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Reversible Graphite Anode Cycling with PC-Based Electrolytes
Enabled by Added Sulfur Trioxide Complexes

Julien Demeaux, Yingnan Dong, and Brett L. Lucht**

Department of Chemistry, University of Rhode Island, Kingston, Rhode Island 02881, USA

Pyridine sulfur trioxide (PyrSO3), trimethyl amine sulfur trioxide (Me3NSO3), and triethyl amine sulfur trioxide (Et3NSO3) com-
plexes have been investigated as electrolyte additives for lithium ion batteries. Incorporation of 0.5 to 2.0% of the SO3 complexes
into a PC/EMC (1:1 v/v) 1 M LiPFg¢ baseline electrolyte affords reversible cycling of graphite anodes confirming generation of a
stable Solid Electrolyte Interphase (SEI). Good cycling performance is observed for graphite/LiNipsMn; 504 cells cycled to high
potential (4.8 V vs Li) containing PC based electrolyte with added SO3 complexes. Ex-situ surface analysis via X-ray Photoelectron
Spectroscopy (XPS) of the anodes reveals SO3 complex reduction on the surface of the graphite anode generates a sulfur-based SEI
containing sulfites, sulfide, and sulfate species. The presence of the sulfur containing species is likely critical for the stability of
the SEI. Ex-situ XPS analyses of the LiNipsMn; 504 cathodes suggest that reaction of Me3NSO3 or Et3NSO3 complexes at high
potential result in the generation of a stable passivation layer which affords good capacity retention and coulombic efficiency.
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The standard anode material in most commercial lithium ion batter-
ies is graphite due to good specific capacity, low volumetric expansion
upon Li* intercalation, relatively flat potential profile, excellent cy-
clability, and low cost. However, the reduction potential of lithiated
graphite is below the stability window of most organic solvents and
thus requires the formation of a Solid Electrolyte Interphase (SEI)."2
Only a few electrolytes result in the formation of a stable SEI on
graphite and most of these electrolytes include ethylene carbonate
(EC) due to the critical role of EC in SEI formation.> An alterna-
tive solvent, propylene carbonate (PC), has been already extensively
studied for use in lithium-ion batteries due to its favorable physical
properties: high relative permittivity (¢ = 64.96) and wide operating
temperature range (mp = -55°C, bp = 240°C).? However, reduction
of PC does not generate a stable SEI on graphite leading to contin-
uous electrolyte reduction and graphite exfoliation. In addition, EC
has recently been reported to have high reactivity with the surface of
cathodes operating at high potential.*>

In order to use PC based electrolytes an electrolyte additive is
required to assist with SEI formation.® One type of additive which
frequently stabilizes the SEI are sulfur-based compounds,’ includ-
ing SO,,%° CS,,'° polysulfides S,>~,""1? cyclic alkyl sulfites, such
as ethylene sulfite,'* propylene sulfite,'* and aryl sulfites,'* propane
sultone,'® butyl sultone,'® functionalized sulfones,'” and sulfates.!®
All of these sulfur compounds are soluble in the organic electrolytes,
but anodic unstable at high potential.® Propane sultone is one of the
most widely investigated sulfur based additives and has been reported
to improve Li* conduction in the anode SEL. However, due to toxicity
concerns there is an interest in finding an alternative to PS. Previously
reported ex-situ surface analysis of graphite anodes cycled with PS
suggests that the primary reduction product of PS is lithium propane
sulfonate (RSOsLi).!>?" In an effort to develop Additives for Designed
Surface Modification (ADSM),?!' novel SO; based additives have been
developed to generate similar reduction products to the lithium alkyl
sulfonates generated from the reduction of PS.

Sulfur trioxide complexes, have been investigated as novel addi-
tives for PC/EMC (ethyl methyl carbonate) 1 M LiPF electrolyte. The
chemical structures of pyridine sulfur trioxide (PyrSQOs),? trimethyl
amine sulfur trioxide (Me;NSO3), and triethyl amine sulfur trioxide
(Et:NSO3) complexes are provided in Figure 1.

