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Lithium difluoro (oxalate) borate (LiDFOB) is used as thermal stabilizing and solid electrolyte interface
(SEI) formation additive for lithium-ion battery. The enhancements of electrolyte thermal stability and
the SEIs on graphite anode and LiFePO,4 cathode with LiDFOB addition are investigated via a combination
ofelectrochemical methods, nuclear magnetic resonance (NMR), X-ray photoelectron spectroscopy (XPS),

Fourier transform infrared-attenuated total reflectance (FTIR-ATR), as well as density functional theory
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(DFT). It is found that cells with electrolyte containing 5% LiDFOB have better capacity retention than
cells without LiDFOB. This improved performance is ascribed to the assistance of LiDFOB in forming
better SEIs on anode and cathode and also the enhancement of the thermal stability of the electrolyte.
LiDFOB-decomposition products are identified experimentally on the surface of the anode and cathode
and supported by theoretical calculations.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

While commercial lithium-ion batteries (LIBs) perform well for
most home electronics applications, currently available LIB tech-
nology dose not satisfy some of the performance goals for Hybrid
Electric Vehicles (HEV) or Plug-in Hybrid Electric Vehicles (PHEV).
One of the significant problems with current LIBs is their poor
stability to high temperatures and extended cycling. The most
extensively used LIB electrolytes are composed of LiPFg dissolved in
organic carbonates or esters [1,2]. However, LiPFg electrolytes have
poor thermal stability and the required use of EC limits low temper-
ature performance. Significant energy fading occurs after several
years at room temperature and over a few months at moderately
elevated temperatures (>55°C) [3-5]. While there are several dif-
ferent factors that limit the thermal stability and calendar life of
LIBs, the thermal stability of electrolyte at elevated temperature
and the reactions of the electrolyte with the surface of the elec-
trode materials are frequently reported to be the most important
[6,7].

It is generally acknowledged that there are two effective
methods to improve the thermal stability and high tempera-
ture performance of lithium-ion batteries. One is introduction of
novel SEI formation additives to control the properties of elec-
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trode/electrolyte interfaces, and the other is the utilization of Lewis
bases to inhibit the dissociation of LiPFg at elevated temperature
[8-10]. As respect to the SEI formation additives, vinylene carbon-
ate (VC) is one of the most widely investigated additives since it
can form a more stable SEI film on the surface of the graphite anode
than the electrolyte solvents [11-13]. However, VC is not a stable
compound because it tends to polymerize, which may restrict its
application. Lewis bases such as dimethyl acetamide (DMACc) stabi-
lize LiPFg electrolytes by capturing the Lewis acidic PF5 generated
during the thermal dissociation of LiPFg [7]. The inhibition of the
thermal decomposition of LiPFg electrolyte via addition of DMAc
subsequently protects the anode SEI by preventing the formation
of reactive species that degrade the SEIL

Lithium bis(oxalate)borate (LiBOB) has been reported as an
alternative salt for improving electrolyte thermal stability of LIBs
[14,15]. LIBs with LiBOB-based electrolytes have been reported
to operate at 60°C for 200 cycles with litter capacity fade [14].
This improvement is due to the presence of a stable solid elec-
trolyte interface (SEI) formed by the ring-open reaction of the
oxalate moiety and formation of trigonal borates at about 1.7V
vs Li/Li* [15-21]. In addition, previous investigations suggest that
low concentration of LiBOB can significantly improved the ther-
mal stability of electrolytes. However, the thick SEI layer formed
in LiBOB-based electrolytes dramatically increases the interfacial
impedance of the negative electrodes, therefore the power capa-
bility of the lithium-ion batteries is greatly deteriorated. Moreover,
cells with LiBOB-based electrolytes have lower capacity and power
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at low temperatures due to the lower ionic conductivity and higher
resistance of interfacial impedance.

