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HIGHLIGHTS

e A novel electrolyte additive used in the LiNij.¢C0o..Mng.,O»/graphite cell.
e Excellent electrochemical performance in wide temperature ranges.

o The thinner and more stable SEI films formed on the electrodes surface.

o The proposed possible reaction mechanism in the cell with PTM.

ARTICLE INFO ABSTRACT

Keywords: To optimize the electrochemical behavior of NCM-based high-energy lithium-ion batteries (LIBs) in wide tem-
P.he‘nyl trifluoromethane 51'11fonate perature ranges, Phenyl trifluoromethane sulfonate (PTM) is demonstrated as the novel electrolyte additive to
LiNi.6C09.oMng.o05/graphite pouch cells enhance the electrochemical behavior of LiNig.sCog.2Mng.202/graphite cells at 25 °C, —20 °C and 45 °C. The cells

Wide temperature ranges
Electrolyte additive
Solid electrolyte interphase film

with 1.0 wt% PTM-containing electrolyte deliver 80.6% capacity retention after 350 cycles at 25 °C, 73.4% after
100 cycles at —20 °C, and 82.6% after 300 cycles at 45 °C, which are significantly higher than that in standard
electrolyte (STD), corresponding to 36.4% at 25 °C, 40.3% at —20 °C, and failure at 45 °C, respectively. Ac-
cording to density functional theory (DFT) simulations and quantitative calculations, the PTM preferentially
reduces on the anode and oxidizes on the cathode to participate in the formation of solid electrolyte interphase
(SED) films. In addition, the scanning electron microscopy (SEM), Transmission electron microscope (TEM), X-ray
photoelectron spectroscopy (XPS) and other analysis suggest that the formed SEI films are thinner and more
stable for the electrolyte containing PTM, and the formed SEI films effectively control the decomposition of
carbonate-based electrolytes and greatly decrease the increased resistance during the cycle.

1. Introduction vehicles and other energy storage systems, the demand for LIBs is
growing rapidly [1-3]. As a result of its high specific capacity, lithium
With the development of portable electronic devices, electric nickel cobalt manganese oxides, LiNixCoy Mn;_x_yO, as the general
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formula, are the popular cathode materials used in LIBs [4,5], where the
LiNip.Co.2Mng.202 (NCM622) has a better application prospect
because of excellent cycle stability. However, due to its limited oper-
ating temperature range, the current commercial LIBs are far from
meeting needs of various fields [6,7].

As we all know, the LIBs will accelerate aging while working at high
temperature, and the performance of LIBs will decrease significantly,
which is caused by the poor thermal stability of solvent molecules and
lithium salt. The most important thing is that the electrolyte will be
easier to produce a lot of gas while working under high temperature
conditions, resulting in very fatal safety hazards [8,9]. Simultaneously,
the LIBs will face the problem of huge capacity loss at low temperature,
which is mainly due to the poor lithium transfer capacity of the formed
SEI films on electrodes surface. The poor performance of the formed SEI
film will lead to the significantly increased interface resistance and
charge transfer resistance [10,11]. Even if LIBs work at room tempera-
ture, they will also experience varying degrees of capacity degradation
during long-term cycle. In view of the above problems, optimizing the
solvent system and adding film-forming additives are the main options
to overcome these problems. Comparatively, adding film-forming ad-
ditives has a lower cost and is more conducive to improving the diffusion
of lithium ions on electrodes. In previous studies, many attempts have
been made to solve the problems of LIBs at high or low temperature via
the method of film-forming additives. Due to the strong reduction of
fluoride, there have been many studies on fluorinated compounds as
LIBs low temperature additives, including Fluoroethylene carbonate
(FEC) [12], lithium tetrafluoroborate (LiBF4) [13] and lithium bis(oxa-
lato)borate (LiBOB) [14], which can optimize the components of SEI
film to further optimize electrochemical behavior of LIBs working at low
temperature. Due to the strong electronegativity of sulfur, the applica-
tion of sulfur-containing organic additives to the high-temperature LIBs
has also attracted people’s interest. According to reports, 1,3-propane-
sultone (PS) [15], prop-1-ene-1,3-sultone (PES) [16], vinyl ethylene
sulfite (VES) [17], 1,3,2-Dioxathiol ane-2,2-dioxide (DTD) [18], vinyl-
ene carbonate (VC) [19], as high-temperature additives, have also been
discussed before. Recently, Among them, as the commercial electrolyte
additive, 1,3-propanesultone (PS) can not only slow down the swelling
process of the cells during the high-temperature cycles, but also enhance
the performance of LIBs at room temperature and low temperature to a
certain extent. However, the cells performance improved by PS is
limited, which gradually unable to meet the development needs of LIBs.
Even so, as far as we know, few additives are comparable to PS that can
optimize the cells performance in wide temperature ranges. Therefore,
we focus on improving the performance of LIBs in wide temperature
ranges by selecting electrolyte additives containing aromatic rings,
fluorine and sulfur, where the decomposition of additives containing
aromatic ring may form aromatic ring products that are considered to be
able to stabilize the SEI film due to their high stability.

