphite gives rise to a series of stagedGIC phases forming at different potentials. The stability of
the FSI-intercalated graphite compoundswas exploredwith the help of Raman spectroscopy and operando gas
pressuremeasurements. Electrochemical tests were performed to determine the optimumpotential range
required for reversible anion intercalation, assess rate capability, and track changes in the structure of theGIC
phases occurring during self-discharge in a 4MLiFSI-EMC electrolyte. The FSI-intercalatedGIC electrodes
were stored at open circuit potentials in the electrolyte to investigate their oxidative stability. Any structural
changes weremonitored using in situ and ex situRaman scatteringmeasurements. The total gas pressure was
measured operando in a three-electrode cell consisting of a Li4Ti5O12 (LTO)negative electrode, a positive
graphite electrode, and a lithium reference embeddedwithin the separator.

2.Method

2.1. Electrode and electrolyte preparation
The graphite electrodes contained 95weight%KS6 graphite (KS6TIMREX® from IMERYS, up to 20μmin size,
∼26m2 g−1 BET specific surface area) and 5wt%carboxymethyl cellulose (CMC, Leclanche®). A slurry was
prepared bymixing the activematerial and binder in de-ionisedwater and homogenised for about 30 min at
20Hz using a Retsch PM400 shaker. The slurrywas then cast onto carbon-coated Al foil using a doctor blade
(ZFR 2040, Zehntner® testing instruments) on a bar-coater (RK®Control Coater). The coatingwas allowed to
dry at ambient conditions. Similarly, Li4Ti5O12 (LTO) electrodes were prepared from a slurry containing LTO
(HOMBITEC,Venator), SuperP carbon (Alfa Aesar®), andCMC in 85:10:5weight proportion and blended at
30Hz. Then, 13- and 20-mmdiameter disk electrodes were punched out from the coating using a perforator
(Hohsen® electrode puncher) and dried under vacuum (BüchiGlassOvenB-585) at 120 °Cover 12 h in an
Ar-filled glovebox (GSGlovebox Systemtechnik, O2< 1 ppm,H2O< 1ppm). On average, the arealmass
loadings of graphite and LTO electrodeswere about 4 and 3.3mg cm−2, respectively.

To prepare a 4MLiFSI electrolyte, the desired amount of lithiumbis(fluorosulfonyl)imide (LiFSI, 99.9%,
Solvionic)was dissolved in ethylmethyl carbonate (EMC, Sigma-Aldrich®) tomake up a 4Mconcentration. The
LiFSI salt was dried at 60 °C for 36 hwhile EMCwas dried over activatedmolecular sieves (3Å) for at least 48 h
andfiltered through a 200 nmPTFEmembrane before use. The electrolytemixture was stirred overnight for at
least 12 h before use. Using aKarl Fischer coulometer (Metrohm®), thewater content in the electrolyte was
determined to be< 7 ppm.

2.2. Electrochemical testing
Pouch cells were assembled in two- and three-electrode configurations using positive graphite electrodes,
lithium (16mm) or LTO (13–18mm) as the negative electrodes and lithium reference electrodes. Glass fibre
membrane (Whatman®, 240μm, 20mm in diameter) andCelgard® 2325 (25μm in thickness, 9 cm2 area, 39%
porosity), whichwere soaked in 100–150μl of the 4MLiFSI in EMCelectrolyte, were used as the separators.
Cyclic voltammetry experiments were conducted onMPG2potentiostats (fromBioLogic®) at a scan rate of
0.1mV s−1 with four different potential cut-offs, 5.0, 5.1, 5.2, and 5.3 V versus Li+/Li, to assess the optimum
working potential ranges. Furthermore, galvanostaticmeasurements were conducted at 20mAg−1 between 3
and 5V versus Li+/Li using Arbin BTS andMPG2 (BioLogic®) cyclers. In addition, rate tests were performed at
20, 50, 100, 200, and 500mA g−1 on 3-electrodeDIB.
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2.3. Raman spectroscopy
Renishaw® inVia Ramanscope, equippedwith a 50-mW532 nm laser, was employed to collect the Raman
spectra of pristine and cycled graphite electrodes. Duringmeasurements, the laser was focused on selected
sample spots using a 50x objective lens. The laser powerwas fixed at 1%with a 20-s exposure time to prevent
sample and electrolyte damage due to overheating. Before themeasurements, the instrument was calibrated to
set the peak for the Si wafer at 520.5 cm−1. The spectraweremeasured on several spots on each sample, and their
cumulative intensity was used to provide themost representative spectrum. The background, due to
fluorescence, wasfitted to a polynomial function and stripped from some of the spectra.

