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Abstract

The thermal reaction of ternary electrolyte (1.0 M LiPFg in 1:1:1 ethylene carbonate/dimethyl carbonate/diethyl carbonate) with mesocarbon
microbeads (MCMB) particles was investigated by the combined use of NMR, GC-MS, FTIR-ATR, TGA, XPS and SEM/EDS-element map. The
thermal decomposition of ternary electrolyte is not inhibited by the presence of MCMB particles. The chemical composition and morphology of the
surface of MCMB particles changes significantly upon storage in the presence of ternary electrolyte. Electrolyte decomposition products including
oligocarbonates, oligoethylene oxides, polyethylene oxide (PEO), lithium fluorophosphates (Li,PO,F,), and lithium fluoride are deposited on the
surface of MCMB particles. The concentration of decomposition products on the surface of MCMB increases with increased storage time and
temperature. The addition of dimethyl acetamide (DMAc) impedes the thermal decomposition of the electrolyte and deposition of electrolyte

decomposition products on the surface of MCMB.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Lithium-ion batteries have rapidly become essential sec-
ondary batteries [1]. Lithium-ion batteries are widely used in cell
phones, laptop computers, and other portable electronic devices
and have recently become available for power tools. While the
calendar life and thermal stability of lithium-ion batteries is
adequate for these applications (5 years at an operational temper-
ature of 0—40 °C), other applications, including hybrid electric
vehicles (HEVs), electric vehicles (EVs), military, aerospace,
and satellites, require significantly longer calendar life (10-15
years) and improved thermal stability (50-60°C) [2,3]. Thus,
identification of the mechanism of storage capacity loss and
methods to prevent decreased performance are necessary to
develop lithium-ion batteries with improved calendar life and
elevated temperature performance. The loss of performance
in lithium-ion batteries during accelerated aging experiments
has been attributed to three factors; the continued reaction of
the electrolyte with the anode (graphite or MCMB) or com-
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pounds present in the anode solid electrolyte interface (SEI)
[4,5], decomposition of the electrolyte on the surface of cathode
particles to generate resistive films [6-8], and bulk electrolyte
decomposition [9—-11].

The formation of SEI on anode particles in lithium-ion bat-
teries is one of the most important factors in long-term cycling
stability [12]. The SEI produced by reduction of electrolyte on
the anode is beneficial to the performance of lithium-ion bat-
teries. However, the long-term thermal stability of the SEI is
questionable. Recent investigations suggest that the anode SEI
layer undergoes an alternating deterioration and reformation
process at elevated temperature in the presence of LiPFg-based
electrolyte [4]. It has been proposed that the surface film reacts
with electrolyte at elevated temperature to form thicker, more
resistive films with high concentrations of LiPF¢ decomposition
products [13,14]. However, the structure of the anode SEI is not
fully understood. In addition, the presence of binder, typically
PVDF, and other additives make a quantitative understanding of
the compositional changes occurring on the surface of the anode
as a function of time and temperature difficult.

Therefore, as part of our investigation of the thermal
decomposition reactions of lithium-ion battery components
[15-18], we have conducted a detailed investigation of the
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thermal reactions of MCMB particles with LiPF¢ in 1:1:1
EC/DEC/DMC. Developing a basic understanding of the ther-
mal reactions that occur between graphite (MCMB) and elec-
trolyte (LiPFg in EC/DMC/DEC) will provide a foundation
for further investigation of the reaction between the SEI and
electrolyte. In this report, nuclear magnetic resonance spec-
troscopy (NMR), gas chromatography with mass selective detec-
tion (GC-MS), fourier transform infrared spectroscopy in the
attenuated total reflection mode (FTIR-ATR), thermogravimet-
ric analysis (TGA), X-ray photoelectron spectroscopy (XPS)
and scanning electron microscopy with energy dispersive X-ray
spectroscopy and element map (SEM/EDS-element map) were
used to monitor both electrolyte and MCMB particles after stor-
age.

