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Lithium-lon Batteries Containing Surfactants for the
Protection of Graphite Anode against the Passivation Layer

Byproducts

Fabien Chrétien,” Georgios Nikiforidis,™ Christine Damas,” and Mériém Anouti*®

The electrolyte is an essential component of all electrochemical
devices, including lithium-ion batteries (LIBs). During the initial
charging process, a portion of the electrolyte (usually a mixture
of organic solvents and lithium salts) decomposes at the anode
surface, forming a thin layer of solid electrolyte interface (SEI).
This study examines the physicochemical properties of three
surfactants: lithium dodecyl sulfate (LiDS), polyoxyethylene
ether Forafac 1110D (LiF1110), and lithium perfluoro octanesul-
fonate Forafac 1185D (LiFOS). Initially, their thermal properties
(surface tension and contact angle) are determined. Then,
electrochemical tests (cyclic voltammetry, galvanostatic charge-
discharge cycling, and electrochemical impedance spectro-
scopy) followed by ex-situ X-ray photoelectron spectroscopy
(XPS) measurements on the graphite anodes in a standard

Introduction

Lithium-ion batteries (LIBs) have been widely used in electronic
devices for many decades and are currently making their way
into the energy storage market (i.e., they are one of the
dominant storage technologies for large-scale plants to help
electricity grids ensure a reliable supply of renewable energy)
as well as the electrification of transportation. On top of their
flexibility and falling prices, advances in digital technologies
such as artificial intelligence, blockchain, and predictive ana-
lytics are spurring innovative storage business models. Mean-
while, a great deal of research on the (electro)chemistry and
operating performance characteristics (primarily the energy
density) of LIBs is currently underway.

In a nutshell, LIBs are typically based on a graphite negative
electrode (with a theoretical specific capacity of 372 mAhg™,
anode)" and a lithium transition metal oxide positive electrode

[a] Dr. F. Chrétien, Dr. C. Damas, Prof. M. Anouti
Laboratoire PCM2E,
Université de Tours,
Parc de Grandmont, 37200 Tours, France
E-mail: meriem.anouti@univ-tours.fr
[b] Dr. G. Nikiforidis
Institute for Materials Discovery,
University College London,
Malet Place, WC1E 7JE London, UK
Supporting information for this article is available on the WWW under
https://doi.org/10.1002/celc.202300102

© © 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH. This
is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

ChemElectroChem 2023, €202300102 (1 of 11)

electrolyte ethylene carbonate/propylene carbonate/3 dimethyl
carbonate +1 molL™" LiPF; are conducted to compare the
surfactants’ action according to their chemical structure, as well
as their effect on the interface properties of the formed SEI. The
results indicate that surfactants improve electrode interfaces
due to their amphiphilic character, preventing the harmful
effects of passivation layer salts (LiF, LiOH, Li2O, etc.) that
deposit on the graphite interfaces. The three surfactants affect
the cycling behavior and performance of the half-cells differ-
ently depending on their ionic or nonionic nature and the
polarity or non-polarity of the salt (e.g., lithium fluoride LiF,
lithium oxide Li,O0), with LiF1110 demonstrating the best
performance.

(cathode).” Commonly used linear or cyclic alkyl carbonates
(that decrease the melting point and viscosity such as ethylene
carbonate, dimethyl carbonate, ethyl methyl carbonate) dis-
solved in the appropriate lithium-based salt (i.e., lithium
hexafluorophosphate, LiPF;) are electrochemically reduced at
the anode surface during the initial cycles forming an insoluble
passivating film known as the solid-electrolyte interphase
(SEN.®' The latter is a critical component of LIBs in that it
prevents further electrolyte or solvent decomposition (i.e., SEI
hinders electron tunnelling from the electrode™), facilitates the
Li* transport and adds stability and durability to the cell,
namely the power capability, safety, and cycle life. It is well
accepted today that the SEl is ~10-50 nm thick and comprises
inorganic salts (e.g., Li,CO,, Li,O, LiOH and LiF)® along with
decomposed carbonate molecules.”” These species are usually
arranged in stratified structures, with the innermost layer being
more inorganic (i.e., LiF and Li,O) and the outer layer more
organic (e.g., semi-carbonates, oxalates, alkoxides, and
polymers).”? Hence, their precipitation and accumulation at the
interfaces (e.g., graphite, lithium metal, separator), and their
suspension in the electrolyte due to small crystallite size® can
be either beneficial or detrimental. More precisely, certain SEI
components such as Li,CO; and LiF have been reported to
enhance the quality of the passivation layer” while others (Li,O,
LiOH) are harmful since they accentuate the insulating character
of the SEL"® Given the significance and fragility of the SEI layer
(the solubility of the above salts depends on the nature of the
formed salt and the solvent mixture used), additives are widely
used as a means to regulate their characteristics and improve
the performance and safety of the battery.

© 2023 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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The electrolyte properties dictate how fast the cell reaction
can proceed (i.e., power density) and how many times a battery
can be charged and discharged (cyclability).”'" Additives are an
essential electrolyte component along with salt and solvent."?
The ideal amount of the selected additive likely depends on its
function in the cell and the amount needed to obtain the
desired effect (especially at the interface of electrode/electro-
lyte) without having a significant negative influence on other
properties impacting the performance.”” Amongst the various
classes of additives used,”” surfactants owing to their specific
spatial organization™ emerge as promising candidates to
alleviate the interfacial interactions that stem from the SEI layer
formation.""”