In situmeasurements were conducted on a pouch cellfittedwith a borosilicate glass window throughwhich
the laser signal impinged on the graphite electrodes (seefigures 1(a) and (b)). The Raman spectrawere collected
at different states of charge and discharge. The cells were subjected to galvanostatic charge and discharge at
20mA g−1 to various potentials: 4.5, 4.7, 4.85, and 5.0 Vduring charging, and 4.6, 4.4, 4.2, 4.0 and 3.0V during
discharging. TheRaman spectra were acquired in situ directly after the current interruption, limiting the extent
of self-discharge. For ex situ Raman scattering,more than 15 cells were charged and discharged at 20mAg−1 to
different potential cut-offs (4.5, 4.7, 4.85, and 5.0 V versus Li+/Li on charge, 4.6, 4.2, 4 and 3.0V versus Li+/Li
on discharge), and allowed to rest at open circuit potential (OCP) and ambient conditions for 1 to 168 h (1
week). The selected potentials represented the transitions between various FSI anion intercalation/
deintercalation stages in graphite. The graphite electrodes were removed from the cells inside a glovebox for
subsequent Raman spectroscopy analysis.

Finally, self-discharge tests were performed on anMPGBiologic potentiostat at 20mAg−1 in the 3–5.0 V
voltage range. The cells were charged to 5.0 V and left to relax atOCP for about 100 h, after which the graphite
electrodes were recovered for further Raman spectroscopymeasurements. Non-linear curve fittingwas carried
out in Rampy [45] using Breit-Wigner-Fano (BWF) [46] and Pseudo-Voigt functions.

2.4.Operando gas pressuremonitoring
Thepressure developed due to gaseous decompositionproducts during anion intercalation andde-intercalation
wasmonitoredusing thePAT-cell fromEL-CELL®.Within this setup, amaximum leakage rate of 0.3mbarh−1

was guaranteedbyhelium leak tests. The three-electrode setup consisted of a Li4Ti5O12 (LTO) counter electrode, a
graphiteworking electrode, and a Limetal ring as the reference electrode. LTOelectrodeswere used instead of
lithiummetal tominimise the reductive degradationof the electrolyte and its contribution to the total gas pressure.
The galvanostatic testswere conducted on the cells kept in a climate chamber at 30 °C.

3. Results and discussion

3.1. Electrochemical performance
Figures 2(a)–(d) shows a selection of the cyclic voltammograms (CVs)with different upper potential cut-offs.
TheCVs exhibitmultiple oxidation and reduction peaks, which characterise the electrochemical intercalation of
anions in graphite resulting in the formation of different phases of acceptor-typeGICs [16].Most FSI
intercalation occurred at potentials above 4.3 V,whereasmost deintercalation started at<4.7V. The
characteristic signatures of staging intercalation reactions in graphite were visible regardless of the cut-off

