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Abstract: Sulphur, boron and phosphorous containing electrolyte additives were evaluated in cells
containing pristine electrodes from a commercial EV lithium ion cell against a standard baseline
electrolyte. Following formation and a full cell ageing step, cycling performance and impedance
spectroscopy were used to elucidate the most effective additives. The additive tris trimethyl silyl
phosphite (TTSPi) showed the most promise; with improved cell capacities and reduced impedances
observed after formation. X-ray photoelectron spectroscopy (XPS) measurements on anode elemental
surface profiles were correlated with the electrochemical performance. It was observed that increased
lithium fluoride content on the surface of the anodes typically produced cells with lower impedance.
Sulphur containing additives also showed improved cell behaviours; and the decomposition and
chemical reactions of these compounds at the anode surface is discussed in detail. The main influence
of TTSPi was to reduce the amount of oxygen (C=O) and sulphur in the electrolyte interphase (SEI)
layer; to be replaced with hydrocarbons.
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1. Introduction

Improved battery performance is still required for the large scale uptake of electric vehicles (EV),
and in the emerging energy storage market. Lithium ion batteries have the most to offer in terms of
power, energy and lifetime, and costs have reduced dramatically over the last five years [1]. One of
the key components of lithium ion batteries is the electrolyte, which is traditionally comprised of
a lithium salt dissolved in a mixture of organic solvents [2–4]. The composition of the electrolyte is
an optimisation amongst several competing parameters; viscosity, conductivity and cost. Increasing the
lithium salt concentration increases the conductivity to a maximum value, until the increasing viscosity
causes a decrease. The cost of the electrolyte also increases with the salt concentration. Typically,
concentrations of 1.0–1.2 mol dm−3 are used for LiPF6, the most common lithium ion electrolyte salt.
The solvent is composed of two (or more) organic carbonates, often one cyclic and one linear. This gives
an electrolyte with relatively high conductivity, and a wide operating temperature range. During the
initial (formation) charge, the solvent and salt components of the electrolyte are reduced on the anode
to produce a layer called the solid electrolyte interphase (SEI). Ethylene carbonate (EC) is a cyclic
carbonate that decomposes to form a stable SEI layer on graphite, whereas propylene carbonate (PC)
does not. The linear carbonate is normally selected from dimethyl carbonate (DMC), diethyl carbonate
(DEC), and ethyl methyl carbonate (EMC) [2,5,6]. The SEI layer is an essential part of lithium ion
cells, for both operation and safety. By optimising the SEI during formation, the cell capacity and
cycle life can be improved. Additionally, the SEI protects the lithiated graphite from reacting with the
electrolytes, and by stabilising the SEI, reduces the risk of thermal runaway [7–9].
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In the first instance, the composition of the SEI layer depends on the electrolyte. The SEI is usually
considered a mosaic of different phases [10], some inorganic (LiF, Li2CO3), some organo-metallic
(ROLi), and some fully organic, e.g., polymers, giving flexibility. The initial SEI forms very quickly
during the first charge, or first lithiation of the graphite. The formation reactions are complicated,
because they involve both the lithium salt and the electrolyte solvents [11]. The interface layer changes
through the conditioning or cell ageing step, with dissolution and re-precipitation reactions occurring
on the surface of the anode [12]. The most stable SEI layers are thin and dense, rather than porous.
The formation temperature, cell ageing temperature, and cell ageing state of charge all influence
the ultimate SEI formation [13,14]. A summary of formation and cell ageing process steps is shown
in Figure 1. The formation charge usually occurs at a relatively low rate (C/5 or less). The cell
ageing step can take several weeks, and often uses warmer temperatures to accelerate the chemical
reactions. The interaction of multiple factors like the electrolyte composition, formation protocol,
ageing temperature and ageing duration ultimately lead to a stable SEI layer.
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On graphite anodes, the SEI layer is formed by voltage dependent electrochemical reductions.
Thus, if two compounds react at different potentials, the one that reduces at higher relative voltage will
dominate the SEI layer. This has led to research into electrolyte additives that change the composition
and morphology of the SEI layer, during a preferential decomposition on the graphite surface. The most
widely used to date in lithium ion batteries is vinylene carbonate (VC) [15] which is beneficial for
both the anode and cathode electrolyte interfaces [16]. Electrolytes additives can also be used to
improve other aspects of the lithium ion batteries properties, for example as a wetting agent for the
electrolyte, or as a water scavenger [6,17–20]. This study focuses on additives that can modify the
SEI layer to improve the long term performance. We investigate the effect of additional electrolyte
additives upon the cycle life and capacity of a commercial EV lithium ion cell, after the formation
and cell ageing process. The cells were made and shipped to us dry and sealed from our automotive
cell manufacturing project partners. The study was performed on the first generation 24 kW h pack
cell chemistry, which utilised a mixed cathode material; LiMn2O4 spinel and a nickel based layered
oxide such as LiNi0.8Co0.15Al0.05O2 (NCA) [21], with a graphite containing anode. The main cell ageing
protocol utilised in this work has a two-week duration which is similar to the protocol used in the
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industrial cell making process [22,23]. XPS (X-ray photoelectron spectroscopy) measurements were
performed on anodes from cycled cells, to study the surface layers or SEI after formation and ageing.
XPS is an ideal technique for studying the surface layers of samples, with a typical penetration depth of
around 5 nm [24]. As well as elemental composition, the spectra can be analysed to show the different
chemical environments for each element. The ultimate aim is to correlate differences in SEI composition
with cell performance, with a view to a more systematic selection of additives in future studies.