The complexes are bifunctional and combine the advantages of
both a Lewis base (pyridine, trimethyl amine, or triethylamine) which
inhibits LiPF4 decomposition® and an anode film forming agent (SO3)
which improves cycling stability on graphite through modification of

*Electrochemical Society Member.
“E-mail: blucht@chm.uri.edu

the SEI via incorporation of the SO; reduction products.!!?> Coin cells
composed of Graphite/Li and LiNiy sMn; sO,/Graphite have been pre-
pared and cycled with the PC-based electrolyte containing the SO3
complexes in order to study the ability of the additives to generate
passivation layers on either the graphite anode and/or the high volt-
age spinel cathode. A systematic XPS study conducted after cycling
shows that the surface chemistry of both electrodes are modified with
the added SO; complexes.

Experimental

The levels of HOMO and LUMO energies were performed on
isolated EMC, PC, PyrSO3;, Me;NSO3;, and Et3NSOjs in the gas phase
using the Gaussian 03 package.”* HOMO and LUMO energies were
obtained with the B3LYP/6-3114G(2d,p) basis set.

Coin cells were assembled with 2032-type coin cell parts from
MTIL, including SUS 304 Al- clad cases, SUS 316L caps, PP gaskets,
disk spacers of 15.5 mm diameter and 1.0 mm of thickness, and wave
springs of 15 mm diameter and 1.4 mm of thickness.

The cells were built with commercially coated electrodes:
LiNipsMn; sO4 (d = 14.7 mm) and graphite anode (d = 15.0 mm),
a piece of Whatman glass fiber (d = 19 mm) with 80 pL of elec-
trolyte in an Argon-filled glove box. The water content was less than
0.1 ppm. The baseline electrolyte was 1.0 M LiPFq in PC/EMC (1/1
v/v). Battery grade carbonate solvents and lithium hexafluorophos-
phate (LiPFg) were obtained from BASF. Pyridine (98%), trimethy-
lamine (95%), and triethylamine (95%) sulfur trioxide complexes
were obtained from Sigma Aldrich and added as 2.0%, 1.0%, or 0.5%
weight percent of the total mass of electrolyte, all three additives can
be dissolved in baseline electrolyte easily up to 2%.

Cells were cycled at 25°C at the C/5 rate on Arbin Instruments
potentiostats following a CC-CV protocol. A constant current (CC)
charge was applied to reach the desired potential. This potential was
maintained (CV) until the current decreased down to 10% of the
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Figure 1. Sulfur trioxide complexes used as additives in the PC/EMC (1/1
v/v) 1 M LiPFg baseline electrolyte.
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Figure 2. HOMO and LUMO levels of PyrSO3, EtzNSO3, and Me3NSO3
calculated by DFT (Gaussian 03) and the B3LYP/6-311+G(2d,p) basis set.

applied charging current for a maximum duration of 1 hour. The
temperature was controlled with a Fisher Scientific Isotemp Incubator.
Formation cycling of graphite cells was as follows: 5 cycles, 1 cycle
at C/20 rate, 2 cycles at C/10, and 2 cycles at C/5 rate at 25°C. The
remaining cycles were performed at a cycling rate of C/5. Cycling
was conducted in the 4.80-3.30 V potential range in the case of
LiNipsMn, 504/graphite cells.

XPS measurements were carried out using a ThermoFisher K-
Alpha spectrometer, under focused monochromatised Al Ko radia-
tion (hv = 1486.6 eV). Cells were disassembled in the glove box and
electrode samples were rinsed 3 times (3 x 500 wL) with anhydrous
DMC and dried under vacuum at room temperature for 10 minutes.
A vacuum transfer vessel (provided by ThermoFisher) was used to
avoid any contact with air/moisture. Peaks were recorded with con-
stant pass energy of 50 eV with energy resolution of 50 meV and
charge neutralization. The peak positions and areas were optimized
by a weighted least squares fitting method using 70% Gaussian, 30%
Lorentzian line shapes using the Avantage (ThermoFisher) software.

Results and Discussion

HOMO and LUMO energy levels determined by DFT
calculations.—HOMO and LUMO energy levels are calculated by
DFT using the B3LYP/6-3114G(2d,p) basis set to evaluate relative
oxidation and reduction potentials of sulfur trioxide complexes, as
compared to EMC and PC. Results of HOMO and LUMO levels are
depicted in Figure 2.

As seen from Figure 2, the HOMO levels of PyrSO;, EtzNSOs,
and Me;NSO; are higher than the HOMO levels of EMC and PC.
This suggests that the sulfur trioxide complexes are more easily ox-
idized than EMC or PC. Oxidation at high potential could result in
modification and passivation of the cathode surface.

