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opposed to the cathode.

The cycling performance of LiPF4(C,04) electrolyte is compared with LiPFg electrolyte in the pres-
ence of several different electrode materials. The cycling of MCMB/LiNi;;3Co1;3Mn;30; and natural
graphite/LiFePOy4 cells provides very similar performance for both electrolytes. However, MCMB/LiMn; 04
cells have a lower initial reversible capacity with LiPF4(C,04) electrolytes. A detailed analysis of the sur-
face films on both the cathode and the anode via X-ray photoelectron spectroscopy (XPS) and scanning
electron microscopy (SEM) was conducted. The performance differences are attributed to the anode as

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Lithium-ion batteries are very interesting due to their high
energy density. While the incorporation of lithium-ion batteries
into portable electronic devices has been occurring for over a
decade, incorporation of LIB into electric vehicles is just begin-
ning. Unfortunately, currently available lithium-ion batteries do
not satisfy some of the performance goals for electric vehicles
due to loss of power and capacity upon storage or prolonged use,
especially at moderately elevated temperatures (>55 °C). The elec-
trolytes used in commercial lithium-ion batteries are composed
of LiPFg dissolved in organic carbonates or esters [1]. The perfor-
mance degradation is linked to the poor thermal stability of LiPFg
and the reactions of the electrolyte with the surface of the elec-
trode materials [2-5]. Many research groups have attempted to
develop new electrolyte formulations through the incorporation of
electrolyte additives designed to generate a more stable solid elec-
trolyte interphase (SEI) on the anode and improve cell resilience
to high temperatures [6]. There have also been investigations on
the development of alternative salts for lithium ion battery elec-
trolytes [1]. In particular, lithium bisoxalatoborate (LiBOB) [7,8] has
received significant attention. However, none of the reported salts
have properties superior to LiPFg.

We have been conducting a detailed analysis of a novel salt,
lithium tetrafluorooxalatophosphate [LiPF4(C204)], which shows
many comparable properties with LiPFg, including ionic conductiv-
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ity, electrochemical stability window, and cycling stability [9-11].
However, LiPF4(C;04) has much better thermal and hydrolytic
stability and performance retention upon accelerated aging. This
unique combination of properties makes LiPF4(C,04) an interesting
alternative to LiPFg. In this work, we have expanded our inves-
tigation of LiPF4(C,04) electrolyte, to include multiple types of
electrode materials (cathode and anode). The performance in cells
cycled at room temperature has been investigated by electrochemi-
cal cycling. In order to develop a better understanding of the sources
of performance differences between LiPF4(C,04) and LiPFg, the sur-
faces of the electrodes have been analyzed after cycling.

2. Experimental

A standard electrolyte composed of 1.2M of lithium hexaflu-
orophosphate (LiPFg) in 3:7 EC/EMC (vol.) was obtained from
Novolyte Corporation and used without further purification (LiPFg
electrolyte). Lithium tetrafluorooxalatophosphate, LiPF4(C;04),
was synthesized as described previously[10]. LiPF4(C,04) was dis-
solved in EC/JEMC (3:7, vol.) to generate the LiPF4(C,04) electrolyte
(LiFOP electrolyte).

Coin cells were fabricated in a glove box with argon of high
purity. The anode of MCMB/LiNi;;3C0o1;3Mny;30; cells is made
of 88.8% mesocarbon microbeads (MCMB), 8% of poly(vinylidene
difloride) (PVDF) binder, and 3.2% of acetylene black. The cath-
ode is composed of 80% LiNi;;3C01;3Mny;30, active material, 10%
PVDF, and 10% conductive material. The anodes of lithium iron
phosphate (LiFePO4) cells contain natural graphite (NG) with CMS
binder and the cathodes contain lithium iron phosphate powder
with PVDF binder and were obtained from MTIL The cathodes of
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Fig. 1. Cycling performance of LiPFg and LiFOP
MCMB/LiNi;;3Coq/3Mny30; cells.