Figure 1.Monitoring structural changes in graphite electrode using in situRaman spectroscopy: (a) a picture showing the pouch cell
designed for in situRaman scatteringmeasurements, and (b) a schematic illustration showing the arrangement of electrodes and
separators in the pouch cell in (a).
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potential. However, the peaks disappeared alongwith a sharp decline in capacity over 20 cycles when the cut-off
was extended to 5.3 V versus Li+/Li. The trends in the discharge capacities and associated coulombic efficiencies
for the 50 cycles (figures 2(e) and (f)) reveal clear dependence on the cut-off potentials. As the potential increased
from5.0V to 5.1 and 5.2V, the discharge capacities increased from80 to 105mAh g−1, even though the
coulombic efficiency deteriorated [16]. This observation confirms that complete anion intercalationmay
require> 5V in order to form stage-I GIC inwhich all the interlayer spaces are occupied [27, 47]. Extending the
cut-off potential to 5.3 Vundermined electrochemical performance (figures 2(d)–(f)), manifesting in very low
coulombic efficiency (30%versus 72% at 5.0V for the initial cycle) and quick capacity fading. Decreasing CEwas
observed in the order 5.0> 5.1> 5.2> 5.3 V versus Li+/Li. Therefore, the potential cut-off was eventually fixed
at 5.0 V for further tests conducted in this study. Tests were conducted on Li-Al cells to evaluate the stability
of the Al current collectors in the same electrolyte in the potential range of 3 to 5.2 V. Amaximumcurrent of
2.08mA cm−2 was observed in thefirst cycle CV (see figure S1), which diminished to 1.59 and 0.64mAcm−2 at
the 2nd and 20th cycles, respectively. The reason behind this observation can be attributed to depletion of free
solventmolecules in the concentrated electrolyte, and inhibition of the anodic Al dissolution as the electrolyte
got saturatedwith [Al(FSI)x]

3−x complexes after the first few cycles [16].
DIBs are expected to perform reasonablywell at high rates since they use cations and anions in the electrolytes,

forwhich a high Li+ transport number is unnecessary. The galvanostatic data infigure S2 (a) and (c) given for
currents of 50–1000mAg−1 showed that the capacity decreased slightly to∼57mAhg−1 at 2A g−1 amounting to
approximately 60%capacity retention vis-à-vis the capacity at 50mAg−1whichwas∼ 90mAhg−1. It should be
noted, however, that the coulombic efficiency remained reasonably low for 50mAg−1 88%–97%and increased to
99%as the applied current increased to 2A g−1. The trenddemonstrated that the FSI-intercalatedGIC electrodes
possessed only short-term stability in the concentrated electrolyte.No long-termprevention of parasitic reactions
was achieved. The conclusionwas further verified in the self-discharge experiments coupledwithRaman
scattering andoperando gas pressuremonitoring discussed in the following sections.

Figure 2.Evaluating potential cut-offs required for optimumanion intercalation in Li-graphite half-cells using cyclic voltammetry
(CV) recorded at 0.1mV s−1 for 50 cycles: selectedCVs are shown for the upper cut-off potentials fixed at a) 5.0V, b) 5.1V, c) 5.2V
and d) 5.3V. The curves show a series of different peaks during oxidation and reduction reactions. A summary of (e) discharge
capacities and (f) associated coulombic efficiencies obtained from theCV tests.
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3.2. Assessing the stability of FSI-intercalatedGICs usingRaman spectroscopy
The differential capacity vs voltage plot shown infigure 3(a)was used to determine the potentials for the formation
and transitions of the stagedGICs.Most importantly, four peakswere observed at approximately 4.4, 4.5, 4.7, and
4.85V versus Li+/Li during charge and 4.6, 4.4, 4.2, and 4.1V versus Li+/Li ondischarge. TheRaman spectra (see
figure 3(b)) from in situmeasurementswere performedon cells subjected to galvanostatic charge anddischarge to
various potentials: 4.5, 4.7, 4.85, and 5.0Vduring charging, and 4.6, 4.4, 4.2, 4.0 and 3.0Vduring discharging. In
the spectrumof the pristine graphite, twofirst-order scattering bandswere observed at 1575 cm−1 and 1348 cm−1