LUMO levels of the three sulfur trioxide complexes are similar.
They have lower LUMO energies than EMC and PC (Figure 2), sug-
gesting that they are more easily reduced than the carbonates. Their
reduction at low potential should modify the SEI on graphite at low
potential.

Graphite half-cells.—Electrochemical cycling.—Since PyrSOs;,
Et;NSO3;, and Me;NSO; are the theoretically more easily reduced
than PC and EMC and the reduction products are likely similar to the
reduction products of PS as described above, they are potentially in-
teresting additives for surface modification of the graphite anode. One
method to investigate efficient passivation of graphite is to incorporate
the additive into a PC-based electrolyte. It is well known that PC is
continuously reduced at 0.8 V vs. Li/Li* with little Li* insertion and
significant exfoliation of the graphite.?
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Figure 3. Voltage profile of the first cycle of Graphite/Li half-cells at 25°C
(C/20, cutoff limits of 0.005 V vs. Li/Li* and 1.5 V vs. Li/Li*) using PC/EMC
(1/1 vol.) LiPFs 1 M as the baseline electrolyte with the (a) PyrSOs3, (b)
Me3NSO3, and (c) EtzNSO3 additives (concentrations of 2.0%, 1.0%, and
0.5% (wt)).

The first cycle of Graphite/Li cells with PC based electrolyte con-
taining added PyrSO;, Me;NSO;, or Et;NSO; is presented in Figure
3. Continuous electrolyte reduction is observed for the baseline PC
electrolyte at 0.8 V vs. Li/Lit due to a lack of passivation of the
graphite electrode (Figures 3a, 3b, and 3c).%°

Incorporation of PyrSO; to the baseline formulation results in the
appearance of a new shoulder at 1.9 V vs. Li/Li*. The capacity of
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Table I. Relative atomic percentage (%) of selected elements at the surface of the graphite electrodes after 1 cycle in Graphite/Li cells at 25°C.
Relative atomic concentration of elements present at the fresh graphite electrode is also added for comparison.

Additive concentration Cls F1s O 1s Lils S2p N 1s P2p
Fresh graphite 85 - 15 - - - -
PyrSO3 2.0% (wt) 14 26 23 28 7 1 2
1.0% (wt) 15 25 21 29 7 1 2
0.5% (wt) 18 27 19 28 4 1 3
Me3NSO3 2.0% (wt) 25 20 23 28 2 0 2
1.0% (wt) 33 23 19 22 2 0 2
0.5% (wt) 20 37 5 37 0 0 1
Et3NSO3 2.0% (wt) 20 30 17 28 2 0 2
1.0% (wt) 22 30 16 28 2 0 2
0.5% (wt) 20 32 14 31 1 0 2

the shoulder systematically increases from 5 mAh.g~! to 30 mAh.g™!
as the concentration of the additive in the electrolyte is increased
(Figure 3a). The additive reduction allows Li* insertion into the
graphite electrode and prevents further decomposition of the carbon-
ate solvents. Excellent reversibility toward Li* insertion/extraction of
graphite is also achieved with 84.7%, 87.9%, and 91.7% coulombic
efficiency for electrolytes with PyrSO; concentrations of 2.0% (wt),
1.0% (wt), and 0.5% (wt), respectively.

A clear reduction plateau is not observed with added Me;NSO; or
Et;NSO;. Nevertheless, insertion of Lit is observed at lower poten-
tial upon addition of 1.0% or 2.0% Me;NSOj; (Figure 3b). All three
concentrations of Et;NSO; (0.5%, 1.0%, and 2.0%) afford interca-
lation of Li* into graphite reaching its full capacity at 0.005 V vs.
Li/Li* (Figure 3¢). Upon passivation of graphite, excellent coulombic
efficiency is observed, 92.9% and 93.5% with 1.0% and 2.0% added

Me;NSOs, respectively, and 93.4%, 93.7%, and 93.5% with 0.5%,
1.0%, and 2.0% added Et;NSOs.

Since incorporation of added PyrSOs, Me;NSOj, or EtzNSO; af-
fords reversible cycling of graphite electrodes with PC based elec-
trolytes, electrochemical cycling with graphite/LiNipsMn; 5O, cells
has been further investigated, as described below.