electrolytes in

MCMB/LiMn,0,4 cells contain 81.6% of lithium manganese oxide,
8% of PVDF binder, 6.4% of acetylene black and 4% of graphite. The
anode of MCMB/LiMn, 04 cells is made of 85.6% MCMB, 8% of PVDF
binder, and 4% of acetylene black. Between each anode and cathode
there is a polypropylene separator which contains 30 pL of elec-
trolyte. The coin cells were cycled with a constant current-constant
voltage charge and a constant current discharge between 4.1V and
3.0Vusing an Arbin Instrument battery cycler. The cells were cycled
with the following formation procedures: first cycle at C/20, second
and third cycle at C/10 and remaining two cycles at C/5. After the
initial five formation cycles the cells were cycled at a C/5 rate for
20 cycles. Multiple cells of each type were constructed and cycled
with good reproducibility.

The cells were opened in an Ar glove box after cycling and the
electrodes were extracted for surface analysis. The electrodes were
rinsed with DMC three times prior to surface analysis. The XPS
spectra were acquired with a PHI 5500 system using Al Ka radi-
ation (hv=1486.6eV) under ultra high vacuum. Characterization
of XPS peaks was made by recording XPS spectra for reference
compounds, which would be present on the electrode surfaces: LiF,
Li,COs, LixPOyF, and lithium alkylcarbonate. The graphite peak at
284.3 eV was used as a reference for the final adjustment of the
energy scale in the spectra. Lithium was not monitored due to its
low inherent sensitivity and small change of binding energy. The
spectra obtained were analyzed by Multipak 6.1A software and fit-
ting using XPS peak software (version 4.1). A mixture of Lorentzian
and Gaussian functions was used for the least-squares curves fit-
ting procedure. Scanning electron microscopy (SEM) images were
taken on a JEOL 5900 scanning electron microscope.

3. Results and discussion
3.1. Cycling performance

3.1.1. Cycling performance of MCMB/LiNi;;3Coq/3Mn 30, cells

Lithium-ion coin cells were constructed containing LiPFg
and LiFOP electrolytes and MCMB/LiNiy;3Coq;3Mny30; electrodes.
Upon initial formation cycles the cells containing LiFOP electrolyte
have very similar cycling performance to the cells containing LiPFg
electrolyte (Fig. 1). In addition, the first cycle coulombic efficiency
of cells with LiFOP electrolyte is high (73%) and comparable to the
cells containing LiPFg (71%).
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Fig. 2. Cycling performance of LiPFg and LiFOP electrolytes in natural
graphite/LiFePOj4 cells.

3.1.2. Cycling performance of graphite/LiFePOy4 cells

Lithium-ion coin cells were constructed containing LiPFg and
LiFOP electrolytes and graphite/LiFePO4 electrodes. Upon initial
formation cycles the cells containing LiFOP electrolyte had very
similar capacity to the cells containing LiPFg electrolyte (Fig. 2). The
first cycle coulombic efficiency of cells with LiFOP electrolyte is very
high (87%) and comparable to the cells containing LiPFg (82%).

3.1.3. Cycling performance of MCMB/LiMn;Qy4 cells

Lithium-ion coin cells were constructed containing LiPFg and
LiFOP electrolytes and MCMB/LiMn,0,4 electrodes. Upon initial
formation cycles the cells containing LiFOP electrolyte had sig-
nificantly less capacity (38 mAh/g) than the cells containing
LiPFg electrolyte (99 mAh/g). The first cycle efficiency for the
MCMB/LiMn, 04 cells with LiFOP electrolyte is only 33% compared
to 83% for the cells containing LiPFg electrolyte. However, after the
initial formation cycles the coulombic efficiency of cells with LiFOP
electrolyte is high and comparable to the cells containing LiPFg
(Fig. 3).
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Fig. 3. Cycling performance of LiPFs and LiFOP electrolytes in MCMB/LiMn,O4 cells.
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Fig. 4. SEM images of MCMB graphite anode (a) fresh, (b) cycled with LiPFg elec-
trolyte and (c) cycled with LiFOP electrolyte cycled with a LiNi;;3Co13Mny;30;
cathode.