2. Experimental

Glass vials were charged with 0.3 g of MCMB particles and
09¢g of 1.0M LiPF¢ in 1:1:1 EC/DEC/DMC (ternary elec-
trolyte, from EM Industries without further purification) with
and without 3 wt.% dimethyl acetamide (DMAc). All samples
were prepared inside a nitrogen-filled glove box and flame sealed
on a vacuum line. The sealed vials were then stored at room tem-
perature or at 85 °C in an oil bath for 4, 7 and 10 days. After
storage the vials were opened inside the nitrogen-filled glove
box. Both the solid and liquid portions were analyzed. All solid
samples were washed three times with DMC to remove LiPFg
and then evacuated overnight at room temperature to remove
residual DMC.

The liquid electrolyte was analyzed by nuclear magnetic res-
onance spectroscopy. NMR spectra were acquired on a JEOL
400 MHz NMR spectrometer. 'H NMR resonances were refer-
enced to EC at 4.51 ppm. 'F NMR resonances were referenced
to LiPFg at 65.0 ppm. The initial concentration of HF and fluo-
rophosphates (OPF,OR) resulting from trace protic impurities,
such as water, was below the detectable limit (50 ppm) by '°F
NMR spectroscopy for all electrolytes investigated [17,19]. The
wash DMC was analyzed by gas chromatography with mass
selective detection. analyses were obtained on an Agilent Tech-
nologies 6890GC with a 5973 Mass Selective Detector and a
HP-5MS Column. Helium was used as the carrier gas with a flow
rate of 3.3 mL/min. Samples were ramped from 50 to 250 °C at
10 °C/min.

All solid samples were analyzed by fourier transform infrared
spectroscopy (FTIR), thermalgravimetric analysis, X-ray pho-
toelectron spectroscopy (XPS), scanning electron microscopy
(SEM) and energy dispersive X-ray spectroscopy (EDS) with
elemental map. The FTIR measurements were obtained on a
Thermo Nicolet IR 300 spectrometer inside the nitrogen-purged
glove bag. The spectra were acquired in the attenuated total
reflection (ATR) mode with the resolution 4 cm ™! and total 128
scans. Thermal behaviors of the solid were analyzed on TA
instruments SDT 2900. The temperature was ramped from room
temperature to 600 °C. The XPS spectra were obtained by a PHI
5500 system using Al Ka radiation (hv = 1486.6 eV) under ultra
high vacuum. Lithium was not monitored due to its low inherent
sensitivity and small change of binding energy. SEM and EDS

with elemental map analyses were conducted on a JEOL-5900
scanning electron microscope.

3. Results and discussion
3.1. Analysis of electrolyte solution

3.1.1. 'H and "°F NMR

Ternary electrolyte with and without added DM Ac was stored
in the presence of MCMB particles at room temperature and
85 °C. After storage the electrolyte was analyzed by 'H and '°F
NMR spectroscopy. Samples stored at room temperature con-
tained 'H and '°F resonances characteristic of the electrolyte
but did not contain resonances characteristic of decomposition
products. Samples without DMAc stored at 85 °C for 4 days
contained 'H and '°F resonance characteristic of decompo-
sition products. Ester exchange reactions between DMC and
DEC produce EMC as observed by 'H NMR spectroscopy (q,
4.13ppm and s, 3.71 ppm) while '°F NMR spectra contained
resonances consistent with fluorophosphoric acid (OPF,OH, d,
54.4 ppm), diethylfluorophosphate (OPF,OEt, d, 53.1 ppm) and
dimethylfluorophosphate (OPF,OMe, d, 51.2 ppm). OPF,OEt
and OPF,OMe are the intermediate products of autocatalytic
reaction of electrolyte decomposition. OPF,OH can be gen-
erated from the elimination reaction of OPF,OEt. Continued
storage of ternary electrolyte at 85 °C for 10 days leads to further
decomposition of the electrolyte. New resonances character-
istic of OPF3, OPF(OH),, OPF(OMe)(OEt), OPF(OMe)(OH),
OPF(OEt)(OH), OPF(OEt),, and OPF(OMe), are observed as
previously characterized [11,17]. Samples of ternary electrolyte
with 3 wt.% added DMAc contain no evidence of decompo-
sition products by 'H or '°F NMR spectroscopy after storage
for 10 days at 85°C. DMACc significantly decreases the rate
of thermal decomposition of the electrolyte in the presence of
MCMB.