In this paper, the PTM was firstly investigated as the electrolyte
additive to  enhance the electrochemical behavior of
LiNig.6Cog.2Mng.202/graphite pouch cells in wide temperature ranges
including low temperature and high temperature. For the cells with
PTM-containing electrolyte, the cycle performance is improved obvi-
ously in wide temperature ranges. The electrochemical and physical
characterizations have been employed to understand the influence
mechanism on adding PTM to electrolyte, including SEM, TEM, and XPS,
etc. Additionally, the DFT simulations and quantitative calculations
have been applyed to infer the potential reaction mechanism of PTM in
electrolyte.

2. Experimental section
2.1. Electrolytes and cells preparation

In this work, the STD was composed of which 1 M LiPFg¢ dissolved in
ethylene carbonate (EC), diethyl carbonate (DEC) ethyl methyl
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carbonate (EMC), with a 3:2:5 wt ratio. The above solvents and lithium
salt were battery grade. The PS and PTM were both provided by
Shanghai Aladdin Biochemical Technology Co., Ltd., which were added
to the standard electrolyte in weight amounts of 1.0% to obtain the
comparative electrolyte containing 1.0 wt% PS, the research electrolyte
containing 1.0 wt% PTM, respectively.

The cathode slurry was prepared with a mixture of
LiNig.6Cog.2Mng.202 (NCM622), conductive carbon (Super-P) and poly-
vinylidene fluoride (PVDF) with a 96.8:2.0:1.2 wt ratio, and evenly
coated on the aluminum foil to obtain the cathode with 330 g m~2 areal
density. The anode slurry was fabricated with a mixture of graphite,
Carboxymethyl Cellulose (CMC), Super-P and Polymerized Styrene
Butadiene Rubber (SBR) with a 95:1.5:1.5:2 wt ratio, and uniformly
coated on the copper foil to obtain the anode with 185 g m~? areal
density. In addition, the Polyethylene film was selected as separator. The
pouch cells were assembled by the above-mentioned electrodes and 6g
electrolyte was injected into each cell.

2.2. Electrochemical tests and characterization analysis

The electrochemical window of the electrolyte with or without PTM
was tested by linear sweep voltammetry (LSV) at a scanning speed of 1
mV/s and the voltage range was 3.0 V-6.5 V (V vs. Li/Li"), where the
lithium metal was regarded as reference and counter electrodes and the
platinum as working electrode. The charge-discharge cycle performance
tests of pouch cells with PS or PTM were conducted with 1 C rate in
voltage range of 2.75-4.2V at different temperatures including 25 °C,-
20 °C and 45 °C (Neware, CT-3008W-5V/6A, China). The cycle stability
and coulombic efficiency of half cells with or without PTM were con-
ducted with 1 C rate at 25 °C. At the same time, the pouch cells con-
taining STD electrolyte were tested under the same conditions, which
were regarded as the reference experiments. It is worth noting that,
before the charge-discharge cycle performance tests at different tem-
peratures, all cells were kept in an electro-thermostatic oven (Shanghai
CIMO Medical Instrument Manufacturing Co., Ltd.,) with the test tem-
perature for 4 h. The high temperature storage performance of the cells
with or without PTM were evaluated at 60 °C for 10 days. Specially, all
tested cells were charged and discharged at 1 C rate for three cycles, then
they were fully charged again and transferred to the thermostat oven.
Before and after elevated temperature storage, the electrochemical
impedance spectroscopy (EIS) of cells was measured by the frequency
response analyzer (FRA, Solartron 1455A, UK) from 10 mHz to 100 kHz
and the amplitude disturbance was 10 mV. In order to analyze the dif-
ference on the performance of cells with and without PTM in the charge-
discharge cycle performance tests, taking the cycle at 25 °C as an
example, the EIS tests were carried out on the cells after 350 cycle.