An internal review of current electrolyte additives was performed, and a list of over thirty possible
additives was reduced to the twelve additives shown in Table 1. In this table, and in the rest of
this document, the additives are classified into three types; sulphur containing, boron containing,
and other. The table also contains the concentration at which the additives were used in the reference
document. These additives were added to the baseline electrolyte, which is known to contain at least
one proprietary additive [25,26]. Additives such as DTD, PES and TTSPi have been shown to perform
well in multi-additive electrolytes. PTS, TEB, TFMB and TMSBi have been shown to be beneficial
for higher voltage LNMO cathodes (LiNi0.5Mn1.5O4), and TMB has shown promise with high energy
nickel cobalt manganese (HE-NCM) materials (Li1.2Mn0.54Ni0.13Co0.13O2). FEC, VC and OHD were
chosen due to their similarity to EC, and their proven effect upon SEI stabilisation.

Table 1. Candidate electrolyte additives.

Type Acronym Name Concn./wt % Ref

Sulphur Containing
DTD Dioxathilane-2,2-dioxide 1.0 [27]
PES Propene sulfone 1.0 [28,29]
PTS Phenyl trifluoromethyl sulphide 0.5 [30]

Boron Containing

LiDFOB Lithium difluoro oxalato borate 2.0 [31]
TEB Triethyl borate 2.5 [32]
TMB Trimethyl borate 1.0 [33]

TTMSiB Tris trimethylsilyl borate 0.6 [34,35]

Other

FEC Fluoroethylene carbonate 1.0 [36]
OHD 3-oxabicyclo [3.1.0]hexane-2,4-dione 0.2 [37]
TFMB 4-Trifluoromethyl benzonitrile 1.0 [38]
TTSPi Tris trimethyl silyl phosphite 1.0 [27,39]

VC Vinylene carbonate 1.0 [32]

2. Materials and Methods

Electrolyte additives were procured from Fluorochem or Sigma Aldrich. They were the highest
purity and lowest water content available, but they were not specific “battery” grades. The materials
were used as received; no attempts were made to purify or dry them further. Electrolyte samples were
prepared in the argon filled glove box, shortly before they were required. Small quantities of additive
(0.05–2 g) were added to 10–20 g of the proprietary base electrolyte, LiPF6 in ethylene carbonate,
propylene carbonate and diethyl carbonate. Anode, cathode and separator sheets were extracted
from a dry, assembled pouch cell. The double sided anode and cathode coatings were converted to
single sided by the dissolution of the binder in a minimum quantity of NMP (N-methyl pyrrolidone),
with gentle scraping. The coatings were then vacuum dried at 80 ◦C, before being cut into disks.
These were used, with the separator, to make 2032 coin cells. The cells were constructed in a dry room,
with a dew point of less than −40 ◦C.