Alternatively, lithium difluoro (oxalate) borate (LiDFOB) has
been reported as a novel salt for lithium-ion batteries with better
cycling performance at elevated temperatures [22,23]. It is found
that the impedance of cells with LiDFOB-based electrolytes is
much lower than cells with LiBOB-based electrolytes since two
fluoride atoms substitute the oxalate moieties of LiBOB salt. To
our knowledge, there has been no report about the impacts of
LiDFOB on the thermal stability of electrolyte and the interface
of LiFePO4/electrolyte at elevated temperature. In this report, the
thermal stability of the electrolyte with LiDFOB salt added and
its synergistic effect with LiPFg in carbonate solvents at elevated
temperature were investigated with nuclear magnetic resonance
(NMR). The effects of electrolyte with LiDFOB added on LiFePO,
electrode and graphite electrodes at elevated temperature were
also investigated by using X-ray photoelectron spectroscopy
(XPS) and Fourier transform infrared-attenuated total reflectance
(FTIR-ATR). Density functional theory (DFT) calculations have also
been performed to interpret LiDFOB-decomposition products at
the interfaces.

2. Experimental

Battery-grade carbonates were purchased from Tinci Com-
pany (Guangzhou Tinci Materials Technology Co. Ltd., China) and
used without further purification. Battery-grade lithium hexaflu-
orophosphate (LiPFg) was obtained from Hashimoto Chemical
Corporation and used without further purification. Lithium diflu-
oro (oxalate) borate (LiDFOB) was purchased from the company
(Fujian Chuangxin Science and Technology Development Co. Ltd.,
China) and used without further purification. The composition of
the electrolyte used in all of the cells was a 1.0 M LiPFg solution
in EC/DMC/DEC (1/1/1, v/v/v) (STD) with and without LiDFOB salt
(5wt.%). Water and free acid (HF) contents in the electrolyte were
controlled to be less than 20 ppm and 50 ppm, respectively, deter-
mined by Karl-Fisher 831 Coulometer (Metrohm) and Karl-Fisher
798 GPT Titrino (Metrohm).

Samples for NMR spectroscopy were prepared in an Ar-filled
glove box followed by flame sealing and storage for varying lengths
of time at 85°C. NMR analyses were conducted on a JEOL 400
MHz NMR spectrometer. '°F NMR resonances were referenced to
LiPFg at 65.0 ppm, 31P NMR resonances were referenced to LiPFg at
—145.0 ppm, and "B NMR resonances were referenced to LiBOB at
6.6 ppm.

Pounch cells were fabricated with LiFePO4 as cathode and
graphite as anode and Celgard 2325 separators. The anode elec-
trodes contained 95% graphite, 1% acetylene carbon black, 1.5%
carboxymethyl cellulose (CMC) and 2.5% styrene butadiene rub-
ber (SBR); cathode electrodes contained 90% LiFePOg4, 5% acetylene
carbon black, and 5% binder. LiFePO4 and graphite are provided by
Shenzhen BTR new energy materials Co. Ltd., China. The capacity
ration for cathode electrode and anode electrode is 1:1.3. The cells
were cycled with a constant-current-constant-voltage charge and
a constant-current discharge of 1 C rate between 3.85V and 2.0V
using BS-9300R type battery cycle (Guangzhou, China).

The graphite anodes and LiFePO,4 cathodes were washed with
anhydrous DMC solvent 3 times to remove residual EC and LiPFg
salt followed by vacuum drying overnight at room temperature. The
XPS spectra were carried out with a Kratos Axis Ultra spectrometer,
using a focused monochromatized Al Ka radiation (hv =1486.6eV).
Lithium was not monitored due to its low inherent sensitivity
and small change of binding energy. Calibration of XPS peak posi-
tion was made by recording XPS spectra for reference compounds,
which would be presented on the electrode surfaces: LiF, Li,COs,
LixPOyF; and lithium alkyl-carbonate. The graphite peak at 284.3 eV
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Fig. 1. Cycling performance of LiFePO4/graphite cells with and without LiDFOB
(5wt.%) electrolyte at 60 °C.

was used as a reference for the final adjustment of the energy
scale in the spectra. The spectra obtained were fitted using XPS
peak software (version 4.1). Line syntheses of elemental spectra
were conducted using a Guassian-Lorentzain (70:30) curve fit with
Shirley background subtraction. The element concentration was
calculated based on the equation Cx=(Ix/Sx)/(}_Ii/S;), where I is
the intensity of the relative element and S; is the sensitivity num-
ber of the element. Fourier transform infrared-attenuated total
reflectance (FTIR-ATR) analysis of the anode and cathode electrodes
was carried out with a Bruker Tensor 27 spectrometer, with germa-
nium crystal and 4 cm~! resolution and 64 scans.