To further figure out the changes of the electrodes surface before and
after the cycle in different electrolytes, taking the cycle at 25 °C as an
example, the electrodes collected from the cycled cells were washed by
DMC. Then, the treated electrodes were transferred into the argon-filled
glove until dried. The morphology characterizations of different elec-
trodes surface were observed by SEM (ZEISS Ultra 55). The thickness
and uniformity of SEI films were observed by TEM (JEOL 2100F), The
crystal structure changes of cycled cathodes were characterized by X-ray
diffraction (XRD, Rigaku D/Max2500). The chemical compositions on
different electrodes surface were determined by X-ray photoelectron
spectroscopy XPS (Axis Ultra DLD). The Inductive Coupled Plasma (ICP)
test was used to measure the specific content of transition metal ions in
the cycled anode by ICP-AES 7510.

2.3. Computational details

All DFT calculations were performed by using Gaussian09 E01 [20]
software. The geometries of molecules were optimized with B3LYP-D3
[21,22] density functional and def2-SVP [23] basis set. The contin-
uum solvation model SMD [24] was used to calculate solvent effect in
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EC/DEC/EMC electrolyte. The relative dielectric constant(e) of the
electrolyte was 28.9 and parameters of non-polar parts were same as
ethyl ethanoate. Frequency analysis was performed to ensure that all the
structures were the minimum points on potential energy surface. Mayer
bond order was calculated by using Multiwfn [25] software to measure
the bond strength.

3. Results and discussion
3.1. Characteristics of PTM and electrolytes containing PTM

By comparing the orbital energy of molecules and combining quan-
titative calculations, the potential reaction of electrolyte during the
cycle can be predicted. Based on the frontier orbital theory, the molecule
with higher HOMO orbital energy is more likely to be oxidized, and the
molecule with lower LUMO orbital energy is more easily to be reduced
[26]. According to the results shown in Fig. 1a, the PTM possesses a
higher HOMO (-7.3097 eV) orbital energy and a lower LUMO
(—3.9123 eV) orbital energy than that of EC (—8.226 eV, 0.1818 eV),
EMC (—7.7531 eV, 0.5614 eV) and DEC (—7.6774 eV, 0.6299 eV), which
can be inferred that the PTM is prior to participate in reduction reaction
on anode and oxidation reaction on cathode compared to other com-
ponents, and has a hand in the formation of the interface film. In
addition, the PS molecule possesses a higher LUMO (—2.3607 eV) orbital
energy and a lower HOMO (—7.8302 eV) orbital energy compared to
PTM shown in Fig. S6, suggesting that PTM is more oxidizing and
reducing.

In order to have a clearer understanding of PTM and prepare for the
subsequent speculation of the reaction mechanism, quantitative
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calculations were used to understand the changes in the bond length ([o\)
of PTM while obtaining or losing an electron. As shown in Fig. 1b, while
getting an electron on the anode, the 012-S13 bond length was signif-
icantly increased from 1.41 A to 2.55 A and the C3-012 bond length was
decreased from 1.64 A to 1.29 }o\, which indicated the 012-S13 was
about to break. While losing an electron on the anode, the 012-S13 and
the C3-012 bonds length were changed to 1.85 A and 1.33 A, respec-
tively, which was the same as the change trend after obtaining an
electron and meant the O12-S13 was also likely to break. The result
suggested that PTM may modify the composition of the SEI film to affect
cells performance by breaking 012-S13.

The LSV was employed to compare the electrochemical stability of
electrolytes before and after adding PTM shown in Fig. S1. For the STD
electrolyte, the oxidation current increased rapidly when the potential
approached 5.7V, which indicated that the electrolyte would be sub-
jected to the severe oxidative decomposition once the potential excee-
ded 5.7V. While the decomposition potential of the electrolyte
containing PTM was broadened to 6.2V. However, what we need to pay
attention to is that a significant oxidation current appeared at about
4.55V in the electrolyte containing PTM, which was due to the prefer-
ential oxidation of PTM. In addition, the electrolyte containing PS
delivered a lower decomposition potential of 6V compared to the one
containing PTM. According to these result, we believed that PTM as the
electrolyte additive better enhanced the electrochemical stability of the
electrolyte by its preferential oxidation.