Surface analysis by XPS.—Graphite electrodes cycled once at the
C/20 rate in half-cells at 25°C (Figure 3) have been analyzed with XPS
analysis to develop a better understanding of the role of the additive
in SEI formation on the graphite anode. The graphite electrodes have
been analyzed in the delithiated state. Relative atomic concentration
of selected elements present at the surface of the graphite electrodes
is displayed in Table I and the C 1's, S 2p, and N 1s element spectra
are provided in Figures 4, 5, and 6, respectively.
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Figure 4. C 1s core spectra of the (a) fresh graphite and (b, ¢, d) graphite electrodes after one cycle in graphite/Li half-cells at 25°C in the PC/EMC (1/1 vol.) 1
M LiPF electrolyte comprising (on the right) the PyrSO3 additive at concentrations of (b) 2.0% (wt), (c) 1.0% (wt), and (d) 0.5% (wt), (on the center) Me3NSO3
at concentrations of (b) 2.0% (wt) and (c) 1.0% (wt); (on the right) Et3NSOj3 at concentrations of (b) 2.0% (wt) and (c) 1.0% (wt), and (d) 0.5% (wt).
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Figure 5. S 2p core spectra of the (a) PyrSO3, Me3NSO3, EtzsNSO3 powders and graphite electrodes after one cycle in graphite/Li half-cells at 25°C in the
PC/EMC (1/1 vol.) 1 M LiPFg electrolyte comprising (on the right) the PyrSO3 additive at concentrations of (b) 2.0% (wt), (c) 1.0% (wt), and (d) 0.5% (wt), (on
the center) Me3NSO3 at concentrations of (b) 2.0% (wt) and (c) 1.0% (wt); (on the right) EtzNSO3 at concentrations of (b) 2.0% (wt) and (c) 1.0% (wt), and (d)

0.5% (wt).

The fresh graphite electrode contains a high concentration of C
from the graphite anodes and a low concentration of O from the
CMC/SBR binder and surface contamination of the graphite. All
of the graphite electrodes cycled with electrolyte containing added
PyrSO; have similar concentrations of F, Li, N, and P. On the contrary,
small variations in the concentrations of C, O, and S are observed for
the electrodes cycled with electrolyte containing 2%, 1%, and 0.5%
PyrSO;. As the additive concentration increases, the concentration of
C is decreased and the concentration of O and S are increased. This
suggests that the decomposition products of PyrSO; are incorporated
into the SEI on the graphite anode. The graphite electrodes cycled
with added Me3;NSO; or Et;NSO; have variable concentrations of C,
F, and O as a function of additive concentration. However, the pres-
ence of S along with the reversible cycling of the PC based electrolyte
suggests that incorporation of the SO; additives alter the structure of
the SEI on the graphite electrodes.

The C 1s spectra of the graphitic anodes cycled with electrolyte
containing 2.0%, 1.0%, and 0.5% of added SO; complex are presented
in Figure 4, along with the fresh graphite electrode. For the composite
graphite electrode (4a), characteristic peaks of C-C (284.3 eV), C-H
(285.6 eV), and C-O (286.5 eV) are observed and are dominated by
the C-C peak.?”?® Similar C 1s peaks are observed at 284.3 eV (C-C),
285.6 eV (C-H), and 286.5 eV (C-O), with comparable intensities
for graphite electrodes cycled with electrolyte containing all three
concentrations of added PyrSO; (Figures 4b, 4c, and 4d, on the left).
Interestingly, there are no peaks observed at 290 eV characteristic of
Li,COs; or lithium alkyl carbonates form carbonate solvent reduction
observed for any of the graphite electrodes cycled with PyrSO;.%
Thus, additive decomposition appears to suppress PC/EMC reduction
and allows reversible cycling of graphite, in a PC-based electrolyte.

Similar trends are observed for the C1s spectra of electrodes cycled
with electrolytes containing added Me;NSO; or Etz3NSO;. The C 1s
spectrum of graphite cycled in 0.5% Me;NSO; is very similar to
the one of fresh graphite (4, a and d), despite continuous electrolyte
reduction on the anode during charging suggesting that the generation

of soluble non-passivating reduction products are removed during
electrode rinsing. When reversible cycling of graphite is observed at
concentrations of 2.0% (Figure 4b) or 1.0% Me;NSO; (Figure 4c¢),
the C 1s spectra of the cycled electrodes contain low concentrations of
peaks characteristic of CO;5 at 290 eV (Figures 4b and 4c) consistent
with the presence of low concentrations of lithium alkyl carbonates
or Li,COj; incorporated into the SEI. The C 1s spectra of the anodes
cycled with electrolyte containing added Etz;NSOj; are very similar to
those observed for the electrodes cycled with electrolytes containing

For all three additives, O 1s spectra of the graphite electrodes show
a broad peak of oxygenated species in the 536 eV-530 eV binding
energy range, as well as a predominant peak of LiF (685 eV) in the
three F 1s spectra (not shown here).