3.2. SEM images

The SEM images of a MCMB graphite anode paired with a
LiNi;;3Co13Mn; 30, cathode (a) fresh; (b) cycled with LiPFg elec-
trolyte; and (c) cycled with LiFOP electrolyte are depicted in Fig. 4.
There are only small changes occurring to the surface of these
anodes after 20 cycles. The surface of the anode materials after
cycling with either electrolyte contains a thin amorphous coating
consistent with the formation of an SEI [1,3]. However, the surface
coverage is very similar for both electrolytes.

The SEM images of a LiNij;3Coq;3Mny;30; cathode (a) fresh; (b)
cycled with LiPFg electrolyte; and (c) cycled with LiFOP electrolyte
are provided in Fig. 5. There are no detectable changes to the surface
of these cathodes after 20 cycles. The lack of observed changes on
the surface of the cathode is consistent with thinner surface films
as typically observed for lithium ion cells [2].

Table 1
Elemental analysis of MCMB graphite anode used for LiNi;;3Co13Mny30; cathode.
C1s(%) 0 1s (%) F1s (%) P2p (%)
Fresh MCMB 68.6 1.1 30.3 0
LiPFg 39.5 20.6 37.3 2.6
LiFOP 39.2 40.9 13.8 6.1

Fig. 5. SEM images of LiNi;;3Co13Mn;30; cathode (a) fresh, (b) cycled with LiPFs
electrolyte and (c) cycled with LiFOP electrolyte.

The SEM images of natural graphite (NG) anode with a LiFePO,
cathode (a) fresh; (b) cycled with LiPFg electrolyte; (c) cycled with
LiFOP electrolyte are depicted in Fig. 6. Unlike the spherical MCMB
particles the graphite particles in these cells are rod shaped with a
smooth surface. After cycling with the baseline electrolyte (1.2 M
LiPFg in 3:7 EC:EMC, vol.), there are significant changes to the sur-
face of the particles. The surface of the anode is much rougher and
appears to be covered with thick surface film. This film suggests
the presence of an anode SEI The surface of the anode cycled with
the LiFOP electrolyte (1.2 M LiFOP in 3:7 EC:EMC, vol.) has similar
changes. The smooth surface is covered with a thick amorphous
layer consistent with the generation of an anode SEIL

Fig. 7 contains the SEM images of a LiFePO4 cathode (a) fresh; (b)
cycled with LiPFg electrolyte; and (c) cycled with LiFOP electrolyte.
There are no apparent changes to the surface of these cathodes after
20 cycles. The surface morphology is retained.

The SEM images of a MCMB anode with a LiMn;04 cathode (a)
fresh; (b) cycled with LiPFg electrolyte; and (c) cycled with LiFOP
electrolyte are provided in Fig. 8. The MCMB particles of this anode
material are larger and more uniform than the MCMB anodes used
for the NCM cells. The changes to the anode surface are smaller than
observed for the previous anode materials upon cycling with either
electrolyte. While the surface roughness of the smaller graphite
particles appears to have been lessened due to the formation of
surface films, the larger particles appear largely unchanged. How-
ever, the surface films generated in both the LiPFg electrolyte and
the LiFOP electrolyte appear very similar.
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Fig. 6. SEM images of natural graphite anode (a) fresh, (b) cycled with LiPFs electrolyte and (c) cycled with LiFOP electrolyte with a LiPePO4 cathode.

The SEM images of a LiMn, 04 cathode (a) fresh; (b) cycled with
LiPFg electrolyte; and (c) cycled with LiFOP electrolyte are depicted
in Fig. 9. The surfaces of the LiMn,04 cathodes are very similar
before and after cycling with either electrolyte.