3.2. Electrochemical properties of pouch cells with PTM

It is worth noting that, in order to better illustrate that PTM as the
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electrolyte additive can significantly enhance the performance of the
cells, we chose the currently commercialized PS additive as the
comparative test. The cycle performances of the cells with or without
PTM at different temperatures were compared shown in Fig. 2. Fig. 2a
and b showed the cycle performance and coulombic efficiency of
LiNip.6Cog.2Mng.202/graphite pouch cells cycled in the STD electrolyte
at 25 °C, PS-containing electrolyte at 25 °C and PTM-containing elec-
trolyte at 25 °C, respectively. It can be clearly seen that the pouch cells
cycled in the STD electrolyte exhibited a rapid capacity decay, which
delivered the low capacity retention of 36.4% after 300 cycles. The same
situation corresponded to the electrolyte containing PS. Although the
cycle performance of the cells with PS-containing electrolyte was
slightly improved, its capacity retention rate was only 57.3%. In
contrast, the cells with PTM-containing electrolyte achieved excellent
cycle performance, which possesed the high capacity retention of 80.6%
after 350 cycles. In addition, it is not difficult to see that the cells with
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PTM-containing electrolyte remained more stable coulombic efficiency
during the cycle. Since then, we believed that the cycle stability of cells
at 25 °C was significantly improved by choosing PTM as the electrolyte
additive.

As shown in Fig. 2c and d, the influence of PTM on cycle performance
of the pouch cells was explored at —20 °C. As we all know, the slow
lithium kinetics on graphite is the main reason for the rapid decline of
cells capacity at low temperature [27]. Therefore, the initial capacity of
cells with different electrolytes all showed varying degrees of attenua-
tion compared to 1805.78 mAh at 25 °C, corresponding to 1262.12 mAh
for STD, 1142.84 mAh for PS and 1458.28 mAh for PTM, respectively.
Additionally, the cells with STD or PS experienced a fast capacity fading
to 509.77 mAh and 882.23 mAh after 100 cycles at —20 °C, which was
also consistent with the instability of coulombic efficiency in Fig. 2d.
However, a clear contrast was showed in Fig. 2¢ when the cells cycled in
PTM-containing electrolyte. The cells with PTM still maintained
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1070.39 mAh after 100 cycles, which was significantly better than the
cells without PTM. The above results suggested that the addition of PTM
obviously optimized the cycle performance of cells cycled at low
temperature.

In order to understand whether PTM as the electrolyte additive can
enhance cells performance at high temperature, we also investigated the
cells containing PTM cycled at 45 °C. As depicted in Fig. 2e, although the
cells with different electrolyte systems all exhibited the nearly same
initial discharge capacity (2000.00 mAh), there were completely
different performances in subsequent cycles. For the cells containing
STD, they delivered extremely poor cycle stability. Especially, the cells
capacity dropped sharply after 200 cycles, corresponding to the signif-
icantly decreased coulombic efficiency in Fig. 2f, which may be due to
the massive loss of reversible lithium and the destruction of the elec-
trode surface structure by the decomposition products from carbonate-
based electrolyte and LiPFe during the cycle. The cells containing PS
delivered relatively good cycle performance until 250 cycles. Surpris-
ingly, the cells containing PTM exhibited extremely superior cycle sta-
bility, which achieved a little capacity fade and maintained 1651.69
mAh (82.6%) after 300 cycles. The coulombic efficiency of cells with
PTM also showed the same excellent results in Fig. 2f. Apparently, the
cycle performance of cells cycled at high temperature was greatly
improved by adding PTM to electrolyte.

There are three possible explanations for the enhanced cycle per-
formance of the cells with PTM at different temperatures. On the one
hand, the protective and uniform SEI film was formed on the electrodes
surface during the cycle, which can prevent the destruction of electrodes
by carbonate-based electrolytes and their decomposition products.
Another is that the cells with PTM have the lower interface resistance
and charge transfer resistance, which can promote the conduction of
lithium on the electrodes surface. The last one is that PTM preferentially
reduced on anode and oxidized on cathode in the electrolyte system and
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suppressed the decomposition of other components, which can be
judged from the LUMO and HOMO value in the calculation part. The
following methods were employed to support these views.