attributed to theG andDband, alongwith the second-order scattering (2D)bands at 2678 and 2711 cm−1. The
presence of theDband (also known as the defect band)usually indicates that thematerial has structural defects
related to stacking faults, point defects, and crystallite edges [42, 48]. TheGbandoriginates from the in-plane
vibrations of the sp2 carbon–carbonbondswith anE2g2 symmetry [48, 49]. The intercalation of ions disrupts the
stacking sequence of graphene layers, causing a shift in theG-band and the emergence of newbands [23].
Dependingon the extent of intercalation, therewill be periodic arrangements of occupied andunoccupied layers
between the graphene planes, until all arefilledwith the anions. The stagedGICs can be identifiedusing their
uniqueRaman spectra showingpeaks at differentwavenumbers andwith variable intensities.

As can be seen infigure 3(b), during the intercalation process at 4.5V, twomore bands emerged at
1609 cm−1 and 1632 cm−1 in addition to theG bandmode located at 1585 cm−1. Thefirst two bands at higher
wavenumbers result from interactions between the bounding (b) graphene layers and the intercalated FSI
anions. In contrast, the second one, situated at a lowerwavenumber, originates from interior (i) graphene layers
adjacent to other graphene layers. The former is designated as E2g2(b)mode and the latter as the E2g2(i)mode.
Thus, the anion intercalation in graphite is generally indicated by the emergence of the E2g2(b) peak, which
signals the charge transfer process between FSI anions and the boundary graphene layers [16]. Asmore graphite
layers were intercalated at 4.7V, both bands underwent a blue shift, and the intensity of the E2g2(i) band
diminished as opposed to E2g2(b) band, whose intensity dramatically increased. At 4.85V, the E2g2(i)mode
disappeared, followed by an increase in the intensity of the E2g2(b)mode, which further shifted to 1620 cm−1.
Interestingly, an additional bandwas observed at 1631 cm−1 as a shoulder on the E2g2(b)mode, which indicated
a phase transition of theGIC (possibly from stage-III to stage-II).When stage-II GIChas formed, each graphene
layer will be bounded by a layer of anions on one side and a graphene layer on the other side, i.e., adjacent layers
of graphene and intercalated anions. This transition could be seen as the highest peak in the differential capacity
plot infigure 3(a). Upon further intercalation at 5.0V, the E2g2(b), previously observed at 1620 cm

−1, was no
longer detected, and a single, intense peakwas observed at 1635 cm−1, indicating that the stage transitionwas
complete, and aGICwith few or no interior layers was formed (stage-II phase) [27, 42, 47]. The reverse trendwas
observed during the deintercalation process. After discharge to 4.6 V, a new band (E2g2(i)) located at 1622 cm

−1

emerged next to the E2g2(b) band at 1633 cm
−1. The new band indicated the extraction of FSI anions from the

graphite, leading to the re-emergence of interior graphene layers within the structure. As the graphite was further
discharged, the E2g2(i) intensity increased continuously while the E2g2(b) intensity decreased, and both peaks
shifted to lowerwavenumbers. Finally, after discharging to 3V, theG band grewmore intense andmoved to

Figure 3.Monitoring structural changes in graphite electrode using in situRaman spectroscopy: (a) the differential galvanostatic plots
showing the charge–discharge peaks associatedwithGICphase transitions, and (b) the in situRaman spectrameasured on the
different GIC phases indicated by the charge–discharge peaks in (a).
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approximately the starting frequency of∼1585 cm−1. However, the E2g2(b) band did not disappear entirely but
insteadmanifested as a shoulder on themost intenseG band (corresponding to E2g2(i)). Thatmeans some FSI
anions remained trapped in the graphite structure.