Different cell ageing protocols were applied for the cells involved in the electrochemical and
XPS measurements, as experimental methods were refined. Both were put onto a formation cycle at
C/10, and held at 4.2 V until the current dropped to C/100, followed by an impedance measurement.
The electrochemical cells were aged at 45 ◦C for twelve days, followed by two days at 25 ◦C. After a
further impedance measurement, the cells were charged (C/10), discharged (C/10), and cycled fifty
times at ±C/2 (3.0–4.2 V), all at 25 ◦C. The XPS cells were aged at 40 ◦C for one week, followed by a
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C/10 discharge and then a ± C/2 cycle, using an earlier version of the test protocol. All the cycling
tests used a Maccor 4000 series unit. The impedance measurements used a Bio Logic VMP3, with a
frequency range of 200 kHz to 100 mHz, and a cell temperature of 25 ◦C. The spectra were fitted to
an equivalent circuit containing a series resistance, a resistor//CPE parallel combination and another
constant phase element for the low frequency tail. Most of the spectra contained only one semi-circle,
which was attributed to the “electrochemical” resistance. This encompassed the charge transfer and
film resistances at both the anode and the cathode.

For the XPS measurements, cells were disassembled in an argon filled glove box, using the cell
assembly tool in de-crimping mode. The anode and cathode were both recovered, though only the
anodes were tested in these experiments. A transfer vessel was used to move the samples from the
glove box to the spectrometer, avoiding contact with water and oxygen. Anode pieces from four
cells were mounted on a copper disk, using adhesive carbon tape. It has been reported that washing
electrode samples in DMC (dimethyl carbonate) to remove residual electrolyte can also dissolve
compounds of interest from the SEI layer [40]. Therefore, the electrode samples were allowed to dry in
the argon filled glove box. Argon sputtering in the XPS was used to remove electrolyte residues from
the electrodes, and all the results presented here are for sputtered samples.

The Kratos AXIS Ultra DLC spectrometer was used in a standard operating manner. The samples
were moved from the entry chamber to the measurement chamber, and pumped down to very low
vacuum. A broad sweep spectrum was used to identify the elements of interest, present in the samples.
High resolution sweeps were then recorded over the relevant binding energy ranges. The samples were
then subjected to ten minutes of argon bombardment, before repeat measurements were made. The data
was exported for analysis using the Casa XPS software package. For each element, the boundary
energy range was used to define the background intensity. Then, one or more peaks were introduced,
until the error between the experimental and fitted intensities was sufficiently low. Each peak had
a standard Gaussian shape. The data was calibrated using the carbon 1s graphite peak at 284.4 eV.
When analysing the 2p elements P and S, the 3/2 and 1/2 spin states produced two peaks. According to
theory, these have a defined energy gap for each element; 0.84 and 1.2 eV respectively. The 3/2 peak
has twice the area of the 1/2 peak. These rules were imposed during the fitting process. Another peak
parameter is FWHM (full width at half maximum); the fitting also imposed the requirement for this to
be the same for both peaks in a doublet.

3. Results

3.1. Electrochemical Testing Results

The decomposition voltages of the electrolyte additives were investigated in half cells, with lithium
metal counter electrodes. Figure 2 shows dQ/dV plots, obtained during the first part of the formation
cycle at ±C/10. Most of the additives produced variations from the control electrolyte. There were
prominent peaks with LiDFOB (1.6 V vs. Li/Li+), TFMB (1.4 V vs. Li/Li+), PES (1.2 V vs. Li/Li+),
and several others at 1.1 V vs. Li/Li+. All these voltages were in the SEI formation range, and at a
higher voltage than the control electrolyte (0.7 V vs. Li/Li+). This implies that compositional changes
in the SEI layer on the graphite surface are likely, for the different additives. Reaction mechanisms for
some of these additives have been proposed in previous work, though usually for oxidation reactions
at the cathode. A two electron reduction mechanism was proposed for PES [29], leading to Li2PES
(Li+.LiO.SO.O.CH.CH.CH2

−). The calculated standard potential for the reaction was 0.9 V vs. Li/Li+,
with an experimental reduction voltage of 1.1 V vs. Li/Li+, estimated from full cell tests.