Fig. S4a and b displayed the cycle stability and coulombic efficiency
of half cells cycled in the electrolyte with or without PTM additive,
respectively. The graphite electrode was charged/discharged at
0.005-2.5 V with 0.1 C for first three cycles and 1 C for remaining cycles
at 25 °C shown in Fig. S4a. And the LiNij.6C0¢.2Mng.202 electrode was
charged/discharged at 2.75-4.2 V with 0.1 C for first three cycles and 1
C for remaining cycles at 25 °C shown in Fig. S4b. A significant capacity
fading was observed for electrodes cycled in the electrolyte without PTM
for 120 cycles, with the low coulombic efficiency (99.2%) and remaining
capacity of 263.1 mAh g~! for graphite electrode, the low coulombic
efficiency (96.3%) and capacity retention of 55.5% for
LiNig.¢Cog.2Mng.205 electrode. The poor cycle performance was attrib-
uted the poor stability of electrolyte and damaged electrodes by
decomposition products of electrolyte. In contrast, when PTM was
applied in electrolyte, an excellent performance was delivered after 120
cycles (the higher coulombic efficiency of 99.8% and remaining capacity
of 337.3 mAh g~ for graphite electrode; the higher coulombic efficiency
of 97.9% and capacity retention of 82.1% for LiNip.¢C0p.2Mng.202
electrode), suggesting that PTM can not only improve the stability of
electrolyte and effectively protect the electrodes from the destruction of
electrolyte decomposition products.

3.3. Impedance analysis

To further explore the contribution of PTM to the high temperature
performance of LiNij.¢C0g.2Mng.202/graphite cells, the high tempera-
ture storage experiment test was conducted by EIS shown in Fig. 3a and
b. For convenience, we considered the semicircle as only the charge
transfer resistance (R¢) for analysis. It is noteworthy that the impedance
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spectra of different electrolytes systems showed different growth trends
after storage at 60 °C for 10 days, even all delivered approximately the
same initial impedance in Fig. 3a. The above result indicated the
impedance of the cells containing STD increased significantly after high
temperature storage, which was attributed to the poor thermal stability
of the formed SEI film. Additionally, the SEI film with poor performance
did not withstand the attack of the harmful products produced by the
decomposition of LiPFg on electrodes and the accumulation of by-
products hindered the diffusion of lithium [28], leading to an increase
in cells impedance. Obviously, PS as the electrolyte additive effectively
suppressed the increase of cells impedance during high temperature
storage. But the impedance of cells containing PTM was better sup-
pressed than that with PS, which was attributed to the SEI film with
great thermal stability derived from PTM that alleviated the

Journal of Power Sources 487 (2021) 229416

accumulation of by-products produced by carbonate-based electrolyte
and LiPFg decomposition to promote the diffusion of lithium.

To determine the differences in the interface impedance of cells
cycled in different electrolytes, taking the cycle at 25 °C as an example,
the impedance of pouch cells after cycling was measured by EIS depicted
in Fig. 3c. The EIS curve was divided into four parts: Super high fre-
quency as total resistance of cell (R;), high frequency semicircle as
interfacial resistance (Rggp), low frequency semicircle as charge R.; and
low frequency line as Warburg resistance, respectively, and fitted an
equivalent circuit shown in Fig. 3d. Apparently, from the quivalent
circuit datas in Table S1, the increased Rgg was significantly suppressed
by adding PTM, which was attributed to the formed SEI film with
excellent conductivity and stability on the electrodes surface. And we all
know that a lower Rgg; was more beneficial for lithium to transmit

Fig. 4. SEM images of the electrodes: (a) fresh graphite anode; (b) cycled anode with STD; (c) cycled anode with PS; (d) cycled anode with PTM; (e) fresh NCM622
cathode; (f) cycled cathode with STD; (g) cycled cathode with PS; (h) cycled cathode with PTM.
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between electrodes and electrolyte. Meanwhile, a sharply lower R in
cells with PTM was easily found, corresponding to the reduction of non-
conductive decomposition substances produced by carbonate-based
electrolytes deposited on electrodes surface. Consequently, the pouch
cells with the PTM-containing electrolyte can form the better perfor-
mance SEI film during the cycle, which not only promoted migration of
lithium between electrodes and electrolyte, but also reduced the
decomposition of carbonate-based electrolytes.