3.3. XPS analysis

The XPS spectra of MCMB graphite anode paired with a
LiNi;3Co1;3Mn; 30, cathode (a) fresh; (b) cycled with LiPFg elec-

trolyte; and (c) cycled with LiFOP electrolyte are shown in Fig. 10.
There are three peaks in C 1s spectrum of the fresh MCMB anode,
graphite peak at 284.3 eV, peaks of PVdF at 285.7 eV and 290.4 eV,
respectively. The peak at 532.5eV in O 1s spectrum is characteris-
tic of surface oxidation (CO, ) of the electrode. The F 1s spectrum
contains a peak characteristic of PVdF at 687.6eV.

Surface analysis of the anode after cycling with LiPFg electrolyte
(1.2 M LiPFg in EC/EMC, 3:7, vol.) indicates that the concentration of
carbon is decreased, while the concentrations of oxygen, fluorine

Fig. 7. SEM images of LiFePO4 cathode (a) fresh, (b) cycled with LiPFs electrolyte and (c) cycled with LiFOP electrolyte.
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Fig. 8. SEM images of a MCMB anodes (a) fresh, (b) cycled with LiPFgs electrolyte and (c) cycled with LiFOP electrolyte with LiMn, 04 cathode.

and phosphorous are increased (Table 1). The change in surface
composition is attributed to the reduction products of electrolyte,
such as lithium alkyl carbonates, polycarbonates, and lithium fluo-
ride and the formation of an SEI [1].

The peaks of graphite and PVdF are weak while peaks character-
istic of ((=0) containing species including lithium alkyl carbonates
and polycarbonates are observed at ~289.5eV and C-O contain-
ing species such as carbonates and polyethers are observed at
~286.5eV in the C 1s spectrum. The O 1s spectrum provides
further support for the presence of C=0 and C-O (531.5eV and

533.5 eV, respectively) containing species. The peak of lithium flu-
oride (685.0eV) is the major peak in the F 1s spectrum, although
the peak characteristic of LiyPOyF, (686.9 eV) is also present. The P
2p spectrum provides further support for the presence of LixPOyF,
due to the observation of the characteristic peak at 134.2 eV.

Analysis of the surface of the anode after cycling in the pres-
ence of LIFOP electrolyte (1.2 M LiFOP in EC/EMC, 3:7, vol.), suggests
that the concentrations of carbon and fluorine are decreased,
while the concentrations of oxygen and phosphorous are increased
(Table 1).

Fig. 9. SEM images of LiMn, 04 cathode (a) fresh, (b) cycled with LiPFg electrolyte and (c) cycled with LiFOP electrolyte.
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Fig. 10. XPS spectra of MCMB graphite anode used for LiNi;;3Co13Mny30; cathode (a) fresh, (b) cycled with LiPFg electrolyte and (c) cycled with LiFOP electrolyte.

The peaks of graphite and PVdF are weak while peaks character-
istic of ((=0) containing species including lithium alkyl carbonates
and polycarbonates are observed at ~289.5eV and C-O contain-
ing species such as carbonates and polyethers are observed at
~286.5eV in the C 1s spectrum. There are the corresponding
peaks in the O 1s spectrum characteristic of C=0 and C-O con-
taining species including lithium alkyl carbonates, polycarbonates
and oxalates at (531.5eV) and (533.5eV), respectively. The F 1s
spectrum contains peaks corresponding to LixPOyF, (686.9 eV) and
lithium fluoride (685.0eV), however, the intensity of the LiF peak
is much weaker that that observed for the anode cycled with
LiPFg electrolyte consistent with the lower concentration of F in
Table 1. The P 2p spectrum contains a peak attributed to LixPOyF,
at 134.2 eV. The surface films on the anode cycled with the LiFOP
electrolyte are similar to the surface films on the anodes cycled with
LiPFg except there are higher concentrations of oxalate containing
species as supported by the increased concentration of O and less
LiF as supported by the lower concentration of F (Table 1).