The effect of DM Ac on the thermal decomposition of ternary
electrolyte in the absence of MCMB was also investigated.
Ternary electrolyte sealed in glass NMR tubes and stored at
85°C for 5 days results in the conversion of approximately
10% of the LiPFg to OPF,OR and other decomposition prod-
ucts [17]. Continued storage at 85°C for 4 weeks results in
nearly quantitative decomposition of LiPFe. Addition of 3 wt.%
DMAc to ternary electrolyte completely inhibits the thermal
decomposition. While storage of ternary electrolyte with 3 wt.%
DMAc at 85 °C results in the formation of low concentrations
of POF;0Li (less than 0.5%) during the first few days of stor-
age, the concentration does not increase upon storage at 85 °C
for up to 18 months. Previous investigations of related Lewis
basic additives, including pyridine and hexamethylphospho-
ramide (HMPA), have confirmed the mechanism of inhibition
of the thermal decomposition of LiPF¢/carbonate based elec-
trolytes [15]. The presence of base-PF5 complexes inhibits the
thermal decomposition of LiPFg by reversibly sequestering free
PF5 and preventing the subsequent reaction with organic car-
bonates.

) A DMAc
LiPFg=LiF + PFs = DMAc-PFj (1)
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Fig. 1. Gas chromatogram of washing liquid for sample stored for 10 days at
85°C.

3.1.2. GC-MS

After storage and separation of the liquid electrolyte from the
solid MCMB particles, the MCMB particles were rinsed with
DMC to dissolve soluble decomposition products adhering to the
surface. The volatile components of the DMC extract were ana-
lyzed by GC-MS and structurally assigned through matching to
the National Institutes of Standards (NIST) library. Extracts from
samples stored at room temperature contained no decomposition
products. However, extracts from samples containing ternary
electrolyte without added DMACc stored at elevated temperature
contained many new species. Decomposition products observed
in samples stored for 10 days at 85°C include CO;, Me,O,
EtOMe, OPF,0Me, Et,O, OPF,OEt, OPF(OEt), (Fig. 1), as
previously reported for the thermal decomposition of pure elec-
trolytes [17]. In addition, we observed significant concentrations
of oligocarbonates and oligoethylene oxides, products that were
observed at very low concentration in the thermal decomposition
of pure ternary electrolyte, suggesting that the oligomerization
reactions may be mediated by the surface of the MCMB. Extracts
from samples containing ternary electrolyte with 3% DMAc
stored for 10 days at 85 °C contain no decomposition products.

3.2. Analysis of MCMB particles

3.2.1. TGA

Thermal gravimetric analysis was used to investigate the pres-
ence of volatile organic compounds on the surface of MCMB
[20-22]. The thermal behaviors of MCMB stored in the pres-
ence of ternary electrolyte under various conditions are shown
in Fig. 2 and the total weight losses are summarized in Table 1.
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Fig. 2. Thermogravimetric analysis plots for all samples: (A) fresh MCMB; (B)
10 days at RT with DMAc; (C) 10 days at 85 °C with DMAc; (D) 4 days at RT;
(E) 7 days at RT; (F) 4 days at 85 °C; (G) 10 days at RT; (H) 7 days at 85 °C and
(I) 10 days at 85 °C.