3.4. Structure and morphology analysis of electrodes

The surface morphology of the fresh electrodes and the cycled
electrodes with different electrolytes after over 300 cycles at 25 °C was
presented by SEM characterization. Obviously, there were clear differ-
ences on the cycled electrodes surface in Fig. 4. Compared to the changes
in the morphology of cathode surface, more distinctive differences
existed on the morphology of graphite surface. The morphology of
graphite cycled in the STD electrolyte changed significantly was shown
in Fig. 4b, which was covered by a large number of by-products pro-
duced by electrolytes compared to the fresh one. When the PS additive
was added to the electrolyte, there were not excessive by-products but
obvious protruding flaky shape structure on graphite surface in Fig. 4c,
which implied that the graphite suffered from the destruction of elec-
trolyte during the prolong cycle. On the contrary, a thin and uniform
layer was covered on the cycled graphite surface with the PTM-
containing electrolyte, and the smooth and unobstructed graphite sur-
face was displayed in Fig. 4d. With regard to the reasons for the above
results, it may be mainly due to the following reasons: due to its strong
reducibility, the PTM was prior to decompose on the graphite surface
than that for EC, EMC and DEC, which alleviated the decomposition of
carbonate-based electrolytes. In addition, the PTM greatly ameliorated
the property of the SEI film, which can effectively protected the integrity
of the graphite structure.

NCM622 particles with complete structure were distributed on the
surface of the fresh cathode and a few small particles representing PVDF
and Super-P adhered to the NCM622 particles shown in Fig. 4e. How-
ever, for the cathode cycled in the STD electrolyte for 300 cycles
(Fig. 4f), some uneven particles occurred on the cycled cathode surface,
which contributed to the high interface resistance and poor cycle per-
formance. Simultaneously, from the inset in Fig. 4f, it is easy to find that
the structure of NCM622 particles was destroyed during the cycle. The
above-mentioned inferior surface morphology may be due to the lack of
the SEI film with effective protection. Therefore, the cathode suffered
from electrolyte erosion and was affected by the decomposition products
of the carbonate-based electrolyte. Differently, morphology integrity of
the NCM622 particles cycled in PS-containing electrolyte was relatively
well-preserved shown in Fig. 4g, but still with a small amount of by-
product particles. Surprisingly, in Fig. 4h, the cycled cathode acquired
from the cells with PTM did not encounter the above problems, and the
visible layered structure of NCM622 particles was depicted in the inset
of Fig. 4h. In conjunction with the performance of different cells during
the cycle, we believed that the thin and uniform SEI film was formed on
the cathode surface when PTM was present, and which prevented the
direct contact between electrolyte and cathode to realize the protection
of NCM622 particles. Moreover, the oxidative decomposition of solvent
molecules was suppressed due to the strong oxidizing of PTM.

In order to further illustrate the changes in crystal structure of
NCM622 cathode before and after the cycle with or without PTM at
25 °C, as shown in Fig. S2, the XRD measurements were employed to
deliver differences. For NCM622 cathode cycled in the STD electrolyte,
the diffraction peak intensity was significantly decreased. Especially, the
peaks of (015), (107) and (113) nearly disappeared, indicating that the
structure of NCM622 cathode was severely damaged during the cycle. In
contrast, there were almost no changes between the pristine cathode and
the cycled cathode with PTM-containing electrolyte, suggesting the
structure of the NCM622 cathode with PTM-containing electrolyte was
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well-preserved. In detail, the peaks of (018)/(110) and (006)/(102) can
be clearly observed in the system containing PTM shown in Fig. S2b,
corresponding to the complete layered structure of NCM622 particles
[29]. The XRD test results of the cycled cathode were completely
consistent with the SEM analysis. Thus, while cycling in the
PTM-containing electrolyte, we believed that the stable and uniform SEI
film ensured the integrity of the cathode structure.

TEM analysis was conducted to compare the thickness and unifor-
mity of the SEI film for the electrodes with and without PTM. Fig. S3
displays the TEM images of the anode and cathode with and without
PTM after over 300 cycles at 25 °C. As shown, there was obviously
different on the morphology of the SEI films on the graphite surface.
Partially clear graphite contour edges were observed on the cycled
anode surface without PTM in Fig. S3a, indicated the SEI layer did not
completely cover the graphite surface. Differently, the denser and
thinner SEI was observed on the graphite surface with PTM, and the
graphite surface was completely covered, which was beneficial to reduce
the influence of transition metal ions on graphite anode. Similarly, the
SEI film formed on the cycled cathode surface without PTM was also
incomplete shown in Fig. S3c. In contrast, the cathode surface with PTM
was completely covered by uniform and thin SEI layer in Fig. S3d. The
above TEM results indicated that the formed SEI films on the electrodes
surface with PTM were more uniform and thinner, which effectively
prevented electrodes corrosion from electrolyte and decreased the
interface resistance.