Herein, we oriented the scope of the role of surfactants as
protectors/stabilizers of the SEI in the presence or absence of
(mineral) salts comprising the SEI (i.e., LiF, LiOH, Li,CO,, Li,0).
The following three surfactants have been selected, namely,
lithium dodecyl sulfate (LiDS), polyoxyethylene ether Forafac
1110D (LiF1110), and lithium perfluoro octanesulfonate Forafac
1185D (LiFOS). The perfluorinated LiFOS and LiF1110 are
products of the company DuPont marketed under the name
Forafac" The aforementioned surfactants (Table 1) are se-
lected on account of their (i) polar or apolar character (e.g.,
ionic or non-ionic surfactant), (ii) hydrophobicity and interfacial
properties (hydrophobic C—H or C—F bonds), and (iii) complex-
xation ability owing to the ether function C—O—C.""”

LiDS is a lithium anionic surfactant similar to sodium
dodecyl benzene sulfate (NaDS),"® that has been widely used in
aqueous solutions (primarily due to its low cost)."” It has been
successfully integrated as a functional Li salt for aqueous LIBs
with moderate performance® while its NaDS has been
reported to accelerate the Li-ion diffusion at the LFP (lithium
iron phosphate) electrode on an LFP//zinc cell’™ To our
knowledge, LiDS has not been studied in an organic environ-
ment (i.e., the presence of hydrocarbon chains in the LiDS
structure makes it poorly soluble in organic solvents). LiFOS (a
highly fluorinated anionic surfactant) has been used as an
additive in lithium anodes in blended solutions comprising
propylene carbonate (PC), ethylene carbonate (EC) and
1,2 dimethoxyethane (DME) and lithium perchlorate (LiClO,)."®
The addition of this surfactant (the perfluorinated chains render
it highly soluble to organic solvents) enhanced the lithium

anode cyclability due to (i) a less porous structure restricting
the exposure of the Li surface to a chemical attack by the
solvent; (ii) larger dendrites or particles of Li leading to reduced
intergranular corrosion, and (iii) greater nucleation density
leading to a uniform distribution of the Li particles. Dai et al."*!
found that the addition of hexadecyl trimethylammonium
chloride (CTAC, a cationic surfactant) as an additive in the PC-
EC-dimethyl carbonate (DMC)-LiPF; electrolyte can aggregate
the protuberances of lithium deposition via electrostatic
attraction and suppress the growth of lithium dendrites by
lithiophobic repulsion mechanisms. Besides, another cationic
additive, heptafluorobutyric (HFA) in the presence of EC/DMC
was found to optimize the Li-ion solvation for stable Li and zinc
plating/stripping; the presence of long fluorinated chains
facilitates the formation of a uniform inorganic SEI and a
compact electrolyte interface while also enhances the wett-
ability of the separator.””

Moreover, LiFOS has been implemented in high-capacity
lithium-oxygen batteries as a perfluoro-surfactant and support-
ing electrolyte, which allowed exceptionally high miscibility of
perfluorochemicals with tetraethylene glycol dimethyl ether
(TEGDME) and an improved electrochemical reduction current
of oxygen.”” F1110D™ is a non-ionic surfactant which contains
oxyethylene units in a similar fashion to glymes (i.e.,, a long-
chain glyme ending in a perfluorinated carbon chain of six
carbons, Table 1) and has been used as an additive in acid-
based zinc cells” and LiS batteries® where the micelle
structure of the amphiphilic surfactant prohibits polysulfide
formation. In literature, the addition of surfactants as additives
to improve advanced battery interface (LiS, Zinc and aqueous
LIBs), is certainly recognized as a promising approach as
mentioned above, but no clear mechanism or comparison
between surfactant classes (ionic, non-ionic, fluorinated or not,
oxygenated or not) is discussed. Surprisingly, few to no works
to our knowledge report the effect of surfactants on graphite as
an anode, even though it is widely used in Li-ion batteries and
its surface is highly sensitive to cycling due to the formation of
the SEI.

In this study, the physicochemical properties of the selected
surfactants, together with their thermal properties such as
surface tension and contact angle, are initially analyzed. Next,
electrochemical tests including cyclic voltammetry, galvano-

Table 1. Chemical structure and properties of the surfactants investigated in this study; LiDS, LiFOS and LiF1110. MW denotes molecular weight, T; stands
for melting temperature, S denotes the maximum solubility in ternary mixture EC/PC/3DMC and C represents the concentration of the additives.

F1110D LiDS LiFOS
o 0
& I |
C H Hp o, Fa ] .
Chemical structure F o H c O0—S—O0 Li F C S—0O Li
6 13 12 (l 8 ||
o]
Formula CF,—(CF,)6—(C,H,0);,H Cy,H,s050,Li F(CF,)sSOsLi
MW [gmol ] 892.7 2723 506.1
T [°Cl —gw 138 3387
S [moldm™] >0.1 3.47x107°" >0.1
C [moldm™] 2.5%1073 >3.47x 107" (saturated) 25%1073

[a] Values from ARKEMA, verified by differential scanning calorimetry analysis. [b] Solubility limit by atomic absorption spectroscopy (Figure S1).
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static charge-discharge cycling, and electrochemical impedance
spectroscopy are conducted. Ex-situ X-ray photoelectron spec-
troscopy (XPS) measurements are also performed on graphite
anodes in a ternary carbonate mixture comprising PC, EC, and
DMC. Herein, we examine the effect of these surfactants as
additives in the standard electrolyte commonly used in
industrial batteries” and widely used as an optimized electro-
lyte formulation for Li-ion batteries in the literature®®* i.e., (EC/
PC/3DMC, by weight) with 1 molL™" lithium hexafluorophos-
phate salt (LiPF¢), on the interfacial properties and performance
of LIBs.