The XPS spectra of LiNij;3C0q3Mny 30, cathode (a) fresh; (b)
cycled with LiPFg electrolyte; and (c) cycled with LiFOP electrolyte

are provided in Fig. 11. There are three peaks in C 1s spectrum of
the fresh LiNi;3C013Mn; 30, cathode characteristic of graphite at
284.3 eV and PVdF at 285.7 eV and 290.4 eV. There are two peaks in
the O 1s spectrum, the peak of metal oxygen bond (M-0)at529.4 eV
and the peak of lithium carbonate at 531.6 eV. In the F 1s spectrum,
a peak for PVdF is observed at 687.6eV. The P 2p spectrum does
not contain a peak. The Ni 2p, Co 2p and Mn 2p signal are also quite
weak as previously reported for related samples [12].

Upon cycling in standard LiPFg electrolyte the surface of the
cathode is modified (Table 2). The concentrations of C and P are
increased while the concentrations of O, F, and the metals are
decreased. The changes in the surface structure are consistent with
the reaction of the electrolyte with the surface of the cathode mate-
rials.

Analysis of the cathode surface after 20 cycles with LiFOP elec-
trolyte suggests that related changes are observed to the surface
(Table 2). The changes in the concentration of C, F, P and the metals
are less than the changes observed for LiPFg electrolyte. However,
the concentration of O is significantly increased. The changes are
consistent with the reaction of the electrolyte on the surface of the

Table 2
Elemental analysis of LiNi;;3Coq3Mn; 30, cathode.
C1s(%) O 1s (%) F1s (%) P 2p (%) Ni 2p (%) Co 2p (%) Mn 2p (%)
Fresh NMC 65.5 6.4 23.0 0 2.5 14 1.2
LiPFg 80.9 42 12.2 0.7 1.6 0.2 0.2
LiFOP 58.0 15.9 19.3 2.2 2.2 0.9 1.5
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Fig. 11. XPS spectra of LiNi;;3Coq;3Mn; 30, cathode (a) fresh, (b) cycled with LiPFs electrolyte and (c) cycled with LiFOP electrolyte.

cathode materials and the deposition of O rich species including
oxalates.

The XPS element spectra of the cathodes extracted from cells
cycled with both the LiPFg and LiFOP electrolytes are quite similar
(Fig. 11 (b) and (c)). The changes in the C 1s and F 1s spectra are
very small while the O 1s spectra suggest a decrease in the peak of
metal oxygen bond (M-0) at 529.4eV and an increase in the con-
centration of C-0 and C=O0 species at 531-532 eV consistent with
the deposition of carbonates or oxalates. The intensity of the M-O
peakis slightly greater for the cathode cycled with LiFOP electrolyte
consistent with a thinner cathode surface film.

The XPS element spectra of NG anodes before and after cycling
with a LiFePO4 cathode with either LiPFg in EC/EMC (3:7, vol.) or
LiFOP in EC/EMC (3:7, vol.) are depicted in Fig. 12 and the elemental
concentrations are summarized in Table 3. The fresh anode is pri-
marily composed of C (90.1%) with a low concentration of O (9.9%)
due to the carboxymethyl starch (CMS) binder. The C 1s spectrum
is dominated by the peak characteristic of graphite at 284.3eV.
The peak at 532.5eV in O 1s spectrum is the characteristic peak
of the CMS binder. There are no peaks observed in the F 1s and P
2p spectra.

The surface of the anode is modified after cycling with 1.2M
LiPFg in EC/JEMC (3:7, vol.). The concentration of carbon is dramat-
ically decreased, while the concentrations O and F are increased.
There is also a small increase in the concentration of P. Analysis
of the C 1s spectrum reveals that the peaks of graphite (284.3 eV)
are very small while peaks characteristic of (C=0) containing
species including lithium alkyl carbonates and polycarbonates are
observed at ~289.5eV and C-O containing species such as car-
bonates and polyethers are observed at ~286.5eV. There is also
evidence for C=0 containing species (531.5eV) and C-O contain-
ing species at 533.5 eV in the O 1s spectrum. The C 1s and O 1s peaks
are consistent with the formation of a stable anode SEI In the F 1s
spectrum, the peak of lithium fluoride (685.0 eV) is the major peak,