There are three clear trends in weight loss. First, an increase in
the storage temperature results in an increase in the weight loss.
This is observed when comparing curves D (4 days at RT) and F
(4 days at 85°C) or G (10 days at RT) and I (10 days at 85 °C).
Thus, more electrolyte decomposition products are deposited
on the surface of the MCMB at higher temperatures. Second,
increased storage time results in more weight loss, and conse-
quently more electrolyte deposition products, as evidenced with
curves D, E, and G (samples stored at RT for 4, 7, and 10 days,
respectively). Finally, samples with added DMAc (curve B and
C) have the least weight loss. The sample with 3% DMACc stored
at 85 °C for 10 days (curve C) loses less weight than particles
stored without DMAc for 7 days at either room temperature
(curve E) or at 85 °C (curve H). Some of the observed weight
loss may be due to residual DMC or EC retained in the pores of
the MCMB, but the observed trends in weight loss are consis-
tent with increases in the deposition of electrolyte decomposition
products as a function of storage time and temperature. The addi-
tion of 3% DMAc should not change the adsorption/retention of
carbonate solvents in the MCMB.

Table 1
Weight loss of all samples by TGA

Samples Weight loss (%)
Fresh MCMB 0

MCMB, 10 d at RT with DMAc 1.4

MCMB, 10 d at 85 °C with DMAc 2.0

MCMB, 4 d at RT 2.3

MCMB, 7 d at RT 35
MCMB, 4 d at 85°C 33

MCMB, 10 d at RT 3.8
MCMB, 7d at 85°C 52

MCMB, 10d at 85°C 9.9
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Fig. 3. IR spectra of all samples: (A) fresh MCMB; (B) 4 days at RT; (C) 4 days
at 85 °C; (D) 7 days at RT; (E) 7 days at 85 °C; (F) 10 days at RT; (G) 10 days
at 85 °C; (H) 10 days at RT with DMAc and (I) 10 days at 85 °C with DMAc.

3.2.2. FTIR-ATR

The IR spectra of MCMB particles stored in the presence
of electrolyte are shown in Fig. 3. The two IR frequency
regions of most interest for electrolyte decomposition products
are C—H stretching at 3000-2700cm™! and 1800-1600 cm™!
for the C=0 stretching vibration [23-26]. While some of the
absorptions are consistent with small quantities of residual EC
in the MCMB, the spectral changes as a function of storage
time, temperature and addition of DMAc are discussed below.
Spectra of samples stored at high temperature have significant
absorptions between 2800 and 3200 cm ™!, while samples stored
at room temperature contain weak absorptions in this region.
The increase in intensity is consistent with more C—H con-
taining species, most likely oligocarbonate and oligoethylene
oxides from decomposition of electrolyte, after high tempera-
ture storage. The strong carbonyl absorptions centered at 1767
and 1800cm™! are attributed to C=0 stretching from carbon-
ates. With the increase of temperature, the intensity of peak
at 1800cm™~! increases from a small shoulder to an indepen-
dent peak which coincides with an increase in the intensity
of absorption between 3000 and 2700 cm™~!. The changes of
IR spectra support increasing deposition of electrolyte decom-
position products with temperature. Incorporation of DMAc
significantly impedes the deposition of electrolyte decomposi-
tion products. After storage for 10 days at 85 °C, the carbonyl
absorptions at 1767 and 1800 cm™! have low intensity and the
absorptions between 3000 and 2700 cm™! are negligible.

3.2.3. XPS

The influence of storage time and temperature on the sur-
face of MCMB was further investigated by X-ray photoelectron
spectroscopy. A systematic change in the XPS spectra (C 1s, O
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Fig. 4. XPS spectra of samples at 85 °C: (A) 4 days; (B) 7 days and (C) 10 days.