Results and Discussion
Physicochemical characterisation

F1110D can be described as a long-chain glyme, and BASF has
reported that their high glymes are soluble in all proportions
into several organic solvents such as diethyl ether and octane.
The LiDS behavior is not well-documented in non-aqueous
solutions, particularly its solubility, which is believed to be
poorly soluble in organic electrolytes such as PC, EC and DMC.
Tadano®” used LiDS in N-methylpyrrolidone at a concentration
of ca. 4x107* moldm™ while solubilities of LiDS and LiFOS in
PC have been reported to be less than 2.5x10™* and
0.12 moldm™3. Besides, in a PC/EC/2DME (1:1:2%yv) solution,
the solubility of LiDS reached 4.7 x 10> moldm~ and for LiFOS
1.67 moldm—3.1"%! Here, LiDS is introduced at saturation, attain-
ing a concentration of 2.68x 10™* moldm™. With the above in
mind, the solubilities of LiFOS and F1110D are identical and
based on the previous scarce literature while the LiDS
concentration is determined by atomic absorption spectro-
scopy.

The thermal behavior of the surfactants in Table 1 (within
—60 and 150°C) is shown in Figure 1a. The heat flux is
expressed in mWmg™ to level the mass differences between
the samples. F1110D exhibits a cold crystallisation at —10.3°C,
during heating. Upon cooling, a phase change between 0 and
40°C is evident, indicative of a crystal-type liquid, bound to its
amphiphilic bi-block structure.” Concerning the LiDS, during
the first cycle, it shows an endothermic peak at 137.6°C, in line
with its melting temperature (Table 1). Since the differential
scanning calorimetry (DSC) capsules are perforated to avoid any
increase in pressure, it is assumed that LiDS is hydrated (i.e., the
perforation leads to the sample(s) being in contact with air).
The second cycle displays an endothermic peak at 14.2°C and a
reversible exothermic one at 8.8°C, attributed to the phase
change of the liquid phase compound (i.e., strong organiza-
tion). LiFOS remains stable over the selected measurement
range and does not reveal any peaks. Overall, the investigated
compounds are thermally stable up to 150°C and therefore
suitable for use in carbonate-based electrolytes for LIBs. It
should be noted that the phase changes observed in solvent-
free additives are unlikely to occur when they are present in the
ternary carbonate mixture. This is because the additives will be
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Figure 1. (@) Thermograms of the three different additives mixtures inves-
tigated in this study. (b) Surface tension of the additives obtained in PC/EC/
3DMC by the Du Noty ring method.”? (c) Static contact angle of a PC/EC/
3DMC solution with or without the surfactants on different surfaces at 25 °C.
NMC stands for nickel manganese cobalt (522). (d) Electrochemical window
of the electrolytes listed above. The supporting salt is T moldm™ LiPF,. The
cyclic voltammetry was conducted on lithium/platinum electrodes at 25 °C.

The results of the second cycle are shown here. The arrow denotes the

direction of the voltammogram. The scan rate is 50 pVs™'.

solvated by the carbonates, which will lead to a different
molecular organization.

The surface tension (y) associated with the cohesive forces
within the electrolytes studied (i.e, PC/EC/3DMC with and
without the presence of the additives, Figure 1b) is sensitive to
surface changes. The y values of the carbonate mixture reach
335 mNm™" while the addition of surfactants leads to a
negligible variation, between 0.8 and 0.3 mNm™". The perfluor-
ocarbon additives exhibit mild surface activity due to the
hydrophobic and lipophobic character of the fluorocarbon
chains. The wettability (i.e., the ability of a liquid to spread over
a solid surface) of the electrolytes is measured through the
contact angle (6, Figure 1c) on different surfaces, namely
polyethylene (PE), polypropylene (PP) (i.e., base materials
comprising the separators), graphite and NMC (= Ni,Co,Mn,0, is
the formula of metal transition oxide cathode abrevied NMC in
battery domain (nickel cobalt manganese)). For the last two,
there is no significant enhancement in the wettability when the
additives are present with 6 lying between 8 and 20° (i.e., high
surface energy). It should also be noted that these measure-
ments show a large margin of error due to their porous nature
which accentuates the spreading of the drop and decreases the
measured contact angle. On the contrary, the wettability of
polypropylene and polyethylene is higher, lingering between
30 and 40°. Adding LiFOS or F1110D improves the wettability of
polypropylene (e.g., 44° to 28.5° for LiFOS) as opposed to
polyethylene.

After validating the surfactants’ inert thermal behavior and
absence of surface activity in the presence of the ternary
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carbonate mixture, their electrochemical behavior was inves-
tigated by cyclic voltammetry on lithium/platinum electrodes
(Figure 1d). The electrochemical window of the platinum work-
ing electrode in the presence of the surfactants within a voltage
range of 3.75V (i.e,, 0.4 to 4.15 V vs. Li/Li*) is in line with typical
carbonate electrolytes used in LIBs.?® There is no indication of
any reaction(s) that could manifest in the form of an irreversible
peak or abrupt current increase, within this voltage range (i.e.,
the surface activity is not manifested by parasitic redox
reactions). This is expected given the low amount (w%) of the
surfactant(s) in the mixture, yet it is essential to validate the
inertness of the working electrode surface.