Having identified structural changes at thepotentials of interest,we further investigatedhowself-discharge,
causedbyparasitic reactions, affected the structure of FSI-intercalated graphite electrodes.The graphite electrodes
were charged anddischarged to thepotentials indicated infigure 3(a) and stored in the cells for short (<10h) and long
(1week)durations before ex situRaman spectroscopymeasurements (figure 4). Similar to the in situmeasurements,
theRaman spectrum for theGICobtained at 4.5Vwasmarkedwith theGband splitting into twobands for the
reasons explainedpreviously. Still, the shifts and the relative intensities varieddependingonhow long the electrodes
rested in contactwith the electrolyte inside the cells. TheRaman shifts observed infigure 4were generally similar to
the spectra from in situmeasurements.However,morepronounceddifferenceswerewitnessed as chargingproceeded
tohigher potentials. In all cases, the twobands at 4.7V shifted tohigherwavenumbers, and the intensity of theE2g2(i)
bands (1586–1588 cm−1)decreased,while theE2g2(b)band (1612–1618 cm

−1) generally intensified.
Interestingly, the duration ofOCP relaxation caused a significant change in the spectrum for theGICs

prepared at 5 V. The E2g2(i) bandwas barely visible in the ex situ spectrum after shortOCP relaxation
(figure 4(a)) butwas significantly intense in the graphite electrode from the cell that rested for about 1week at
OCP (figure 4(b)). The E2g2(b), observed at 1635 cm

−1 in the in situ spectrum, shifted to 1617 cm−1 after self-
discharge over 1week. At the end of the deintercalation the E2g2(i) (∼1580 cm−1) band did not return to the
original position (∼1575 cm−1), which evidently showed that some anions still remained in the graphite
structure. Overall, thesemeasurements strongly indicated that considerable amount of FSI anionswas lost from
the graphite structure due to the self-discharge process.

The potential evolution duringOCP relaxation of a fully-chargedDIBwas used to further assess the long-term
stability of fully FSI-intercalated graphite electrodes. The testwas followed by ex situRaman spectroscopy. As
shown infigure 5(a), the cellwas initially cycledfive times between 3 and 5V at 20mAg−1. At the 6th cycle, the cell
was fully charged to 5.0V and then allowed to relax atOCP for about 100 h. Itwas observed that the potential
declined gradually to∼ 4.5Vover 30h, afterwhich it decreasedmore sharply to∼ 4.4V. Finally, the cell attained a
relatively stable potential at∼ 4.34V at 100 h.When the cell discharged, the coulombic efficiencywas only∼ 40%
as opposed to∼ 90%observed for the previous cycle (figure 5(b)). The coulombic efficiency increased from80%
on the 7th to∼ 90%on the 16th cycle. Afterwards, the cellwas fully charged to 5V and allowed to rest atOCP for
100 h, atwhich the potential was 4.38V.The graphite electrodewas then removed from the cell in a glove box, and
aRaman spectrumwas collected (seefigure 5(c)). Before self-discharge, as discussed above, in the spectrum for the
GIC at 5.0V, the E2g2(i)peak,was located at about 1633 cm

−1. After self-discharge over 100 h, three overlapping
bandswere observed. The overlap of the E2g2(i)with E2g2(b)modes pointed to the release of the intercalated FSI
anions from the graphite host, which caused the band at 1633 cm−1 to shift to 1630 cm−1. Additional bands could
be seen around1619 cm−1 and 1588 cm−1 as otherGICphases formed.Thesefindings and the rate characteristics
indicated that the concentrated electrolyte used in this study did not entirely eliminate parasitic reactions at the
CEI.As a result, only the low-stageGICs (typically stage-IV) are sufficiently stable. It should be noted that the
Ramanmeasurements on anion-intercalatedGICsmust be performedwithout toomuch exposure to the
electrolyte, preferably in situ, in order to accurately capture the structural subtility.