Full cells containing the various electrolytes were subjected to a sequence of tests; formation,
impedance, cell ageing, impedance, and then fifty characterisation cycles at ±C/2. Figure 3 shows
some typical cycling results, with four different electrolytes (best of three equivalent cells). These were
the three electrolyte additives that were selected as giving the greatest overall improvement over the
baseline electrolyte.
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To compare the data from all the cells, the discharge capacity on cycle fifty was plotted against
the discharge capacity on cycle five. Figure 4 shows the results for cells containing each additive.
For convenience, the additives were classified as sulphur containing, boron containing, and other.
The best additives were those that gave the highest capacities at both five and fifty cycles. In some
cases, there was an increase in capacity over the first few cycles, as shown in Figure 3. In extreme
cases, the capacity after fifty cycles was higher than the capacity at five cycles. This clearly indicated
a sub-optimal SEI layer. Coin cells are very useful in lithium ion cell development, but they contain
a relatively small area of electrode. This, in combination with being handmade, introduced some
variability into the cell capacities, which is reflected in the spread of values shown in Figure 4. For the
three additives containing sulphur, there was no clear benefit. Thus, the only conclusion is that
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any differences arising from DTD and PES as additives were less than the intrinsic variability in
cell performance.
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Four of the additives were borates. From Figure 4b, it was clear that the LiDFOB and TEB
additives were detrimental to this cell chemistry. However, the TMB and TTMSiB additives both offered
marginal improvements over the control electrolyte. The five other additives had various structures
and functional groups, though FEC, OHD and VC are all variants on ethylene carbonate. The results
summarised in Figure 4c showed more scatter than would be liked for the three, nominally equivalent
cells. However, TFMB was clearly detrimental to cycling performance, and the electrolyte rapidly
changed colour after preparation, suggesting electrolyte degradation. FEC and OHD showed marginal
improvements over the control electrolyte. The TTSPi cells had variable capacities, but the best cell
was very good.

Impedance measurements were made at the end of formation, and at the end of cell ageing. Figure 5
shows some representative results, for three coin cells containing the additive PTS. The results showed
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a marginal increase in the series resistance after ageing, and a larger increase in the electrochemical
resistance. Impedance data was fitted to a simple equivalent circuit, as described in the Experimental
section. The two main parameters analysed were the series resistance and the “electrochemical”
resistance. Both are the sum of several resistance components. Experiments in three electrode cells,
with a lithium metal reference electrode, showed that the high frequency semi-circle on the anode
was small compared to the medium frequency semi-circle. The time constants of the main anode and
cathode semi-circles were similar, leading to only one semi-circle in the full cell spectra. Figure S3 in
the Supplementary Material shows the equivalent circuit used to fit the experimental data, and two
examples of the fitting process.
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The fitted resistance values obtained after formation and after cell ageing were plotted against
each other. The results are shown in Figures S1 and S2, in the supplemental results. Typically, the series
resistances were pretty much independent of additive type. OHD, VC and most of the borates were
slightly higher than the control electrolyte, and TTSPi was marginally lower. The impact on the
electrochemical resistances was more apparent. For PES, the values after formation were much higher
than the control electrolyte, but converted to more normal values after ageing. LiDFOB produced the
highest values after ageing, but the other borates were all lower than the control. The OHD and TFMB
values were higher after formation, and the VC values were highest after ageing. As with the series
resistances, the TTSPi cells clearly showed superior performances.