Electrochemical characterisation

Figure 2 shows the voltammetry curves (CV) of graphite anodes
during the first cycle in the presence of the surfactants
exempting the lithium insertion domain (i.e., <0.4 V vs. Li/Li+).
In this voltage range, we can observe the formation of the
passivation layer (SEI) during the first cycle and other reaction(s)
that can take place in the presence of the surfactant(s) on the
graphite surface. The low potential region (i.e., 0.4-1.0 V vs. Li/
Li+) of the CV denotes the SEI layer formation.[29] A shoulder
is evident around 0.9V vs. Li/Li+ for all electrolytes, followed
by a pronounced peak assigned to the irreversible decomposi-
tion of electrolyte (initiated by the EC polymerization) and SEI
formation as described largely in literature.[30] The potential of
this peak (between 0.69 and 0.71 V vs. Li/Li+) is not influenced
by the presence or the nature of the surfactant. A non-
pronounced carbonate reduction peak (i.e., indicative of good
reduction stability) suggests a suppressed electrolyte decom-
position reaction. The broad peak at 2.25V vs. Li/Li+ for the
PC/EC/3DMC/LIPF6/LIDS electrolyte is due to (water) impurities
trapped on the micellar structure of the surfactant. Overall, in
the presence of the surfactants, the studied electrolytes form a
stable SEI layer and show no evidence of oxidative reaction(s)
to voltages up to 4.2 V vs. Li/Li+ (Figure 2b).

In the case of the reference electrolyte (PC/EC/3DMCQ),
1 moldm™ LiPF, and LiDS, there is an upward (exponential) rise
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Figure 2. Negative (a) and positive (b) sweep voltammograms of the first
cycle of three-electrode cells having graphite anodes and lithium metal as a
reference and counter electrode in the presence of the electrolytes listed in
Table 1. The scan rate is 50 uVs™'. The arrows denote the direction of the
voltammograms. The operating temperature is 25 °C.
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in current with higher cell voltages. In the presence of the LiFOS
and F1110D surfactants, there is a small/negligible oxidation
peak around 4.2V (more pronounced in the case of LiFOS),
probably due to fluorine degradation stemming from the
oxidative environment.®" Pierpaoli et al. proposed the electro-
chemical anodic degradation mechanism of polyfluorinated
alkanes via Kolbe reactions with the elimination of two fluoride
ions resulting from consecutive radical reactions.”" In all cases,
the intensity of the peak remained limited and only occurs
beyond 4.0V (essentially for LiFOS). Figure 3 shows the
reversible intercalation/deintercalation peaks® (i.e., the pairs of
peaks A-A’, D-D’ and E-E') for the first and seventh cyclic
voltammograms between 0 and 025V vs. Li/Li* for all
solutions. Peak D (0.075V vs. Li/Li*) denotes the first step of
insertion of lithium (i.e., Liy,C6—LiysC¢) where one space out of
two between two graphene planes is filled with Li. Peak E
(0.025 V vs. Li/Li") signifies the completion of LiysCs to LiCe.™
Points B and C describe the intermediate stages of the insertion
mechanism. Upon the reversal of the scan direction, the
deintercalation peaks (A, D" and E’) are evident. They exhibit,
however, different reversibility, i.e, AEg =100 mV=AE,y
while AE,, is equal to 48 mV. Beyond 0.25V no reaction is
present, ensuring the absence of secondary reaction(s) of the
material or electrolyte within this cell operating range.

The addition of LiDS increases the reduction potential
(0.119 to 0.125 V) and reduces the oxidation potential (0.067 to
0.086 V) with an increasing number of cycles. The reduction and
oxidation peaks are better defined (viz. reversible) at the
7" cycle indicating an easier intercalation-deintercalation mech-
anism into the graphite layers and hinting at the formation of
an effective SEI on the graphite surface in this solution. For the
cases of F1110D and LiFOS, both voltammograms reveal similar
behavior to the reference electrolyte. Peak E in the F1110D and
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Figure 3. First and seventh cyclic voltammetry plot of a Li-graphite cell
under a standard carbonate electrolyte (PC/EC/3DMC), 1T moldm~3 LiPF,, and
different surfactants (a) F1110D, (b) LiDS, (c) LiFOS, (d) without surfactant.
The concentration of the surfactants is given in Table 1. The scan rate is

5 uVs'. The operating temperature is 25 °C.
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Figure 4. Voltage profiles of Li/graphite coin cells under different surfactants
in PC/EC/3DMC and 1 moldm ™ LiPF4 with and without LiF at room
temperature and a C/10 rate. (a) F110D, (b) F110D +0.3 moldm™ LiF,

(c) LiDS, (d) LiDS +0.3 moldm ™ LiF, (e) LiFOS, (f) LIFOS +0.3 moldm3 LiF.
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LiFOS-based electrolytes was smaller than that in the standard
electrolyte implying a mitigated Li* insertion rate in the
graphite electrode at this voltage. Overall, at this intermediate