Table 3
Elemental analysis of NG anode used for LiFePO4 cathode.
C1s(%) 0 1s (%) F1s (%) P2p (%)
Fresh NG 90.1 9.9 0 0
LiPFg 42.5 40.5 16.4 0.6
LiFOP 411 44.4 12.2 2.3
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Fig. 12. XPS spectra of natural graphite anode used for LiFePO4 cathode (a) fresh, (b) cycled with LiPFg electrolyte and (c) cycled with LiFOP electrolyte.

while the peak of LixPF,0, (688-689 eV) is much smaller. There is
also a small peak characteristic of LixPF,O, observed in the P 2p
spectrum at 136.7 eV.

Surface analysis of the anode cycled with LiFOP electrolyte is
very similar to surface analysis of the anode cycled in LiPFg elec-
trolyte, except the intensity of the LiyPF, [LixPOyF, peaks at 686.9 eV
in F 1s spectrum and 134.2 eV in P 2p spectrum have greater inten-
sity. The similar surface species are consistent with the similar
cycling performances for these electrode electrolyte combinations.

The XPS element spectra of LiFePO4 cathodes, fresh and
extracted from cells cycled with LiPFg in EC/EMC (3:7, vol.) or LiFOP
in EC/JEMC (3:7, vol.), are depicted in Fig. 13 and the elemental
concentrations are summarized in Table 4. Analysis of the fresh
LiFePO4 cathode indicates the presence of three peaks in the C 1s
spectrum. The peaks are characteristic of graphite at 284.3 eV and
PVdF at 285.7 eV and 290.4 eV. The O 1s and P 2p spectra are dom-
inated by the peaks of phosphorous oxygen bond (P-0) in LiFePO4
at 531.16eV, and 133.2eV, respectively. The F 1s spectrum con-
tains a single peak characteristic of PVdF at 687.6 eV. While there

is significant noise in the Fe 2p spectrum, the peaks of Fe-O are
observable.

Cycling in the presence of LiPFg electrolyte results in small
changes to the surface of the cathode particles as summarized in
Table 4. The concentrations of C, O and F are increased slightly
while the concentrations of P and Fe are decreased. The changes
in concentration are accompanied by small changes in the ele-
ment spectra. The changes in the C 1s and O 1s spectra suggest an
increase in the presence of C-0 and C=0 containing species, consis-
tent with the deposition of electrolyte decomposition products on
the cathode surface. Cycling with 1.2 M LiFOP in EC/EMC (3:7, vol.)

Table 4
Elemental analysis of LiFePO4 cathode.

C1s (%) O 1s (%) F1s (%) P 2p (%) Fe 2p (%)
Fresh LiFePO4 53.2 184 19.5 4.8 4.1
LiPFg 56.2 19.6 20.1 29 1.2
LiFOP 46.5 23.8 244 4.2 1.1
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Fig. 13. XPS spectra of LiFePO4 cathode (a) fresh, (b) cycled with LiPFg electrolyte and (c) cycled with LiFOP electrolyte.

provides related changes to the cathode surface consistent with
the deposition of electrolyte decomposition products. However, the
concentration of the C-0 and C=0 species appear to be greater in
cells cycled with LiFOP consistent with a thicker surface film on the
cathode. There is also evidence for the presence of LixPOyF, species
in the F 1s and P 2p spectra.

Surface analysis of the MCMB graphite before cycling and after
cycling with a LiMn,04 cathode LiPFg electrolyte or LiFOP elec-
trolyte is provided in Fig. 14. Elemental analysis suggests that the
MCMB surface contains C, Fand O (Table 5). There are three peaks in
C 1s spectrum of fresh MCMB anode, graphite at 284.3 eV and PVdF
at 285.7eV and 290.4 eV. The peak at 532.5eV in O 1s spectrum is

Table 5
Elemental analysis of MCMB graphite anode used for LiMn,04 cathode.
C1s(%) 0 1s (%) F1s (%) P 2p (%)
Fresh MCMB 76.1 1.1 228
LiPFg 39.3 46.2 14.4
LiFOP 37.8 36.5 19.9 5.72

the characteristic peak of surface oxidation (CO,~) while the peak
at 687.6eV in the F 1s spectrum is consistent with PVdF.