All the S 2p spectra of the graphite electrodes cycled in the PyrSO;-
based electrolytes exhibit the main doublet of N*SO;7/RSOsLi at
168.3 eV (Figure 5, on the left), consistent with the generation of
lithium alkyl sulfonates, as previously reported for electrolytes con-
taining PS.'>?° Furthermore, intensities of the S 2p spectra increase
with increasing concentration of the PyrSO; additive in the elec-
trolyte. The S 2p spectra also include an S 2p doublet of RSO,Li
and Li,SO; at 166.2 eV, which results from the further reduction
of the SO3; complexes on the lithiated graphite surface.?** Similar
trends are observed for the S 2p spectra of graphite electrodes cycled
with electrolyte containing added Me;NSOj3 and Et;NSO;. The S 2p
peak intensity increases for the graphite electrodes cycled with either
Me;NSO; or Et;NSOj; as the additive concentration in the electrolyte
increases (Figure 5). Although at a low concentration of Me;NSO;
(0.5%) continuous electrolyte reduction is observed and no S is ob-
served on the surface, consistent with the importance of the SO;
reduction products in the formation of a stable SEI.

The reactivity of the PyrSO; complex at low potential is also
supported by the N 1s core spectra of graphite electrodes depicted
in Figure 6. Distinct N 1s peaks are observed for the graphite elec-
trodes cycled with the PyrSOs-based electrolyte, consistent with the
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Figure 6. N 1s core spectra of the (a) PyrSO3; powder and graphite electrodes
after one cycle in graphite/Li half-cells at 25°C in the PC/EMC (1/1 vol.)
1 M LiPFg electrolyte comprising the PyrSOj3 additive at concentrations of (b)
2.0% (wt), (c) 1.0% (wt), and (d) 0.5% (wt).

highest reactivity of the PyrSO; additives in graphite half-cells (Fig-
ure 6). While a single pyridine peak is observed at 401 eV for the
pure additive powder, the cycled electrodes contain a new peak at
399 eV consistent with the presence of pyridinium species.*'*> The
N 1s peak intensity is lower for all the graphite electrodes cycled
with Me;NSO; or Etz;NSOj3, which may result from lower reactivity
or higher solubility of the amine reduction products compared to the
pyridine reduction products.

Incorporation of SO; complexes into PC based electrolytes results
in passivation of the graphite surface, which allows reversible cycling.
The XPS analysis suggests that the passivating surface layers are com-
posed of sulfur containing species and the predominant decomposition
product of LiPFg (LiF). The C 1s core spectra of electrodes suggest
that the S containing passivation film significantly reduces carbonate
solvent reduction on the graphite surface.

LiNiysMn; 50,/Graphite cells in PC-based electrolytes.—
Cycling performance.—While incorporation of SO; complexes into
PC based electrolytes for lithium ion batteries clearly leads to modi-
fication of the graphite SEI and improved cycling performance, there
is also significant interest in the use of high voltage cathode materi-
als including, LiNigsMn; 5O,4. Thus, the incorporation of SO; com-
plexes into graphite/high voltage spinel cells (Gr/LiNipsMn;504)
has been conducted to probe oxidation of the additives on the
cathode to generate cathode passivation films. The cycle voltage
profiles, capacity retention and coulombic efficiency for PC elec-
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Figure 7. First cycle voltage profile of LiNig sMn; 504/Gr cells at 25°C (C/20
D/20, cutoff limits: 4.80 V-3.30 V vs. LiCs/C¢) using PC/EMC (1/1 vol.)
LiPF¢ 1 M as the baseline electrolyte with the (a) PyrSOs, (b) Me3NSO3, and
(c) Et3NSOj3 additives (concentrations of 2.0%, 1.0%, and 0.5% (wt)).

trolytes with added PyrSO3, Me;NSO; and Et;NSO; are provided in
Figure 7 and Figure 8.