All calculations were performed on Gaussian 03 package [24].
The equilibrium state structure are optimized by B3LYP method
at 6-311++G(d,p) basis set. To confirm each optimized stationary
point and make zero-point energy (ZPE) corrections, frequency
analyses were done with the same basis set. Charge distribution
is analyzed by the natural bond orbital (NBO) theory.

3. Results and discussion

3.1. Cycling performance of cells with and without LiDFOB
electrolyte

Pounch cells were constructed containing STD and STD with
5% LiDFOB electrolytes. Fig. 1 shows cyclic performances of
LiFePO4/graphite cells with STD and STD with 5% LiDFOB elec-
trolytes at 60°C. Cells containing STD electrolyte experience a
discharge capacity drop from 448 mAh on the first cycle to 67.2 mAh
on the 200th cycle at 60°C. The capacity retention is about 15%.
When STD with 5% LiDFOB electrolyte is used the capacity drops
from 459.1 mAh on the first cycle to 304.9 mAh on the 200th cycle,
or about 66.4% retention of the original capacity. This suggests that
addition of 5% LiDFOB can significantly improve the cycling stability
at elevated temperature. Thermal stability of the electrolytes with
LiDFOB, as well as surface analyses of electrodes extracted from
cells with and without LiDFOB, as described below, provide insight
into the sources of the difference in capacity retention at elevated
temperature.

3.2. Thermal stability of the electrolyte with LiDFOB addition

The thermal stability of LiPFg in carbonate solvents has been
reported in previous literatures [25,26]. Storage of LiPFg-base
carbonate electrolytes at elevated temperature results in the ther-
mal dissociation of LiPFg to LiF and PFs. The Lewis acidic PFs
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reacts rapidly with trace protic impurities in the electrolyte, such
as ROH or H,O0, to form OPF3, which then initiates an auto-
catalytic decomposition of the electrolyte. Previous investigations
of LiPFg/carbonate electrolytes indicate nearly quantitative decom-
position upon storage for several days at 85 °C, forming a number
of by-products, including CO,, alkyl ethers (R,0), alkylfluorides,
phosphorus oxyfluoride (OPF3), and fluorophosphates [OPF,O0R,
OPF(OR),].

However, upon incorporation of 5% LiDFOB to LiPFg/carbonate
electrolyte the thermal decomposition is dramatically inhib-
ited. Fig. 2 shows the '9F, 3P and "B NMR spectra of 1.0M
LiPFg/EC:DMC:DEC electrolyte with 5% (wt.) LiDFOB before and
after thermal storage at 85°C for 2 months. Storage of ternary
electrolyte with 5 wt.% LiDFOB added at 85 °C for 2 months results
in the appearance of new species observed in NMR spectroscopy.
Analyses of 19F and B NMR spectra are consistent with the gen-
eration of new species including LiBF,4. LiBF, is characterized by
resonances at —17.1 ppm in '9F and —2.3 ppm in 1B NMR spectra.
In addition to the resonances of LiPFg, LiBF4, and LiDFOB, there is
another set of resonances in the '°F and 3'P NMR spectra. The addi-
tional resonances consist of two doublets of triplets at 79.7 ppm
(776 Hz, 52 Hz) and 62.8 ppm (748 Hz, 52 Hz) in 1°F NMR spectra
and a triplet of triplets at —142.3 ppm (776 Hz, 748 Hz) in 3P NMR
spectra. We attribute to the new resonances to an anion with two
pairs of chemically inequivalent fluorine atoms and a single oxalate
ligand attached to phosphorus, lithium tetrafluorooxaltophosphate
(LiPF4C,04) [27-29].