Three additives were selected as the most promising; TMB, TTMSiB and TTSPi. They were used
for further studies at different additive concentrations, and the results are summarised in Figure 6.
For the TMB additive electrolytes, none of the new additive concentrations improved on the original
1 wt %. For TTMSiB, the lowest concentration of 0.2 wt % was clearly insufficient. The results with the
higher concentrations of 1 wt % and 2 wt % suggested good capacity retention. However, these cells
exhibited an increase in discharge capacity during the initial stages of cycling, due to poor formation.
With TTSPi, the initial capacities and capacity retentions were consistently high, over the range of
additive concentrations tested.

As with the initial screening studies, impedance measurements were made after formation and
after ageing. The key results are summarised in Figures S4 and S5, for the series and electrochemical
resistances respectively. With TMB and TTMSiB, the series resistance values were higher than the control
electrolyte, but the electrochemical resistance values were lower than the control. Another observation
was that electrolytes containing TMB as an additive changed colour much more rapidly than other
electrolytes with additives. With TTSPi, the electrochemical resistances were generally lower than the
values obtained with the control electrolyte.
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TTSPi was clearly the best additive of the twelve initial candidates. It gave consistently higher
capacities over the concentration range 0.5–3.0 wt %, with the benefit evident at 0.5 wt %. A recent
study showed changes to the cathode morphology after cycling in an electrolyte containing TTSPi,
compared to the baseline electrolyte, when cycled up to 4.8 V [39]. Spinel cathode materials are
notoriously susceptible to fluoride attack. TTSPi is also reported to scavenge HF from the electrolyte [41],
which would therefore be beneficial in a cathode containing spinel like LiMn2O4. Other publications
also focus on the role of TTSPi at the cathode. It is beneficial to the cycling of NMC-532 cathodes, where it
suppresses transition metal dissolution [42]. The proposed mechanism involves both scavenging for
HF, and forming phosphorus and oxygen rich compounds on the cathode surface. Unfortunately,
the TTSPi is consumed in these reactions, and the benefit eventually disappears [43].

However, it is also likely that TTSPi changes the composition and/or structure of the SEI layer on
the graphite anode. A recent publication [44] suggests that TTSPi reacts with other components of the
anode SEI layer, rather than being reduced directly. Gibbs free energies of reaction were calculated for
TTSPi and EC reacting with an indicative ion, in this case CH3.O−. The reaction shown had the most
negative free energy:

P.(OSi(CH3)3)3 + Li+↔ Li+.P(OSi(CH3)3)3 (1)

Li+.P(OSi(CH3)3)3 + CH3.O−→ LiO.P(OSi(CH3)3)2 + CH3OSi(CH3)3 (2)

3.2. Chemical Analysis of the SEI Surface

Anodes from cells containing electrolytes with the various additives were extracted from coin
cells, and used for X-ray photo spectroscopy (XPS) measurements. Some of the results are collected in
Figures 7 and 8. Figure 7 shows representative spectra for the seven elements detected in the spectra,
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mostly for the control electrolyte. The total fitting curves are plotted in Figure S6, in the supplementary
information. Figure 8 shows the different atomic % and peak distributions for each element, as a
function of additive type.

Most lithium compounds produce peaks at around 55.5 eV [24]. The lithium fluoride peak is
at ~55.6 eV, and lithium carbonate at ~55.2 eV. Both of these lithium compounds are expected to be
present in the SEI layer [10]. In this case, all the samples contained a lithium 1 s peak in the 55–57 eV
range, indicative of these compounds. The cell with additive OHD also had a peak at 59 eV, indicating
another lithium species. This peak was too high for Li2O2, which is reported at 57 eV [45]. Interestingly,
several of the additives produced an SEI layer with a lower lithium content than the control electrolyte,
from around 1 at% to around 0.5 at%.