(a) (b) charge/discharge rate, the Li* ions intercalate into graphite in
b = — oD s 03 melam L the presence of the additives as effectively as in the standard
e 0 & 40 ternary carbonate electrolyte.
o8 Tos The composition of the SEI layer has been reported to
,>">l°.6 gue comprise different salts such as LiF, Li,CO,, LiOH, Li,O, LiOCH,
o4 o4 and LiOC,Hs.”® While Li,CO, and LIOCH; are beneficial when
02 02 added as additives in the electrolytes,®@ LiOH and Li,O have
D e 002 700 T80 30 250 300 been found to disrupt the operation of both the graphite anode
Specific capacity (mAh g) Specific capacity (mAh g) and lithium metal.®™ LiF is concentration dependent; above
() d 0.1 moldm™ it hampers the SEI fragility in the ternary mixture
2TT5s — YTiosvosmaamie | PC/EC/3DMC With the above in mind, LiF (0.3 moldm™3), LiOH
fi = g (3.0x107° moldm™) and Li,O (3.0x10> moldm™) are being
g Zz :,_, z:: added to the existing electrolytes and their cycling behavior on
S s graphite is evaluated (Figure 4) and summarized as a function
w 04 w cycle number at Figure 5. The concentration of these salts is
°2 . based on their solubility in alkyl carbonates.®3¥
°% sicif:é'%agzlniofmﬁﬂg_%ﬂo % S:C;ciagocal)f’:cig??miﬁr?gﬁﬂ The addition of the LiDS and F1110D on the ternary
©) ) electrolyte does not alter the typical profile for a Li-graphite
R - 12— — half-cell where an irreversible capacity of the first charge/
5 10 510 discharge cycle (= 16%), corresponding to the formation of the
?sos : 08 SEl is evident (Figures 4a and 4c). On the other hand, the cell
,>toa ; 06 containing LiFOS (Figure 4e), exhibits a highly irreversible first
04 W o4 cycle (32%) along with an incomplete third plateau, signifying a
02 02 high lithium surface resistance. In all cases, the addition of LiF
e 0O e ——— (at saturation—0.3 moldm™, Figures 4c, 4d, and 4f) reveals an

improvement in the discharge profiles together with high-
capacity retention and coulombic efficiency for a total of
15 deep cycles, as seen in Figure 5. It should be noted that high
amounts of LiF hinder the SEI formation on the graphite and in
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Figure 5. Discharge specific capacity (a) and coulombic efficiency (b) of graphite-Li half-cells in PC/EC/3DMC, 1 moldm™~® LiPF, and the surfactants of Table 1,
namely LiDS (at saturation), 2.5x 107> moldm™ F1110D and 2.5x 10~ moldm™ LiFOS. Furthermore, as a comparison 0.3 moldm~3 LiF, Li,O
(3.33x10* moldm~3) and LiOH (3x 10> moldm~3) are added for comparison purposes. The current rate is C/10 and the operating temperature 25 °C.
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turn the specific capacity of the cell® but in the presence of
the surfactants that is not the case.

For comparison purposes, Figure 5 shows the performance
of Li-graphite cells with electrolytes comprising the ternary
carbonate electrolyte, the surfactant as well as the inorganic
compounds LiOH (3.0x 107> moldm~3) and Li,O (at saturation,
i.e, 3.0x102 moldm~3). The above inorganic products com-
prise the inner SEl layer next to the graphite while the outer
one is composed of organic compounds such as ROLi and
ROCO,Li.*® The performance characteristics of the cell contain-
ing F1110D indicate that only LiF is fit for long-term perform-
ance. The presence of LiOH hammers the discharge capacity
(i.e, 160 mAhg™ at cycle 10).

Then again, Li,O generates a low capacity during the first
cycles, which increases later on and stabilizes around
255 mAhg™" after 15full cycles. Regarding the LiDS, the
discharge specific capacity reaches initially 350 mAhg™' on par
with the theoretical capacity of graphite under various electro-
lyte formulations.”® The performance of the cell under this
electrolyte stabilizes at 325 mAhg™" throughout the cycling
protocol. With prolonged cycling, the cells show a considerable
capacity decrease (between 42 and 50%) in the presence of
Li,0 and LiOH (Figure5, Table2). On the contrary, the
simultaneous presence of LiF enhances and stabilizes the
capacity (339 mAhg™" at the 15" cycle) at a C/10 rate, which is
markedly higher when compared to the same electrolyte in the
absence of LiDS (i.e, 247 mAhg™' at the 15" cycle, Table 2),
indicating a favorable interaction between these compounds.
The coulombic efficiencies obtained are high and attain 99%
from the third cycle (Figure 5), irrespective of the SEl-related
component added. It should be noted that the low efficiency in
the first cycle stems from the SEI formation.™"

For the case of LiFOS, the initial specific capacity is lower
than the other two additives (344, 325 vs. 317 mAhg™', Table 2)
and marginally higher than the standard electrolyte (330 vs.
338 mAhg™' at cycle 15, Table 2). In the presence of the three
SEl-related salts, the capacities are close to each other, lingering
between 275 and 280 mAhg™', lower than the other inves-

tigated additives as are the coulombic efficiencies (e.g., LIFOS
in the presence of LiOH or Li,O achieve coulombic efficiencies
of 98.65 and 96.54 %, respectively). Yet, the specific capacities
obtained for the electrolytes containing the Li,O and LiOH (
~280 mAhg™") at the end of the cycling protocol were the
highest amongst all values, highlighting the somewhat inhibit-
ing nature of LiFOS towards the SEI components.

The half-cell results imply that the effect of surfactants is
inseparable from the nature of the added salt. The interaction
of ionic surfactants (LiDS and LiFOS) differs from the one of the
non-ionic F1110D. The glyme functions of the latter are not
unrelated to the complexation of free Li* or bound lithium
cations (that are present in LiF, LiOH and Li,O salts); the
perfluorinated chain protects the formation of a passivation
layer against a deposit of sparingly soluble salts as exemplified
in the Scheme 1 below.