The generation of LiBF4 and LiPF4C,04 results from dispropor-
tionation reactions of LiPFg with LiDFOB. The fluoride ligands on
phosphorus are exchanged with oxalate ligands on boron. Analysis
of TH NMR spectrum suggests that no decomposition of carbon-
ate solvents took place after thermal storage at 85 °C for 2 months,
consist with the 13C NMR spectrum and GC-MS results. In addi-
tion, only small set of resonances characteristic of OPF,(OLi) (1°F,
8=54.4ppm, d, Jp.r=988), LiF/FH (19F, ~ —10 ppm) are observed
after 2 months thermal storage. Continued storage at 85 °C for over
6 months only results in only small changes to the spectra sug-
gesting that the thermal decomposition reactions are significantly
inhibited. This suggests that the addition of LiDFOB to LiPFg-based
electrolytes inhibits the autocatalytic thermal decomposition of the
electrolyte. The enhanced thermal stability of the LiPFg-based elec-
trolyte is attributed to the Lewis basic oxalate ligand, sequestering
PF5 generated during the thermal dissociation of LiPFg. Similar dis-
proportionation reactions are observed upon the thermal storage
of ternary electrolyte with 5wt.% LiBOB [27].

3.3. X-ray photoelectrons spectroscopy (XPS) analyses of graphite
electrode

In order to better understand the sources of superior capacity
retention of cells containing STD and STD with 5% LiDFOB elec-
trolyte, the cells after 200 cycles at 60°C were disassembled in
an argon filled glove box and the surfaces of the electrodes were
analyzed by XPS. Analyses of the anodes reveal significant differ-
ences in the surface species (Fig. 3, Table 1). The concentrations
of C is decreased for both cycled anodes while the concentrations
of O, F, P are increased compared to the fresh anode electrode.
As respect to the graphite anode cycled with 5% LiDFOB contain-
ing electrolyte, the B element could be detected at the surface of
the electrode. This suggests the active electrode material is cov-
ered by a SEI film. The concentrations of C and O are higher for
the anode cycled with 5% LiDFOB containing electrolyte than those
for the anode with STD electrolyte. However, the concentrations
of F and P are much lower for the anode cycled with 5% LiDFOB
containing electrolyte than those for the anode with STD elec-
trolyte.
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Fig. 2. '9F, 3'P and ''B NMR spectra of LiDFOB containing electrolyte, (a) before
thermal storage and (b) storage at 85 °C for 2 months.
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Fig.3. C1s,0 1s,F 1s, P 2p and B 1s XPS spectra of fresh graphite anode and cycled with STD and STD +5% LiDFOB (wt.) electrolyte at 60 °C for 200 cycles.

The C 1s spectrum of the fresh anode consists of three peaks. The
firstone at284.3 eV is attributed to graphite [30,31]. The second one
at 285.0eV is assigned to SBR binder and also to hydrocarbon con-
tamination, while the peaks observed at 286.7 eV is attributed to

Table 1
Surface concentrations of different elements on fresh anode and anode from cycled
cells with STD electrolyte and with LiDFOB containing electrolyte.

Sample C1s (%) O 1s (%) F1s (%) P2p (%) B 1s (%)
Fresh 82.8 14.7 2.5

STD electrolyte 199 22.6 50 7.5

STD +5% LiDFOB 30.1 354 23.7 4.2 6.6

the C-0 like carbon atoms in the CMC binder [32]. After 200 cycles
at 60°C, the C 1s spectrum of the anode cycled with STD electrolyte
contains four peaks characteristic of graphite (284.3 eV), C-O bonds
in ethers or carbonates (286 eV), C=0 bonds in lithium alkyl car-
bonates and polycarbonates (290eV), as well as Li,CO3 (291 eV).
The peak at 285 eV corresponding to SBR binder has disappeared,
which suggests the electrode surface has been covered by a thick
SEI film. The C 1s spectrum of the anode cycled with LiDFOB elec-
trolyte contains peaks at 286-288 eV, consistent with the presence
of C-0 bonds in esters and carbonates, C=0 bonds in lithium alkyl
carbonates and polycarbonates (290 eV), Li;CO3 (291.0eV), as well
as graphite (284.3 eV). In addition, a peak at 289 eV is present, char-
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acteristic of oxalate, corresponding to the decomposition products
of LiDFOB at graphite anode [16].