Boron was observed for the electrolyte additives containing boron, as expected, but also in the
control electrolyte. The highest boron at% values were for the TEB and TMB additives. There are many
boron compounds with B 1s binding energies in the 192–193 eV range, for example B2O3, H3BO3,
Na2B4O7 [24]. The boron containing additive was more likely to be LiBOB than LiBF4. LiBOB has an
XPS peak at 194 eV [46], and reduction products like LiO.CO.CO.O.CH2.CH2.O.CO.O.B(C2O4)Li and
[O.B(C2O4)Li]n have been proposed [46]. Therefore, the main peak at 192 eV is likely to be an oxygen
–boron compound of this type. The lower energy peak at ~187 eV, seen in three samples, is in the energy
range for a boride or borohydride [24].

The carbon 1 s spectra showed the greatest number of peaks. There are some variations in the
reported peak energies for different carbon compounds. A representative set comprised graphite
(284.4 eV), hydrocarbons (285.0 eV), alcohols and ethers (286.2 eV), carbonyls (287.6 eV), carboxylic acids
and esters (288.8 eV) and carbonates (290.6 eV) [47]. Poly (vinylene carbonate) gives a higher energy
peak, at about 291.5 eV [48]. The lower energy peak at around 282 eV would normally be interpreted
as a carbide, and in this case, therefore, lithiated carbon. A calculated energy of 283.6 eV has been
proposed for LiC6 [49], but other measurements show a peak at 282.5 eV [50]. Although the cells were
disassembled in a discharged state, there is always the possibility of some residual intercalated lithium.

Three different oxygen peak positions were identified, but most spectra only contained two.
The dominant peak at 531–532 eV was due to C=O double bonds, whereas the higher energy peak
at 533–534 eV was single bond C-O [48]. The lower energy peak is in the expected range for metal
oxides, and this is therefore most likely to be Li2O. However, Li2O can be produced by the argon
sputtering of Li2CO3 [51], as an artefact of measurement, rather than a genuine component. There was
a clear separation in oxygen content between low (~10 at%) and high (~25 at%), for different additives.
The fluorine spectra were the most consistent in this data set. The main peak at around 685 eV was
LiF [40]. The higher energy peak at around 688 eV could be several compounds, including LiPF6, PVDF,
LixPFy and LixPOyFz [40,45,47]. Many of the additives gave similar results to the control electrolyte.
However, the three organo-borates had noticeably higher at% values, and OHD was lower.

Phosphorus 2p produces two peaks, with 3/2 or 1/2 spins. The experimental data was fitted in
pairs, with a ∆ = 0.84 eV. Published results do not always specify whether they are referring to the 2p3/2

peak energy alone, or some average of 2p3/2 and 2p1/2. Most samples had two doublets. The main peak
at 133–134 eV was attributed to LixPOyFz, while the higher energy peak at 136–137 eV was likely to be
LiPF6 or LixPFy [52]. A peak at ~131 eV, seen in three samples, was a surprise. This energy is typical of
elemental phosphorus and organic compounds like (C6H5)3P [24]. Several additives produced higher
phosphorus at% values than the control electrolyte, most noticeably VC.

There is a limited amount of prior work on the sulphur content of SEI layers. The representative
spectrum shown in Figure 7 had eight peaks, in four doublets. As with phosphorus, the 3/2 and 1/2 spin
peaks were fitted separately, in this case with a ∆ = 1.2 eV. Peaks at 168–169 eV are sulphates or sulfones,
peaks at 166–167 eV are sulphites, while peaks at 161 eV are sulphides [24]. Reaction mechanisms leading
to sulphides from lithium ion liquid electrolytes are discussed below. Many of the additives significantly
suppressed the formation of sulphur containing compounds, most obviously the boron containing
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compounds. The sulphur containing additives did not increase the sulphur content compared to the
control electrolyte, indicating preferential decomposition of other electrolyte components.