As seen from Figure 7a, PyrSO; reduction is observed on graphite
between 2.0 V-2.5 V vs. LiC¢/Cg, as discussed above for Gr/Li cells
(Figure 3). A reasonable discharge capacity of ca. 130 mAh.g™! is
observed with either 1.0 or 2.0% of added PyrSOs;. The first cycle
coulombic efficiencies are somewhat low at 64.8% and 73.4%, respec-
tively. The low values of efficiency are likely due to a combination
of electrolyte reduction on the anode to form the SEI and electrolyte
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Figure 8. Cycling retention of LiNig sMn; 504/Graphite cells (C/5 D/5, cutoff
potentials at 25°C: 4.80 V-3.30 V vs. LiC¢/Cg) using the PC/EMC (1/1 vol.)
1 M LiPFg electrolyte, which contains the (a) Me3NSO3 and (b) EtsNSO3
additives.

oxidation on the cathode surface at high voltage.*>** At lower concen-
trations of PyrSO; (0.5%), the additive does not afford good first cycle
performance for LiNiy sMn; sO4/Gr cells. The first charge voltage pro-
file contains a drop in potential from 4.3 V to 3.9 V consistent with
decomposition of the electrolyte and cycling instability as discussed
below (Figure 7a).

The voltage profiles during the first cycle at C/20 for cells con-
taining electrolyte with added Me;NSO; or EtzNSO; are presented

A1357

in Figures 7b and 7c, respectively. The profiles have a similar shape,
with comparable charge capacity, which is independent of the additive
concentration (ca. 150 mAh.g~!). A plateau is observed at 3.25 V vs.
LiC¢/Cs attributed to the reduction of Me3;NSO; or Et;NSOj; on the
graphite electrode (Figures 7b and 7¢). However, the discharge capac-
ities, do not depend on additive concentration but are slightly lower
with added EtzNSO; (ca. 123 mAh.g~!) compared to Me;NSO; (ca.
130 mAh.g~"). The difference in behavior is not observed for Gr/Li
cells suggesting the different amine SO; complexes have different
reactivity toward the high voltage spinel.

Cycling performance at 25°C for the first 25 cycles of
LiNigsMn; 504/Gr cells with PC based electrolytes with added SO3
complexes is presented in Figure 8. Cycling performance of full cells
with added PyrSO; is displayed in Figure 8a. Good capacity retention
and efficiency are observed at higher concentrations of PyrSO; (2.0%
and 1.0%) with 85% and 82% capacity retention after 25 cycles and
over 99% coulombic efficiency for the final 10 cycles. However, sig-
nificant capacity loss (47.7%) is obtained for cells containing 0.5% of
PyrSO;. The poor cycling performance is likely due to poor passiva-
tion of graphite (Figure 7a).

Cells containing electrolyte with 1% or 2% of added Me;NSO;

have better capacity retention, 90% and 88%, respectively (Figure 8b).
The coulombic efficiency is also found to be excellent, 99.9%. Cells
containing electrolyte with added Et;NSO; also show good capac-
ity retention (88-91%) and high efficiency (> 98%) for all additive
concentrations. Thus, superior cycleability of cells containing either
the Me;NSO; complex or the Et;NSO; complex is observed in high
voltage LiNipsMn; sO4/Gr cells, in agreement with that observed in
graphite/Li cells. Ex-situ surface analysis of the electrodes has been
conducted in order to develop a better understanding of the source of
the performance enhancement of added SO; complexes.
Surface analysis by XPS.—LiNiysMn; 50O, cathodes.—Surface anal-
ysis of the cathodes extracted from graphite/LiNigsMn; 5O, cells after
25 cycles at 25°C has been conducted by XPS. The LiNigsMn; 504
electrodes are analyzed in the lithiated state (0% SOC). Relative
atomic concentrations present on the surface of the high voltage spinel
electrodes are provided in Table II.

The fresh LNMO electrode shows a high concentration of C, O,
Mn, and F from the oxide particles and the PVdF binder. For the
cathodes cycled with electrolyte containing added PyrSO;, two types
of behaviors are observed depending on the additive concentration,
which relates to the cycling performance discussed above (Figure 8).
For the cathodes cycled with electrolyte containing 1-2% PyrSOs,
similar concentrations of elements are found, while differences are
observed with 0.5% PyrSOj;. The relative concentration of C is de-
creased and the concentration of O is increased consistent with lower
concentrations of PyrSO; and less passivation of the cathode surface.
The thinner surface films with low concentrations of PyrSO; corre-
late with the poor cycling performance. The cathodes cycled with
electrolyte containing added Me;NSOj; or Et;NSOj; have very similar
element concentrations for all concentrations investigated. Cells with
all concentrations of added Me;NSO; or EtzNSO; have good cycling
performance that the thin surface films correlate with good cycling
performance (Figure 8). The results suggest that the presence of the
aromatic pyridyl group may lead to higher reactivity of the cathode
surface and thicker surface films, but the presence of the amines leads
to thinner but more effective passivation layers on the cathode.