XPS and EIS analysis of the graphite surface

The effect of the simultaneous presence of the surfactants and
LiF on the SEl formed on the graphite surface at a de-lithiated
stage (i.e, the end of their cycling protocol) is investigated
through XPS. The oxidation state and chemical bonding of
carbon, along with oxygen, nitrogen, fluorine, and lithium (e.g.,
C1s, F1s, P2p, O1s and Li1s) are illustrated in Figure 6. The C1s
peak in the spectra corresponds to the binding energy of the
electrons in the carbon atoms of the graphite. The shape and
intensity of the peak can provide information about the
chemical bonding and crystal structure of the graphite, as well
as any surface contaminants or defects. In this case, the
spectrum of the graphite samples presented four deconvolution
peaks, corresponding to the C=C/C—C in aromatic rings (graph-
ite, 284.5eV), epoxy C (C-O, 286.8 V), carbonyl C (C=O,
287.8 eV) and carboxyl C (~COOH, 289.0 eV)®” with no notice-
able differences when compared to the reference electrolyte.
The presence of LiDS, F1110D and LiF do not alter the structure
of the graphitic material.

Table 2. Discharge specific capacities and coulombic efficiency of cycles 1 and 15 at a graphite-lithium half-cell. The current rate is C/10. The operating
temperature is 25 °C. The electrolytes comprise a PC/EC/3DMC (%w) mixture with 1 moldm > LiPF, LiDS (at saturation), 2.5x 10> moldm F1110D,
2.5% 10> moldm LiFOS, 0.3 moldm LiF, LiOH (at saturation) and 3.33 x 10~* moldm~* Li,O (at saturation).

Reference: Discharge specific capacity [mAhg™'] Coulombic efficiency [%]
EC/PC/3DMC + 1 moldm™~ LiPF 1% cycle 15" cycle 1% cycle 15™ cycle
Reference®™ 303 330 93.6 99.7
Ref+ LiF 337 247 87.1 99.7
LiOH 285 254 74.5 99.7
Li,O 273 252 71.9 99.8
Ref+-LiDS 344 322 90.5 99.8
Ref+LiDS + LiF 314 339 88.8 99.3
LiOH 263 227 87.5 99.8
Li,O 294 240 91.1 99.8
Ref+ LiFOS 317 338 88.8 99.7
Ref 4 LiIFOS+ LiF 275 279 78.1 99.3
LiOH 276 280 75.7 98.6
Li,O 208 273 721 96.5
Reference+F1110D 325 323 824 99.4
Ref+F1110D + LiF 338 341 86.9 99.8
LiOH 266 171 89.9 99.9
Li,O 163 246 90.2 99.9
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Scheme 1. LiDS and LiFOS prevent polar salts (LiF) to reach the SEI-graphite interface. LiFOS channels the diffusion of Li* cations into the structure owing to
its perfluorinated structure. F1110D combines the ligand effect of glyme groups and the properties of the fluorinated chain but acts less as a barrier because

it does not have a polar head.

On the contrary, the fluorine spectra (F1s) that consist of
two peaks (at 687 eV attributed to LiPF, and at 685 eV assigned
to LiF)®® exhibit a significant increase in the form of LiF, which
jumps from 4% to 37% and 25% in the presence of LiDS and
F1110D, respectively (with and without LiF). The most common
route of LiF formation stems from the decomposition of LiPF¢ in
the presence of water.®" Despite keeping the water content of
LiDS to negligible levels, viz. <10 ppm, we postulate that the
LiF formation is accentuated in the presence of LiDS and
F1110D due to mere amounts of water, highlighting the already
known sensitivity of carbonate electrolytes to water.”® What's
more, the F 1s spectra point out equal amounts of LiPF; on each
surface, signaling that full solvation of the salt irrespective of
the additive. The Li1s peak shows a binding energy of 55.6 eV
(between 55.7 and 56.3 eV). From Figure 6, the Li1 s peaks of
Li,CO,, LiF and LiPF, are located at 55.5, 56.0 and 56.9 eV,
respectively.

Starting from the reference electrolyte, there is a slight shift
to the left with the addition of LiDS and F1110D that could
imply the presence of LiF (i.e., high F content). In the presence
of F1110D, 42% LiF and 24 % carbonates are detected, while in
presence of F1110D and LiF, 47 % LiF and 15% carbonates are
identified. The O1s spectra show decreased peaks at 532.0 eV
and 530.6 eV relative to the reference spectra. The main peak
corresponds to ROCO,Li species or lithium carbonate (Li,CO;).
The other peaks correspond to surface oxygen species, for
example, the decomposition products of solvents of the type
PEO: H(CH,CH,0),R. Thus, the Li,CO; amount is lower than that
of the reference electrolyte due to the higher amounts of LiF.
Knowing the importance of Li,CO, in the quality of the SEL“”
we can then explain why the galvanostatic cycling with Ref+
LiDS alone was inferior to the reference and Ref+ LiDS +LiF.
Oxygen spectra indicates that the proportion of oxygen species
at the surface, other than carbonates, is larger with F1110D
similar to LiDS.

The phosphate content without and with LiF extends by 3.5
and 85%, respectively. The P2p spectra comprise two
unresolved doublets, 2p3/2 and 2p1/2, with a spin-orbit
splitting of 0.85eV. The first peak (termed phosphates) is
evident at a binding energy of 134.5 eV and the PF;~ peak at
137.1 eV. For the first one, in the absence of the additives, the
phosphate content was ca. 1.0%. Phosphates originate from the
breakdown of LiPF,, which in turn derives from a water level
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increase in the electrolyte (in this case from LiDS and F1110D).
A two-fold increase is noticed when LiDS is added to the
reference electrolyte and a 1.5-fold increase in the presence of
LiDS + LiF. The phosphates corresponding to PF;~ accounted for
8% of the reference electrolyte with LiDS and LiF. In the
presence of LiDS alone, the PF,~ level reaches 6.4% suggesting
that LIDs hinder the deposition of PF,~ and further dissociate
the electrolyte. A different behavior is found for F1110D. Here,
the LiF peak is larger than the (Li)PF;~ one. The amount of LiF
extends to 43 and 47% (with and without LiF as an SEl
component added to the electrolyte). Clearly, the action of
F1110D, in this case, is to promote the LiF at the surface of the
electrode.