The O 1s spectrum of the fresh anode consists of two main peaks
assigned to the oxygen atoms of the CMC binder. For the anode
cycled with STD electrolyte and LiDFOB containing electrolyte at
60°C, we canobserved that the replacement of the O 1s components
of the CMCbinder by new components, which shows the deposition
of new oxygenated species. The O 1s spectrum of the anode cycled
with the STD electrolyte contains a broad peak characteristic of C-O
and C=0 containing components at 532-533.5eV. This suggests
the deposition of carbonate salts, lithium alky carbonates ROCO,Li,
or polycarbonates on the surface of the electrode, resulting from
the decomposition of the solvents and salt [33]. Several formation
mechanisms of the carbonate species can be found in the literatures
[34,35]. The O 1s spectrum of the anode cycled containing STD with
5% LiDFOB electrolyte is slightly different from that of the anode
containing STD electrolyte. In addition to C-O and C=0, as well as
LiCO3 (531.5eV) peaks observed with the STD electrolyte, a new
peak at ~533.7 eV is observed. This peak is associated to the oxalate
species, resulting from the degradation of LiDFOB, and correlated
to the C 1s peak at ~288 eV, discussed above [16].

The F 1s spectrum of the anode cycled with STD electrolyte at
60 °C shows three main peaks. The peak at 684.5eV and 685.7 eV,
attributed to LiF and LixPOyF;, respectively, decomposition prod-
ucts of LiPFg commonly observed at electrode/electrolyte interface
at elevated temperature. An additional peak in F 1s at 687 eV is
attributed to the remaining salt LiPFg, despite washing the elec-
trode with DMC before XPS analysis. The F 1s spectrum of the
anode extracted from a cell containing STD with 5% LiDFOB is
similar but the intensity of LixPOyF, is much lower than that of
the anode cycled with the STD electrolyte, as also supported from
Table 1.

The P 2p spectra of the two samples are very similar, showing
two peaks at about 134.5eV and 137eV, the peak at 134.5eV is
characteristic of LixPOyF;, and the peak at 137 eV could be assigned
to LixPF,.

As respect to the anode cycled with STD with 5% LiDFOB elec-
trolyte, two peaks can be detected in B 1s spectrum, which confirms
that B is incorporated into the structure of SEI. The peak at 191.5 eV
could be assigned to the decomposition product of LiBF,C504,
consistent with the ring opening process of LiBF,C,04 and the gen-
eration of LixBOyF, species [7,16], which corrected to the C 1s peak
at~288eVand O 1s ~533.7 eV, discussed above, and also supported
by the DFT calculations, as discussed below. The other peak at 193.
8 eV is attributed to the remaining salt LiBF,C,04.

3.4. X-ray photoelectrons spectroscopy (XPS) analyses of LiFePO4
electrodes

The fresh LiFePO4 cathode is characterized by peaks correspond-
ing to the metal oxide, 531.4eV in O 1s spectrum, 133.5eV in P
2p spectrum, as well as Fe 2p spectrum. Because not too much
differences were observed whether the cathode cycled with STD
electrolyte or with 5% LiDFOB containing electrolyte, the Fe 2p is
not shown here. The Fe 2p spectrum is split into two parts due
to spin-orbit coupling (Fe 2p3/2 and Fe 2p1/2) with an intensity
ration of about 2/1 [32]. The peak at 284.3 eV in C 1s is attributed to
the black carbon. An additional peak at ~285 eV in C 1s of the fresh
LiFePOy is also present, characteristic of the binder.

Analysis of the cathode surface reveals significant differences
between the cells cycled with STD electrolyte and LiDFOB contain-
ing electrolyte after 200 cycles at 60°C (Figs. 4 and 5, Table 2).
Compared to the fresh cathode electrode, the concentrations of
C and Fe are decreased for both cycled cathodes, while the con-
centrations of O and F are increased. The concentration of P is
slightly increased for the cathode cycled with STD electrolyte, but
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Fig. 5. FTIR-ATR spectra of the graphite (A) and LiFePO,4 (B) electrodes cycled at
60°C after 200 cycles with and without 5% LiDFOB added.

decreased for the cathode cycled with LiDFOB containing elec-
trolyte. For the cathode cycled with LiDFOB containing electrolyte,
B element could also be detected in B 1s spectrum. This suggests
that the LiFePO,4 cathode surface is also covered a SEl layer, and also
confirms that B is incorporated into structure of SEI formed on the
cathode surface.