3.5. XPS analysis of cycled electrodes

To further support the views that PTM did participate in the for-
mation of SEI film and optimized the composition of SEI film during the
cycle, the surface chemical elements of both anode and cathode cycled
in the electrolyte containing PTM or not at 25 °C were compared by XPS
analysis. First of all, in the C 1s spectrum of cycled graphite shown in
Fig. 5, the graphite with PTM displayed the lower content of C=0
(288.5 eV) and nearly disappeared LipCO3 (289.9 eV) compared to the
graphite with STD, corresponding to the reduced decomposition of
carbonate-based electrolytes. Thus, when the PTM was added in elec-
trolyte, the reductive decomposition of carbonate-based electrolyte on
the anode surface was well suppressed, which was consistent with the
SEM results. The C-C peak (284.6 eV) intensity of graphite with PTM
was obviously higher than the one of graphite without PTM, which was
due to the formation of the thinner SEI film on graphite surface while
cycling in PTM-containing electrolyte and the additional C-C bonds
contributed by the PTM (C-C=—C). Whether or not PTM was added to the
electrolyte, both C-O peaks (286.4 eV) intensity belonged to CMC
binder was very low. However, it is not difficult to find that the C-O
peak (286.4 eV) intensity of graphite with PTM was slightly higher than
that of graphite with STD, which again indicated the thickness of SEI
film formed on the surface of graphite cycled in the PTM-containing
electrolyte was thinner than that of graphite cycled in the STD electro-
lyte, corresponding to the TEM test results.

For the O 1s spectra of cycled graphite, the peaks near 533.1 eV,
532.1 eV and 531.4 eV corresponded to C-O, C=0 and LiyCOg,
respectively. The content of C—=0 and Li3COs also decreased when the
PTM was added to the electrolyte. The information obtained from the O
1s spectrum was consistent with that obtained from the C 1s spectrum,
which both indicated the reductive decomposition of carbonate-based
electrolyte was inhibited by adding PTM.

In the F 1s spectrum, the characteristic peak of LiF appeared at 684.8
eV, which was due to the decomposition of LiPFs. However, it is worth
noting that, with the decomposition of LiPFs HF and PFs that were
considered as the key role in destroying the electrode-electrolyte inter-
face also appeared [30]. The peak intensity of LiF with PTM was
significantly distinct with that of LiF without PTM, and the former peak
basically disappeared. The result directly explained that when the PTM
as additive was added into the electrolyte, the decomposition of LiPFg
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Fig. 5. The XPS spectras of the graphite anodes with and without PTM after over 300 cycles at 25 °C.

was well controlled. The peak at 686.8 eV corresponded to P-F,
belonged to Li,POyF and LiPyFy. Among them, the LiyPOyF was consid-
ered to be the decomposition product of LiPFe, and the LiPsFy was
regarded as the undecomposed LiPFg. In conjunction with the P2p
spectrum, both the higher content LiPyFy (137 V) and the lower content
LixPOyF (133.9 eV) in the graphite with PTM again illustrated that the
decomposition of LiPF¢ rarely occurred when the graphite anode cycled
in the electrolyte containing PTM. Additionally, the C-F at 686.8 eV
originated from the Hexafluoroethane that was a decomposition product
of PTM.

For the S2p and Mn2p spectra, the new peaks appeared at 169.4 eV
(LipSOy4), 163 eV (LisS) in the S2p spectra of graphite with PTM, where
parts of LisS and Li;SO4 were the further disproportionation reaction
products of Li;SO3, which was all attributed to the broken 012-S13
bond from PTM when the PTM got an electron. Related studies [31,32]
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have suggested that the above-mentioned salts adhering to the electrode
surface can promote the lithium diffusion between electrodes and
electrolyte. Besides, in the Mn2p spectra, the lower Mn element content
was easily found on the PTM-containing graphite surface. Compared to
the electrolyte without PTM, the lower Ni and Co elements content was
also easily found on the PTM-containing graphite surface shown in
Figs. S9a and b. The same results as Mn element all indicated that the
formed SEI film by PTM can block the transfer of transition metal ions to
anode. In addition, the specific content of transition metal ions in the
cycled anode was measured by ICP test and the results were shown in
Table S2. According to these results, we can conclude that the PTM did
participate in the formation of SEI film on the graphite surface and the
formed SEI film was more stable and more conducive to the lithium
conduction on the SEI film.