Most sulphur 2p XPS studies on anodes from lithium ion cells focus on Li2SO3 and RO.SO2Li,
rather than sulphides [53]. However, equivalent work on lithium/sulphur cells does identify sulphides
and disulphides [54]. Table 2 lists some peak energies from those two papers. The former refers to
“alkyl sulphides”, but to be present in the SEI layer, they would need to be solid at room temperature.
Dimethyl sulphide (CH3.S.CH3) has a melting point of −98 ◦C. In contrast, lithium thiomethoxide
(CH3.S.Li) is solid at room temperature, and lithium sulphide has a melting point of 938 ◦C. Thus,
the compounds present in the SEI layer are more likely to be Li2S and CH3.S.Li.
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Table 2. Peak energies for sulphur compounds.

Functional Group Peak/eV [53] Compound Peak/eV [54]

RO.SO2Li 168.5 - -
Li2SO3 167.5 - -

-SS- 164.5 Li2S2 162.0/163.2
S 164.0 S8 164.0/165.2

-S- 163.5 CH3SLi 162.1/163.3
Li2S 161.5 Li2S 160.5/161.7
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There are many possible reduction reaction mechanisms for the reduction of compounds like
propane-1,3-sultone to Li2S or CH3SLi. Previously published reaction mechanisms for propene-1,3-
sultone [55], ethylene sulphite [56], and sulphur dioxide [57] proposed:

C3H4SO3 + 2 Li+ + 2 e− → Li2SO3 (s) + CH3.C ≡ CH (g) (3)

C2H4SO3 + 2 Li+ + 2 e−→ Li2SO3 (s) + C2H4 (g) (4)

SO2 + 6 Li+ + 6 e−→ Li2S (s) + 2 Li2O (s) (5)

The sulphur dioxide mechanism was derived for Li/SO2 primary cells, and also applies when
SO2 is used as a film forming additive in lithium ion cells [57]. Li2O can react further with SO2, CO2,
H2O and HF. It is easier to envisage a chemical reaction mechanism for SO2 as molecules adsorbing on
a lithium metal surface. A series of electrochemical process steps can be hypothesised:

SO2 + Li+ + e−→ LiO.S:O (6)

LiO.S:O + Li+ + e−→ LiO.S.OLi (7)

LiO.S.OLi + 2 Li+ + 2 e−→ Li2O (s) + LiS.OLi (8)

LiS.OLi + 2 Li+ + 2 e−→ Li2S (s) + Li2O (s) (9)
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CH3.(Li).S.(OLi)2 + 2 Li+ + 2 e −→ CH3.S.Li + 2 Li2O   (13)  
CH2.CH2.CH2.SO.(OLi)2+ Li+ + e− → LiO.CH2.CH2.CH2.S.(OLi)2  (14) 
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LiO.CH2.CH2.CH2.S.(OLi)2 + Li+ + e−→ LiO.S.OLi + Li2O + CH2:CH.CH3 (15)

Combining reactions (6)–(9) gives the overall reaction (5). Applying a similar approach to
propane-1,3-sultone, the reaction pathway set out in below can be proposed. Reactions (10) and (11)
are equivalent to reactions (6) and (7). The next stage is ring cleavage in the intermediate compound,
leading to either CH3.S.Li or LiO.S.OLi. The latter would react further, as per (8) and (9), to give Li2S.
The by-product from reaction (12), CH2:CH.OLi is likely to react further.

4. Discussion

In electrochemical tests, three of the twelve additives gave significantly better performance than
the baseline or control electrolyte; TMB, TTMSiB and TTSPi. The XPS results for the SEI layers with
these three additives are summarised in Figure 9, along with the control electrolyte. The boron content
for the control electrolyte was a representative value, based on measurements with similar samples.
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The SEI layers with additives contained more carbon, and much less oxygen and sulphur. However,
there was no apparent trend or correlation with any of the carbon components.