Is, and F 1s) is observed for samples stored at 85 °C for 4, 7 and
10 days (Figs. 4A—C and 5). Surface atomic concentrations (C,
F, P, and O) for samples stored at 85 °C are shown in Fig. 5. The
relative atomic concentration of C decreases while O, F and P
increase with additional storage time. A similar trend is observed
for samples stored at room temperature. This indicates that elec-
trolyte decomposition products, species containing O, F and P,
are being deposited on the surface of MCMB as a function of
storage time. Further examination of individual spectra for each
element provides additional insight into film growth. Exami-
nation of the C 1s spectra reveals two primary components at
284 and 286.5¢eV, consistent with carbon in alkanes/graphite
(C—C) and ethers (C—0) [27-29]. The peak characteristic of
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Fig. 5. Relative atomic concentration of samples at 85 °C.

C—O linkages increases with increased storage time at 85 °C.
Detailed analysis of the O 1s spectra also reveals two primary
components at 531 and 533 eV corresponding to oxygen in car-
bonates and ether linkages. As storage time is increased from 4
to 10 days, the O 1s peak shifts from 531 to 533 eV, suggest-
ing a gradual shift from carbonates to ethers. The presence of
C—O linkages, as evidenced in C 1s and O 1s spectra, is most
likely due to oligo and polyethylene oxides which increase as
a function of storage time due to decarboxylation of the related
carbonates [30]. Similar results were observed by GC-MS as
discussed above. Analysis of the F 1s chemical state reveals two
peaks at 687, and 688 eV. The peak at 687 is assigned to residual
LiPFg on the surface of MCMB while peak at 688 is assigned
to lithium fluorophosphates Li,POyF,. The intensity shifts from
687 to 688 eV upon increase storage time supporting the forma-
tion of fluorophosphate decomposition products (Li,PO,F;) as
a function of storage time.

Samples of MCMB stored in ternary electrolyte with 3 wt.%
of DMAc were analyzed by XPS. Compared to samples without
added DMAC, the atomic concentration of C is higher and the
atomic concentrations of O, F, and P are lower. A comparison
of XPS spectra of C 1s, O 1s, and F 1s, respectively for samples
with and without DM Ac stored for 10 days at 85 °C is shown in
Fig. 6. While the changes in the C 1s and O 1s spectra are subtle,
the C 1s peak at 286 and O 1s peak at 533, both characteristic of
C-O linkages, have lower intensity. In addition, samples con-
taining DMAc have negligible intensity at 688 eV suggesting
little LiyPO,F, on the surface of MCMB. Most of the surface
fluorine is LiF (F s, 686eV). The addition of DMAc clearly
inhibits the deposition of electrolyte decomposition products,
oligo or polyethylene oxide and lithium fluorophosphates, on
the surface of MCMB.

3.2.4. SEM/EDS-site map

The surface of MCMB particles stored in the presence of
ternary electrolyte was further investigated with scanning elec-
tron microscopy. Fig. 7a and b shows micrographs of samples

Cis

F

T ¥ T ) T = T ¥ T ¥ T ¥ T ¥ T : T
292 290 288 286 284 282 280 278 276
Binding Energy (eV)

O1s

¢

T T T T L T T T
540 538 536 534 532 530 528 526
Binding Energy (eV)
F1s

S

T T T T T T b T
694 692 690 688 686 684 682 680
Binding Energy (eV)

Fig. 6. XPS spectra of samples stored for 10 days at 85°C: (A) additive free
and (B) with additive.

stored for 4 days at room temperature and 10 days at 85 °C.
The surface on the individual graphite particles is rough with
primary particles ranging in size from 1 to 10 wm. In addition
to the MCMB particles, there are some regions of amorphous
materials, observed as white regions in the SEM images. The
concentration of the amorphous regions is significantly greater
in samples that have been stored at 85 °C. EDS indicates that the
white amorphous regions contain carbon, oxygen, fluorine, and
phosphorus which result from the decomposition of electrolyte.