The O 1s spectra of cathodes cycled with electrolyte containing
PyrSOs, Me;NSO;, and Et;NSO; are depicted in Figure 9. The cath-
odes cycled with the PyrSO; additive have a weak O-M peak at 529
eV consistent with the presence of a thick cathode surface film cov-
ering the metal oxide particles.>3® The O 1s spectrum is dominated
by a broad peak centered at 532 eV characteristic of C-O, C = O,
and S-O containing species from the reaction of the electrolyte. The
cathodes cycled with Me;NSO; and Et;NSO; additives have much
stronger O-M peaks at 529 eV and a weaker broad peak associated
with electrolyte decomposition at 532 eV consistent with a thinner
cathode surface film. Interestingly, the intensity of the M-O peak is in
agreement with the elemental concentration data, suggesting that the
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Table II. Relative atomic percentage (%) of selected elements at the surface of the LiNiysMnj 504 electrodes after cycling in LiNig.sMn; 504/Gr

cells at 25°C.
Additive concentration Cls Fls O1ls Mn 2p S 2p N 1s P2p

Fresh LNMO 39 15 9 37 - - -
PyrSO3 2.0% (wt) 39 27 22 1 3 4 4
1.0% (wt) 40 25 22 1 2 5 5
0.5% (wt) 28 27 30 2 0 1 12
Me3NSO3 2.0% (wt) 52 22 19 3 1 1 2
1.0% (wt) 49 22 20 3 1 1 3
Et;NSO3 2.0% (wt) 50 23 20 3 1 1 3
1.0% (wt) 48 22 22 5 1 1 3
0.5% (wt) 49 22 21 3 1 1 3

cathode surface film thickness is largely independent of the concen-
tration of added Me;NSO; or Et;NSOs.

C 1s spectra of the LiNipsMn; 50,4 cathodes are presented in
Figure 10. The fresh (uncycled) cathode (Figure 10a) contains peaks
characteristic of conductive carbon (284.3 eV) and the PVdF binder
(-CH,- at 286.5 eV and -CF,- at 290.7 eV).’*3 The cathodes cy-
cled in the PyrSOs-containing electrolytes reveal significant quanti-
ties of electrolyte decomposition on the surface. Upon incorporation of
1-2% PyrSO; new peaks characteristic of C-H (286.5 eV), C-O (286.5
eV), and CO; (290 eV) are observed, while the C-C peak at 284.3 eV
is diminished and the CF, (PVdF) peak at 290.7 eV is no longer
observable. The electrode cycled with 0.5% PyrSO; has only C-C
(284.3 eV), CH, (285.6 eV), C=0 (287.7 eV) and CO; (290 eV)
observable.3>3%3% The small contribution of the C-C peak and sig-
nificant concentration of C-O and C=0 peaks suggests a significant
coverage of the cathode material by decomposition products of the
electrolyte, consistent with the intensities of the O-M peak in the O

I * § * 7

O1s

(a) Fresh LNMO

1s spectra. The LiNiypsMn,; 504 cathodes cycled with electrolyte con-
taining either Me3;NSO; or Et3NSOj; are different that those cycled
with PyrSO;. The C-C (284.3 eV), CH, (286.5 eV) and CF, (290.7
eV) peaks of the PVdF binder are weak, but visible, suggesting thin-
ner passive layers. Nevertheless, the CEI of these cathodes contains
the C-O (286.5 eV), C=0 (287.7 eV), and CO3 (290 eV) functional
groups coming from PC and EMC oxidation. As previously observed
from the O 1s spectra, the C 1s spectra are very similar for all ad-
ditive concentrations. The surface chemistry of the cathode surface
layers does not depend on the additive concentration in the baseline
electrolyte.