In previous XPS experiments on graphite anodes, there were significant differences in the XPS
spectra recorded with and without TTSPi in the electrolyte [44]. There was much more LixPOyFz

detected at 134.5 eV, and a new P2p peak at 131 eV interpreted as -P-O-Si-. However, the graphite anodes
were rinsed with DMC after testing, which can dissolve some SEI components. In these experiments,
the biggest effect of TTSPi was reducing the oxygen double bond content, and increasing the amount
of carbon (as hydrocarbons).
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The effect of total fluoride content is not clear cut in Figure 9. Figure 10A shows the fluorine
content associated with lithium fluoride, for all the samples. The resistance values were calculated from
impedance measurements performed on cells aged for two weeks. The “electrochemical” resistances
were for the dominant semi-circle, and therefore included film and charge transfer resistances for both
electrodes. The three additives that produced the best performing in cycling tests also had the three
lowest resistances. A slightly increased fluoride content appeared to be beneficial. However, TEB was
one of the worst performing additives with this cell chemistry, and the fluorine content in the SEI layer
was clearly far too high.
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Figure 10. Relationship between cell impedance and XPS measurements for (A) lithium fluoride and
(B) oxygen double bond.

The composition, morphology and lithium conduction mechanisms of the SEI remain the subject
of on-going debate [7]. An example of this complexity is shown in Figure 10B, which plots the oxygen
double bond content against the same electrochemical resistance values. The more effective additives
produced a lower oxygen content, even though lithium hopping between oxygen groups is often
proposed as a SEI conduction mechanism. The ineffective additive LiDFOB also gave a lower oxygen
content, and remarkably similar results overall to TTSPi, the best additive here.

5. Conclusions

This work shows the relationship between the solid electrolyte interface layer (SEI) on graphite
anodes and the resistances of a commercial electric vehicle cells. Coin cells were made using commercial
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graphite and mixed cathode electrodes, with a baseline electrolyte and twelve additives. Even with
the coin cell variation (<5%), a clear trend between the different electrolyte additives could be
clearly discerned.

In electrochemical tests, three of the twelve additives gave significantly better performance than
the baseline or control electrolyte; TMB, TTMSiB and TTSPi were chosen for further investigation.
TTSPi gave consistently higher capacities over the concentration range 0.5–3.0 wt % and even at
0.5 wt %, a benefit was observed. The three additives that produced the best performance in cycling
tests also had the three lowest resistances. Overall, the most promising additive was TTSPi, tris trimethyl
silyl phosphite. It exhibited increased initial and retained capacities, and lower resistances, compared
to the control electrolyte.

The role of electrolyte additives is to provide additional decomposition products, which aid the
formation of a thin, dense and ionically conducting interface layer. The complicated formation of
decomposition products, and the subsequent rearrangement of the SEI during cycling, means that it is
difficult to understand the exact role of the additives. However, we show that the TTSPi clearly has a
benefit as an additive. It may have a dual benefit in scavenging of HF and suppressing transition metal
dissolution from the cathode, as well as protecting the anode.

XPS measurements on lithium ion anode samples, tested in electrolytes with various additives,
showed clear differences in elemental composition, and the chemical environment for each element.
The peaks in the spectra can be attributed to compounds of the type that are expected to be found in
the SEI layer. It was observed that there was a general trend for lower resistance with higher lithium
fluoride content, though not at the extreme concentrations found with TEB as an additive. For oxygen
double bond compounds, there was an interesting “volcano” plot, with a lower carbonyl content at
both low and high resistances.

The baseline electrolyte includes a proprietary additive (or additives) that contains boron and
sulphur. It was observed that the sulphur content in the SEI layer was suppressed by several of the
other additives. The sulphur compounds identified were sulphides; Li2S and CH3SLi rather than
oxygen containing sulphur compounds. Possible mechanisms for the formation of these compounds
have been proposed.

We suggest that the best additives are involved in the formation of a thin but ionically conductive
layer. Greater carbon content and lower oxygen content from the XPS indicate a reduction of the EC
type ring opening decomposition, and preferential lithiated organic species on the surface. Therefore,
we suggest that the better additives contain strongly bonded organic or inorganic species which
do not dissociate completely upon decomposition, and enable further lithiation of the compound
upon cycling.

Supplementary Materials: The following are available online at www.mdpi.com/electrochem-797624-Suppl-
Revised, Figures S1–S6.
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