Figure 4.Raman spectrameasured ex situ on graphite electrodes during charge and discharge processes after self-discharge relaxations
atOCP over (a)<10 h, and (b)∼1week.
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Apart fromRaman spectroscopy, the stability of FSI-intercalated graphite electrodeswas assessedusing
operando gas pressuremeasurements on three-electrode cells consisting of LTOand graphite electrodeswith a
separate Li reference (see a schematic of the cell infigure S3(a)). As shown infigures S3(b)–(d), extended voltage
plateaus emerged in the galvanostatic curveswhen the cell potential reached 4.95V versus Li+/Li. The
phenomenonwas accompanied by a drastic pressure increase inside the cell, indicative of the generation of
gaseous products accompanying the FSI intercalation reactions. The overall gas pressures slightly decreasedwhen
chargingwas limited to lower cut-off potentials of 4.9V and 4.84V.The total pressure reached a plateau at open-
circuit potential relaxation at the end of the deintercalation process at 3V, i.e., at the end of the redox reaction. The
trend confirmed that the pressure buildup resulted fromelectrochemical processes that entailed the oxidative
decomposition of the electrolyte andpossibly surface oxidation of the graphite in the presence of traces ofwater
[50], resulting in gases such asCO,CO2,H2 and SO2 [36, 37, 51]. As reported inprevious publications, some gases
could also be generated on the LTOelectrode [52]. Further research is needed to identify the nature andorigin
these gases using advanced techniques like online electrochemicalmass spectrometry.

4. Conclusions

This study investigated intercalation behaviour and self-discharge of FSI-intercalated graphite compounds in
DIBs using an EMC-based electrolyte containing 4MLiFSI salt. Raman spectroscopy, performed both ex situ
and in situ, revealed the intricate structural changes accompanying the formation of various FSI-intercalated

Figure 5.Tracking self-discharge of aDIB charged to 5V and allowed to rest for a 100 h (a) the chronopotentiogramswithOCP
relaxations after the 5th and 18th cycles (b) the coulombic efficiency for the cycles shown in (a), (c) the Raman spectra for pristine
graphite, FSI-intercalated graphite at 5V, and graphite electrode charged to 5V and after a 100 h-OCP rest.
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graphite compounds. Initially, the characteristic bands of pure graphite were observed at∼1347 cm−1 (Dband)
and∼1575 cm−1 (Gband). Additional bands emerged at higher frequencies in the course of FSI intercalation.
When charged to 4.9 to 5V, a new, intense band appeared at∼ 1632–1635 cm−1, attributed the formation of the
blue-coloured stage-IIGIC.Ondischarge, FSI extraction caused a series of phase transformations in the different
stage-GICs, as verified by the bands in theRaman spectra. After discharge to 3V,mainly theD,G, and 2Dbands
were observed at frequencies close to that of pristine graphite, thereby confirming the chemical reversibility of
FSI intercalation in the electrolyte under consideration. The impact of self-discharge uponOCP relaxationwas
tracked using Raman spectroscopy and operando gas pressuremeasurements. DuringOCP relaxation, the
potential declined gradually to∼ 4.5V over 30 h, decreasing to a practically stable potential of∼ 4.34Vover
100 h. A considerably reduced coulombic efficiency (∼ 40%)was observed for theDIB after theOCP rest, though
it increased to about 90% in the subsequent cycles. Compared to the spectrummeasured at 5.0 V,which showed
a single, intense band at 1633 to 1635 cm−1, self-discharge caused the emergence of three bands at 1630 cm−1,
1619 cm−1, and 1588 cm−1. Such changes in the spectrum indicated that FSI anionswere lost as the cell rested at
OCP for 100 h. The observation implied that the FSI-intercalatedGICs (with low-stage index)were only
kinetically stable in contact with the electrolytes. Furthermore, increasing the upper cut-off potential intensified
the release of gaseous products generated in the cell, as indicated by operando gas pressuremeasurements.
Similar studies will be needed to clearly show the impact of salt and solvent additives on the eventual stability of
anion-intercalated graphite electrodes and their performance inDIBs.
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