The C 1s spectra are very similar and dominated by graphite
(284.3eV), C=0 bonds in lithium alkyl carbonates (R-CH,0CO,-Li)
and polycarbonates, as well as C-O bonds in ethers or carbon-
ate salts (286-287eV). However, the intensity of C=0 and C-0O
observed on the surface of the LiFePO,4 electrode cycled with STD
electrolyte is slightly stronger than that of the cathode cycled with
the LiDFOB containing electrolyte (Fig. 4, Table 2). This suggests
that the LiFePO4 cathode electrode cycled with STD electrolyte was
covered more degradation products of electrolyte than that of the
electrode cycled with LiDFOB containing electrolyte, which is con-
sistent with the FTIR data, as discussed below.

The O 1s spectra have some similar peaks presence, containing
the lithium metal oxide, LiFePO4 (531.4 eV), C-O bonds in polycar-
bonates and carbonate salts (533.5eV), as well as (=0 bonds in

Table 2
Surface concentrations of different elements on fresh LiFePO,4 cathode and cathode
from cycled cells with STD electrolyte and with LiDFOB containing electrolyte.

Sample Cls(%) O1s(%) Fl1s(%) P2p(%) Fe2p(%) Bls(%)
Fresh 60.1 223 0.9 7.9 8.8

STD electrolyte  49.8 28.6 8.6 8.2 4.8

STD +5% LiDFOB  50.1 25.6 7.2 6.7 49 5.5
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ethers and carbonate salts (532.5eV), which is the products from
electrolyte degradation. However, the passivating layer remains
very thin ever after 200 cycles at 60 °C since the intensity of LiFePOg4
(531.4eV) almost unchanged for the two samples, showing that
the surface of LiFePO4 particles is not very reactive toward the
electrolyte at elevated temperature [32].

The F 1s spectra are similar and contain three peaks LiF
(684.5eV), LixPOyF, (686¢eV), as well as LixPF, (687 eV). The P 2p
spectra are dominated by LiFePO4 (133.4eV), and the deposition
of a small amount of LixPOyF, (135eV). As respect to the cath-
ode cycled with STD with 5% LiDFOB electrolyte, two peaks can be
observed in B 1s spectrum. The peak at 191.2 eV could be assigned
to the ring opening process of LiBF,C,04 and the generation of tri-
coordinated borates or LixBOyF, species [7,16], which correlated
to the C 1s peak at ~288 eV and O 1s ~533.7 eV, discussed above.
The other peak at 193. 2 eV is attributed to the deposition salt of
LiBF,C,04 on the cathode surface.

3.5. FTIR-ATR

Analysis of the graphite anodes (Fig. 5A) and LiFePO4 cathodes
(Fig. 5B) by FTIR-ATR spectra provides additional insight into the
differences of electrodes surface after 200 cycles at 60°C with and
without LiDFOB added. The IR spectra of the anodes extracted
from cells containing different electrolytes are similar and are
dominated by the absorptions characteristics of polycarbonate
(1730cm™1), Li;CO3 (~1500cm™1), LixyPOyF, (1039cm™1), LixPF,
(843 cm™') besides the binder peaks [16,36,37]. In addition, the
electrodes extracted from the cells with LiDFOB added electrolytes
contain additional peaks at 1071 and 1630cm™!, characteristics
of B-0 species and oxalate. Irreversible reaction of LiDFOB on the
electrode surface is most likely the source of the differences.

Asrespect to the cathode electrode, the IR spectra are similar and
are dominated by the binder peaks. In addition, the polycarbonate
(1730 cm~1)and LixPFy (843 cm~1) are also presented. However the
cathode cycled with the standard electrolyte has stronger polycar-
bonate absorption at 1730 cm~!. This suggests that addition LiDFOB
inhibits the decomposition of the electrolyte at elevated temper-

T U
" :z-‘ \E?