The secondary X-ray image and elemental site maps for
MCMB stored with ternary electrolyte at room temperature for
4 days and 85 °C for 10 days are provided in Fig. 8a and b. While
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18 mm

Fig. 7. SEM micrographs of MCMB particles surface: (a) 4 days at RT; (b) 10
days at 85 °C; (c) 10 days at 85 °C with 3% DMAc.

the X-ray image has poorer resolution than the than secondary
electron image, the element maps show the spatial distribution
of C, O, F, and P. The brighter regions in the element map indi-
cate greater X-ray intensity and higher elemental concentration.
The sample stored at room temperature for 4 days is primarily
composed of carbon. Low concentrations of oxygen, fluorine,
and phosphorus uniformly cover the graphite particles. Samples
stored at room temperature have little deposition of electrolyte
degradation products. However, after storage at 85 °C for 10 days

(a)
C

Fig. 8. Element maps of MCMB stored in the presence of ternary electrolyte:
(a) 4 days at RT; (b) 10 days at 85 °C; (c) 10 days at 85 °C with 3% DMAc.

the surface of the MCMB particles is significantly modified. In
addition to the spherical-like graphite particles composed of C,
there are large areas that contain high concentrations of O, F,
and P, consistent with electrolyte decomposition products. The
presence of high concentrations of electrolyte decomposition
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products in “pockets” on the surface could result from defect
sites on MCMB catalyzing electrolyte decomposition or non-
uniform dissolution of the decomposition products during the
DMC wash.

Samples of MCMB stored in the presence of ternary elec-
trolyte with 3% DMAc were also analyzed by SEM and EDS
(Figs. 7c and 8c). The SEM images of samples stored at 85 °C
with added DMAc contain less amorphous white regions on the
surface of the MCMB than samples without DMAc. The ele-
ment maps for samples containing DMAc have much less O, F,
and P than comparable samples without DMAc. The SEM and
EDS results further confirm the inhibition of electrolyte decom-
position on the surface of MCMB by DMAc.

4. Conclusion

A detailed analysis of the thermal reactions between MCMB
and ternary electrolyte (1.0 M LiPFq in EC/DEC/DMC) has been
conducted with GC-MS, NMR, TGA, XPS, and SEM with EDS.
All of the techniques provide corroborating results. Storage of
MCMB in the presence of ternary electrolyte at elevated tem-
perature results in thermal decomposition of the electrolyte and
deposition of electrolyte decomposition products on the surface
of the MCMB. The rate of electrolyte decomposition and prod-
uct distribution are similar to those previously reported for the
thermal decomposition of pure ternary electrolyte. The primary
components on the surface of the MCMB include oligocar-
bonates, oligoethylene oxide, polyethylene oxide (PEO), flu-
orophosphates, and lithium fluoride. The appearance of the
organic components, oligocarbonates, oligoethylene oxides, and
PEO most likely results form ring opening reactions of ethy-
lene carbonate. These ring opening reactions can be mediated
by Lewis acidic species, such as PFs [30], or reactive sur-
face sites on the MCMB. The presence of lithium fluorophos-
phates (Li,PO,F;) results from the thermal decomposition of
LiPFg. The concentration of both the organic and inorganic
components of the surface films increase as a function of time
and temperature. Higher temperatures and longer storage times
lead to more decomposition products and the thicker surface
films.

The addition of the thermal stabilizing additive DMAc
impedes the thermal decomposition of the electrolyte and the
deposition of electrolyte decomposition products on the sur-
face of MCMB. DMAc impedes the thermal decomposition
by reversibly sequestering the Lewis acidic PFs, generated via
the thermal dissociation of LiPF¢, and circumventing the auto-
catalytic decomposition of the electrolyte. Inhibition of the elec-
trolyte decomposition reduces the deposition of surface species
on MCMB. Investigation of the effect of DMAc on the thermal
stability of lithium-ion cells is in progress and will be reported
in due course.
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