Taking into account the XPS results, a mechanism of the
action of the surfactants is proposed. The protection mecha-
nism is effectively a barrier stemming from the lamellar
organization that hinders salt deposition at the SEI by directing
the diffusion of the Li™ ions during the intercalation/deinterca-
lation process as illustrated in Scheme 1.

LiFOS has both an ionic and fluorinated character, hence it
has a dual action; that of retention and channelling of salts. In
contrast, LiDS being an ionic surfactant but not fluorinated is
effective in retaining polarized salts like LiF but not LiOH and
Li,O. The nonpolar F1110D bearing a long fluorinated and
oxygenated chain can essentially act as a diffusion channel for
the Li* cations towards the interface by the action of the
oxygen as ligand and can retain the polar LiF far to SEI
(Scheme 1).

The Nyquist plots gleaned from the graphite-Li half-cells in
PC/EC/3DMC, 1 moldm™ LiPFs and the surfactants of Table 1
show a stable interfacial layer (i.e, graphite-electrolyte and
lithium-electrolyte, 30-50 Ohm) in the presence of LiF in both
lithiated (0.01V wvs. Li/Li*, Figure 7a) and de-lithiated states
(1.0 V vs. Li/Li", Figure 7b).

Surfactants significantly affect the interfaces, as shown by
the highly distorted shapes of the spectra. It is very difficult to
model them with standard equivalent circuits (commonly used
for battery interfaces). We preferred to extract trends by
comparing the spectra before (Figure 7a) and after (Figure 7b)
lithiation, specifically looking at the resistances associated with
the electrolyte/anode interface at high frequency domain, and
the slope of the straight line for diffusion in the low-frequency
regions. The semicircle intersection with the x-axis at high
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Figure 6. XPS spectra (C1s, F 1s, P2p, Li1s and O 1s) on graphite electrodes in the presence of (a) the reference electrolyte (Ref: EC/PC/3DMC+ 1 moldm

-3

LiPFg), (b) Ref+0.3 moldm™~3 LiF, (c) Ref + LiDS, (d) Ref 4 LiDS + 0.3 moldm™ LiF, (e) Ref+F1110D and (f) Ref+F1110D + 0.3 moldm~3 LiF. The composition of

the surfactants is given in Table 1.

frequency denotes the series resistance, while information
about charge-transfer resistance is given by the intersection at
mid-frequency region. The slope of the straight line in the low-
frequency region describes the Li-diffusion. At 1.0V, the cell
containing solely LiDS shows a distinct semi-circle where the
charge transfer resistance reaches 15 ohms. The cells containing
LiDS + LiF and LiDS+Li,O exhibit a depressed semicircle, while
the Nyquist plot with the cell containing LiDS+LiOH is a
straight line (without any obvious semicircle) indicating an

ChemElectroChem 2023, €202300102 (8 of 11)

exclusively capacitive charge storage mechanism with poor
electronic conduction, rendering the suitability of this electro-
lyte unfeasible. At 0.01V, the charge transfer resistance (R.)
increased from 30 to 55Q when LiF was added to the
carbonate electrolyte. The presence of Li,O and LiOH further
amplified R (verified by the broadening of the semi-circle)
leading to values that exceed 80 and 100 ohms. These
observations confirm that polar LiF (u=6.33 Debye) is better
retained by anionic surfactants such as LiDS than for less polar
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Figure 7. Nyquist plots of graphite-Li half-cells in PC/EC/3DMC, 1 moldm™
LiPF, LiDS (at saturation) together with LiF, Li,O and LiOH at (a) 0.01 (fully
lithiated cell) and (b) 1.0 V (de-lithiated state).

salts such as LiOH («=4.2 Debye) and not polar ones such as
Li,0.B¥

Conclusion

The SEl layer is a passivating layer that acts as a barrier between
the graphite anode and the electrolyte, but its formation
inevitably generates harmful mineral byproducts (LiF, LiOH,
Li,0), whose surface precipitation over time can affect the
overall performance of the cell. In this study, we demonstrate
the suitability and protective action of three different surfac-
tants, namely lithium dodecyl sulfate (LiDS), polyoxyethylene
ether Forafac 1110D (LiF1110), and lithium perfluoro octanesul-
fonate Forafac 1185D (LiFOS), with respect to the SEI. By
performing galvanostatic charge-discharge cycles over 15 cycles
on a graphite anode, followed by XPS analysis and EIS measure-
ments, we have highlighted different types of actions of these
surfactants.The capacities obtained in the presence of surfac-
tants alone in the first cycle are higher than that of the standard
electrolyte at a C/10 rate. Furthermore,LiDS and F1110D counter
the impact of LiF (a major SEI byproduct) reaching comparable
specific capacities to the reference electrolyte. On the contrary,
the effects of LiOH and Li,O are not mitigated by LiDS and
F1110D (i.e, drop in capacity) and are moderated by LiFOs.
Higher LiF amounts do not influence the cycling capability of
the graphite half-cell, signifying a modest SEI organization (i.e.,
good diffusion). The presence of LiDS is the most favorable to
increase this capability.