Fig. 6. The optimized geometry of LiDFOB in gas phase at B3LYP/6-311++G(d,p)
level.

ature. In addition, the LiFePO4 cathode electrodes extracted from
the cells with LiDFOB containing electrolyte have absorptions char-
acteristic of B-O-B, and B-F linkages (1041, 1141 cm~1), related to
tri-coordinated borates or LixBF,0; in the SEI, which is consistent
with the XPS data, and also supported by the DFT calculations, as
discussed below.

3.6. DFT calculations on the decomposition of LiDFOB

3.6.1. Optimized structure of LiDFOB

The optimized geometry and selected structural parameter of
LiDFOB in gas phase at B3LYP/6-311++G(d,p) level are presented
in Fig. 6. Two different structures are acquired since Li could coor-
dinate with oxygen atoms or fluoride atoms, as labeled LiDFOB-1
and LiDFOB-2, respectively. Both of the two geometries have the C
2v symmetry. However, the relative energy of LiDOB-1 is slightly
lower than that of LIDFOB-2, —609.66 a.u. and —609.64 a.u., respec-
tively, which suggests that LIDFOB-1 is more stable than LiDFOB-2.

3.6.2. Decomposition mechanism of LiDFOB in gas phase

The initial reductive decomposition of LiDFOB (1) involves
one electron transfer from anode to LiDFOB, resulting in radical
anion [LiDFOB]~ (2). The ring-opening reaction of the radical anion
[LiDFOB]~ proceeds via the transition state [LiDFOB]~-TS (3), the
energy barrier is approximately 145.6k]Jmol~! in the gas phase.
Frequency analysis shows only one imaginary frequency (—72) cor-
responding to the transition state. With the presence of Li* cation,

&)

Fig. 7. Decomposition mechanism of LiDFOB and possible reaction process in gas phase.
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Table 3
Relative energies, enthalpies, and free energies (in k] mol~1) of the stationary points,
and imaginary frequency (w) of the transition state for the reductive of LiDFOB.

Structure AE AE+ AZPE AH AG o)
LiDFOB (1) 0.0 0.0 0.0 0.0
LiDFOB+e~ (2) -123.8 -128.6 -128.6 -130.6
LiDFOB+e~-ts (3) 26.9 17.0 18.0 10.9 72i
LiDFOB+e~-anion (4)  —481.1 —484.6 —484.2 —466.7

the transition state [LiDFOB]~-TS leads to the intermediate product
(5). The intermediate product of B-O cleavage coupled with a ring-
opening of EC generates another intermediate product (6). With
the presence of Li* cation, the intermediate product (6) leads to the
formation of Li;C;04, CO,, CoHy, as well as a Li(BF,0), polymer.
The calculated relative energy (AE), potential energy (AE + AZPE),
enthalpy (AH), and free energy (AG) of the stationary points are
listed in Table 3. The possible reaction processes are proposed in
Fig. 7.

4. Conclusions

Addition of 5% lithium difluoro (oxalate) borate (LiDFOB) to
1.0 M LiPFg EC/DMC/DEC (1/1/1, v/v/v) electrolyte can significantly
improve the cyclic performance of LiFePO4/graphite cells at 60 °C.
The discharge capacity retention increased from 15% to 66.4% after
200 cycles under 60 °C. This can be ascribed to the enhancement of
the thermal stability of the electrolyte containing 5% LiDFOB, and
the formation of a stable SEI layer on both the anode and cathode
electrodes in the presence of LiDFOB. The mechanisms of enhance-
ments of thermal stability of the electrolyte and interface layers
have been investigated by NMR, FTIR and XPS. It is found that the
addition of LiDFOB to LiPFg-based electrolytes inhibits the auto-
catalytic thermal decomposition of the electrolyte, generating of
lithium tetrafluorooxaltophosphate (LiPF4C,04) due to the syner-
gistic effect between LiDFOB and LiPFg at elevated temperature. It is
also found that the formation of borates or its derivative products
resulting from the degradation of LiDFOB on both the anode and
cathode electrodes is also a leading factor for the improvement of
the cycling performance at elevated temperature. DFT calculations
provide additional support for the structure of the LiDFOB derived
components on the electrode surface.
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