The S 2p spectra of the cathodes are depicted in Figure 11. For
the cathodes cycled with PyrSO; are dominated by the doublet of
peaks characteristic of N*SO; " /RSO;Li. An additional minor doublet
of peaks characteristic of S-S species appears at 164 eV.>>*! The
presence of S on the surface suggests participation of the sulfonate in
the CEI (Cathode Electrolyte Interface). When the concentration of

4 % ¢ r L F & v k =

O1s

(a) Fresh LNMO

(b) 2% Pyr-SO, (a) Fresh LNMO

(b) 2% Et,NSO,

(b) 2% Me,NSO,
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(€) 1% Me,NSO,
(d) 0.5% Pyr-SO, (d) 0.5% Et,NSO,
L TR TENLA B R RN AN S RN TR Tl 1l Tl lr L vt ? LR L L L
540 538 536 534 532 530 528 526 540 538 536 534 532 530 528 526 540 538 536 534 532 530 528 526

Binding Energy / eV Binding Energy / eV Binding Energy / eV
Figure 9. O Is core spectra of (a) the LiNig sMn; 504 fresh electrode and LiNig5Mn; 504 cathodes cycled with graphite in the PC/EMC (1/1 vol.) 1 M LiPFg
electrolyte comprising (on the right) the PyrSO3 additive at concentrations of (b) 2.0% (wt), (¢) 1.0% (wt), and (d) 0.5% (wt), (on the center) the Me3NSO3

additive at concentrations of (b) 2.0% (wt), (¢) 1.0% (wt), and (on the left) Et3NSOj3 at concentrations of (b) 2.0% (wt), (¢) 1.0% (wt), and (d) 0.5% (wt).
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Figure 10. C 1s core spectra of (a) the LiNig 5sMn; 504 fresh electrode and LiNip sMn; 504 cathodes cycled with graphite in the PC/EMC (1/1 vol.) 1 M LiPFg
electrolyte comprising (on the right) the PyrSO3 additive at concentrations of (b) 2.0% (wt), (c¢) 1.0% (wt), and (d) 0.5% (wt), (on the center) the Me3NSO3
additive at concentrations of (b) 2.0% (wt), (c) 1.0% (wt), and (on the left) Et3NSOs3 at concentrations of (b) 2.0% (wt), (c) 1.0% (wt), and (d) 0.5% (wt).
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Figure 11. S 2p core spectra of (a) the PyrSO3 powder and LiNipsMn; 504
cathodes cycled with graphite in the PC/EMC (1/1 vol.) 1 M LiPF electrolyte
comprising the PyrSO3 additive at concentrations of (b) 2.0% (wt), (c) 1.0%
(wt), and (d) 0.5% (wt).

PyrSO; is reduced to 0.5%, no sulfur is detected on the LiNigpsMn; sO4
surface. The concentration of S on the surface of electrodes cycled
with electrolyte containing either Me;NSOj or Et;NSO; is very low
for all additive concentrations, consistent with thin cathode surface
films as discussed above.

To conclude, two types of CEIs are observed on the LiNipsMn; 504
cathode depending on the additive structure. For the PyrSO; elec-
trolytes, significant electrolyte decomposition is observed via the O
Is and C 1s spectra. This results in the generation of a thick passive
layer which contains S. Alternatively, incorporation of Me; NSO and
Et;NSOj; additives results in a thin, but passivating CEI. Consequently,
better cycling retention and higher coulombic efficiency are observed
for PC/EMC electrolytes with added Me;NSO; and Et;NSOs;.

The graphite anodes extracted from graphite/LiNipsMn,; 504 cells
cycled with PC based electrolyte with added SO; complexes were also
analyzed by XPS. The surface species are relatively similar to those
observed on the graphite electrodes extracted from Li/graphite cells
and are not presented here.

Conclusions

An investigation of novel bifunctional additives PyrSOs;,
Me;NSO; and Et;NSO; has been conducted. In order to develop
an understanding of the role of SO; additives in anode SEI forma-
tion and stability, PC based electrolytes with and without added SO;
complexes have been conducted. Incorporation of any of the SO;
complexes, PyrSO;, Me;NSO; and EtzNSOs;, result in the genera-
tion of a stable SEI on the graphite electrodes allowing reversible
cycling with high coulombic efficiency with the PC-based electrolyte.
The SO; complexes are reduced at low potential into sulfates and
sulfites, as evidenced by XPS analysis, which results in an efficient
passivation layer on the graphite. The compatibility of the SO3 addi-
tives with high voltage cathodes has also been probed. Excellent cy-
cling performance of LiNiysMn; sO4/Gr cell has been obtained with
the same PC-based electrolyte with added MesNSO; or EtzNSOs.
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e cathode passivation layer on the LiNipsMn,; 50, oxide particles
sulting in good cyclability and coulombic efficiency.
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