Cycling the cell with LiPFg results in changes to the surface of the
anode (Table 5). The concentration of C is dramatically decreased,
with an increase in concentration of O and F. The changes are con-
sistent with the generation of an SEI on the anode. The C 1s peaks of
graphite and PVdF are weak while peaks characteristic of (C=0) and
(C-0) containing species at 289.5 and 286.5 eV, respectively, are
strong and consistent with the formation of lithium alkyl carbon-
ates, polycarbonates, and polyethers. The O 1s spectra also contain
evidence for C=0 (531.5eV) and C-0(533.5 eV) containing species.
The F 1s spectrum, is dominated by the peak characteristic of LiF
(685.0eV) with a smaller peak which is likely a combination of
PVDF and LixPF,0, (687-688 eV). The XPS data is consistent with
the formation of an anode SEI containing the reduction products of
the electrolyte, such as lithium alkyl carbonates, polycarbonates,
lithium fluoride, and lithium fluorophosphates.

Similar changes to the anode surface are observed by XPS upon
cycling with LiFOP electrolyte. The concentration of carbon on the
surface of the anode decreases from 76.1% to 37.8%, compared to
the fresh electrode. While the change in concentration is similar
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Fig. 14. XPS spectra of MCMB anode used for LiMn, 04 cathode (a) fresh, (b) cycled with LiPFg electrolyte and (c) cycled with LiFOP electrolyte.

to that observed with the LiPFg electrolyte, the element spectra
are quite different. The peak characteristic of C=0 at ~289.5eV is
smaller with LiFOP electrolyte while there is a increase in the inten-
sity at ~287.5 eV consistent with the presence of oxalate containing
species. A similar difference is observed in the O 1s XPS spectrum.
The peak at 531.5eV (C=0) is the dominant peak in the O 1s spec-
tra of the anode cycled with LiPFg electrolyte, while the peak at
531.5eV is a minor peak in the O 1s spectra of the anode cycled
with LiFOP electrolyte. In addition, the peaks at 686.9eV in F 1s
spectrum and 134.2 eV in P 2p spectrum characteristic of LiyPOyF,
have much greater intensity for the anode cycled with LiFOP elec-
trolyte. The differences in the structure of the anode SEI correlate
with the different cycling behaviors of the different electrolytes.
Surface analysis of the fresh and cycled LiMn,04 cathodes are
depicted in Fig. 15 and summarized in Table 6. There are three peaks
in C 1s spectrum of fresh cathode, graphite peak at 284.3 eV, peaks
of PVdF at 285.7 eV and 290.4 eV, respectively. The peak at 529.8 eV
in the O 1s spectrum is the characteristic peak of the manganese
oxygen bond (Mn-0O) on the surface of the electrode. The corre-
sponding peak for the Mn-0 bond is also observed in the Mn 2p
spectra. A peak for PVdF is observed at 687.6 eVin the F 1s spectrum.

After cycling the cell with LiPFg electrolyte the elemental con-
centrations are slightly altered suggesting small changes to the
surface. The concentration of C and Mn are slightly decreased while
the concentrations of O, F and P are increased. The peak for the
Mn-0 bond (529.8 eV) is observed in the O 1s spectrum, but has
weaker intensity. An additional peak is observed at 532.5eV in the
O 1s spectrum characteristic of polycarbonates or lithium alkyl car-
bonates. A related peak characteristic of C=0 containing species is
observed in the C 1s spectrum at 286.5 eV. The F 1s spectrum con-
tains a large peak for PVdF (687.6eV) and a small peak for LiF at
685.0eV. The data suggests that a thin surface film is being gener-
ated on the cathode.