The addition of SEI salts (e.g., LiF, LiOH, and Li,O) reduces
the discharge capacity in comparison to the reference electro-
lyte for all tested combinations, except for the F1110D +LiF and
LiDS + LiF pairs. This consequently demonstrates the beneficial
effect of these two surfactants, even in the presence of
significant LiF deposits. The XPS results on the cycled graphite
electrode highlight cell degradation resulting from the addition
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Materials

The reference electrolyte consists of a cyclic and linear carbonate
mixture comprising PC, EC and DMC in a 1:1:3 ratio by weight
(% w). The above solvents were purchased from Sigma-Aldrich and
dried with desiccant bags (Distribio-Genecust). The lithium salt
used as an ionic conductor is lithium hexafluorophosphate (LiPFg,
battery grade, >99.9% trace metal basis, Sigma Aldrich). The
concentration of the salt was ca. 1 moldm™. Lithium dodecyl
sulfate (LiDS, >98.5%, Sigma Aldrich) is poorly soluble in the
reference electrolyte, so it has been added at the saturation limit
(see the following section for more details). Both the Forafac
surfactant (F1110D) and lithium perfluoro octanesulfonate (LiFOS)
concentrations were ca. 2.5x 107> moldm~ (occupying <0.2% m
of the total solution). The last two surfactants were provided by
Arkema (France) in the form of aqueous solutions. The additives
were dried under vacuum (viz., 1 mbar and 80 °C for 10 h) to get rid
of excess water. The SEl-related lithium salts namely lithium fluoride
(LiIF, >99.99% trace metals basis), lithium oxide (Li,O, 97 %,
powder) and lithium hydroxide (LiOH, >98.0%) were purchased by
Sigma Aldrich and used as received. The water levels of the
formulated solution were measured by Karl Fisher coulometry and
were found to be below 10 ppm. All the solutions were prepared in
an Argon-filled glovebox (M-Braun).

Measurements

The solubility of LiDS was measured by atomic absorption
spectroscopy (AAS) on a Thermo M Series FS 95 spectrometer
(Thermo Scientific). The organic solvents were diluted in water (i.e.,
10% dilution by volume). The air-acetylene burner was mounted on
a premix-chamber atomizer. A lithium hollow-cathode source was
employed for the AAS measurements, with a wavelength set to
670.8 nm. The sample aspiration rate was maintained at
0.8 mLmin~". The spectrometer was pre-calibrated with a blank and
a lithium perchlorate (LiCl, Sigma Aldrich) solution. The average
standard derivation was 0.6%, for three sets of experiments. The
AAS gives a peak that corresponds to the absorbance of the
element analyzed, here lithium. The intensity of the peak is
proportional to the concentration of the solution following the
Beer-Lambert law (Figure S1) in Supporting Information.

Physicochemical and electrochemical testing

DSC was performed by a DSC 4000 (Perkin Helmer) between 60 and
150°C at a rate of 4°Cmin~" under 20 MImin~' nitrogen flow. The
samples were sealed into an aluminium cell. Prior to measurements,
the solutions were heated to 100°C to limit the water that can be
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adsorbed due to the use of perforated DSC capsules for these
measurements. The surface tension of the formulated electrolytes is
measured by the Du Noiiy ring method™" using a Kriiss K100MK2
tensiometer equipped with a microbalance. The contact angle of
the ternary carbonate electrolyte with and without the surfactants
between different surfaces (i.e., polypropylene, polyethylene, and
graphite) was measured by a contact angle tester (DSA10-Mk2,
KRUSS Gmbh Germany) at room temperature through the sessile
drop method. XPS measurements were carried out with a Kratos
Axis Ultra spectrometer, using a focused monochromatized Al K,
radiation (hv=1486.6 eV). The spectrometer was calibrated using
the photoemission line Ag3d5/2 (binding energy 368.3 eV). For the
Ag3d5/2 line, the full width at half-maximum (fwhm) was 0.58 eV
under the recording conditions. The graphite electrodes analyzed
by XPS were washed repeatedly with the carbonate electrolyte (EC/
PC/3DMC) and dried overnight in an Argon glovebox at room
temperature. The XPS spectrometer was directly connected to an
argon dry box through a transfer chamber, to avoid moisture/air
exposure to the samples. The analyzed area of the samples was
300% 700 um?* and the analyzing depth was 5 nm of the surface of
the electrode. The core peaks were analyzed using a non-linear
Shirley-type background.”?

Galvanostatic charge-discharge, CV and potentiostatic impedance
spectroscopy (PEIS) measurements were performed in Teflon
Swagelok system™ with controlled pressure of 0.19 Nmm ™ using a
Multichannel Potentiostat VMP-3 (Biologic, France) piloted by an EC
Lab V10.34 interface. The cyclic voltammetry tests were conducted
by using a three-electrode configuration comprised Graphite disk
(96.25% loading, @ = 10 mm, from SAFT) as working electrode,
platinum (purity >99.95%, () = 10 mm, Goodfellow) or Li foil (25x
100 mm, thickness: 0.6 mm, Sigma Aldrich) as a counter electrode
and a Li ribbon (Sigma Aldrich) as a reference electrode was used,
inserted between two polypropylene separators (thickness: 25 um,
pore diameter: 0.2-0.5 pm, Celgard). For galvanostatic charge-
discharge of the graphite-Li metal half-cell, the cut-off voltage was
set to 0.02 mV vs. Li/Li" for discharge (i.e., lithiation) and 1.0 V vs.
Li/Li* for charge (i.e., delithiation). A 1C rate corresponds to
372 mAg™" on the weight basis of graphite. PEIS was conducted
between 0.1 MHz and 10 mHz (ten points per decade) at open-
circuit voltage with an oscillating amplitude fixed at 10 mV. The
quality of the EIS spectra highly affected by surfactant at interface
was validated through the Kramers-Kronig test but no modeled par
equivalent circuit.
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