Table 6
Elemental analysis of LiMn, 04 cathode.
C1s(%) O 1s (%) F1s (%) P2p (%) Mn 2p (%)
Fresh LiMn, 04 59.9 12.8 19.4 0 7.9
LiPFg 55.2 171 20.0 1.2 6.5
LiFOP 52.5 213 20.0 2.7 3.5
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Fig. 15. XPS spectra of LiMn, 04 cathode (a) fresh, (b) cycled with LiPFg electrolyte and (c) cycled with LiFOP electrolyte.

Analysis of the cathode after cycling with LiFOP electrolyte
suggests similar changes to the surface. However, the lower con-
centrations of C and Mn along with the higher concentrations of
0, F, and P are consistent with thicker cathode surface films com-
pared to cathode cycled with LiPFg electrolyte. In addition, the peak
characteristic of Mn-0 is very weak in the O 1s spectrum further
supporting a thicker surface film composed of electrolyte decompo-
sition products including lithium alkylcarbonates, polycarbonates,
LixPF,0;, and oxalate containing species.

4. Conclusions

A comparison of LiPFg and LiFOP electrolytes was
conducted for three different sets of paired electrodes:
MCMB/LiNi;3C013Mny30,, natural — graphite/LiFePO4, and
MCMB/LiMn,04. The formation cycle efficiencies and cycling
performance during the first 25 cycles are very similar for LiPFg
and LiFOP electrolytes for both MCMB/LiNi;;3Coq3Mny 30, and
natural graphite/LiFePO,4 cells. Surface analysis of the electrodes
after cycling suggests that the anode SEI and the cathode sur-

face films are similar for LiPFg and LiFOP electrolytes, for the
MCMB/LiNi; 3C013Mn;30; and natural graphite/LiFePOy cells.

The first cycle efficiencies are much lower for LiFOP electrolytes
than LiPFg electrolytes for MCMB/LiMn,04 cells. Ex-situ surface
analysis of the electrodes extracted from MCMB/LiMn,04 cells
suggests that the anode surface films are dependent upon the elec-
trolyte while the cathode films are similar for both electrolytes.
Thus the performance differences of the MCMB/LiMn,04 cells
cycled with the LiPFg and LiFOP electrolytes are due to the SEI form-
ing reactions on the anode as opposed to the cathode. While we
do not have a full understanding of the differences between the
cycling performance of the MCMB/LiNi;;3Co1;3Mny;30, and natu-
ral graphite/LiFePO,4 cells compared to the MCMB/LiMn,04 cells,
the data suggests that the differences are due to different types of
graphite. While both LiNi;3C013Mn;;30; and LiMn,04 cathodes
were cycled against MCMB graphite anodes, the particle size of the
different forms of MCMB are clearly evident in Figs. 4 and 8. We
are conducting a more detailed analysis of the reactions of differ-
ent graphite electrodes with LiPFg and LiFOP electrolytes and will
present these results in due course.
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Previous results confirm that carbonate solutions of LiFOP have
comparable conductivity to carbonate solutions of LiPFg but LiFOP
electrolytes have much better thermal stability [10,11]. The results
presented in this manuscript provide further support that LiFOP
is a potentially interesting alternative salt for lithium ion bat-
teries. LiFOP electrolytes have good cycling performance in the
presence of three of the most widely investigated cathode mate-
rials for lithium ion batteries, LiNi;;3C013Mn;30;, LiFePOy4, and
LiMn;04. The stable cycling performance and cathode surface anal-
ysis confirm compatibility with all three cathode materials. While
previous investigations indicated LiFOP reduction on the surface of
the graphitic anode led to reduced reversible capacity during the
formation cycles, the results presented in this study indicate that
the first cycle irreversible capacity is dependent upon the type of
graphite used and that proper matching of graphitic anode to the
LiFOP electrolyte can lead to comparable cycling performance to
LiPFg electrolytes.
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