The composition changes on the cathode surface were depicted in
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Fig. 6. The XPS spectras of the NCM622 cathodes with and without PTM after over 300 cycles at 25 °C.
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Fig. 6. For the C 1s spectra, the peaks appearing at 284.6 eV was
regarded to the C-C of conductive carbon (Super-P) and that of PTM
(C-C=C), and the peak of C-F was observed at 290.4 eV belonged to the
PVDF binder. Compared with the cathode cycled in STD electrolyte, the
above peaks were clearer for the cathode cycled in PTM-containing
electrolyte, which indicated that the thinner SEI film was formed on
the cathode surface with PTM, corresponding to TEM analysis. And the
thinner SEI film corresponded to the lower interface impedance. The
peaks around 286 eV and 288.6 eV assigned to the C-O and C=O0 of

(a)
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Lithium carbonate, which was a major oxidation decomposition product
of carbonate-based electrolyte. Thus, we were aware that, when the PTM
was added into electrolyte, the SEI film formed on the cathode surface
inhibited the oxidative decomposition of carbonate-based electrolyte.
Similarly, the results obtained from the O 1s spectra were same as those
obtained from C 1s spectra. In addition, the Me-O was mainly derived
from the fresh cathode, and less content meant the thinner SEI film [33].
The results observed from F 1s spectrum, P 2p spectrum and S 2p
spectrum were almost the same as those on the anode, which showed
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Fig. 7. (a) Possible reaction mechanism of the PTM molecule participating in the formed SEI films on electrodes surface; (b) schematic diagram of the formed
different SEI films on the electrodes of the LiNip.C0¢.2Mng.2O5/graphite with and without PTM during the cycle.
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that the PTM as the electrolyte additive took part in the formation of SEI
film on cathode surface and improved the conductivity and stability of
SEI film. Furthermore, a slight difference appeared in the Mn2p spectra,
where the Mn element was attributed to the NCM622 material, and the
Mn content in the cathode with PTM was higher as a result of the thinner
SEI film.

In addition, the XPS spectras of the graphite anode and NCM622
cathode with PS were shown in Fig. S7 and Fig. S8, respectively.
Whether it is anode or cathode, the high content of C-C (284.6 eV) and
C-0 (286.4 eV) in the C 1s spectra indicated that the formed SEI films on
the electrodes surface with PS were thin, and the peak at 533.1 eV in the
O 1s spectra also illustrated it. However, the peaks at 532.1 eV (C=0)
and 531.4 eV (LiyCOs3) in the O 1s spectra of graphite anode were
obviously higher than those with PTM, suggesting more decomposition
of carbonate-based electrolytes occurred in the system containing PS
compared to the one containing PTM. In addition, a higher peak at
684.8 eV (LiF) in the F 1s spectra and a lower peak at 137 eV (LiP4Fy) in
the P 2p spectra corresponded to more decomposition of LiPFg. And
more transition metal ions were detected on the anode with PS in
Figs. S9c and d, indicating the formed SEI films did not effectively block
the transfer of transition metal ions to anode. Therefore, the formed SEI
films on the electrodes surface with PS were thin but unstable.

As shown in Fig. 7a, the possible reaction mechanism in the con-
taining PTM electrolyte system was proposed, corresponding to the XPS
analysis to better comprehend the role of PTM in the electrolyte system.
For the reaction on the anode surface, once obtaining an electron, PTM
will preferentially reduce by breaking the 012-S13 bond to form sulfur-
based lithium salt on the anode surface which were conducive to the
conduction of lithium at the interface. In addition, a small amount of
aromatic ring compounds will also adhere to the anode surface, which is
considered to improve the stability of SEI film as a result of their aro-
matic ring structure [34]. And the fluorine element in PTM makes the
012-S13 bond easier to break due to its high polarity, and finally forms
the hexafluoroethane. For the reaction on the surface of the cathode, the
PTM will also break the 012-S13 bond while losing an electron.
Therefore, the decomposition products derived from PTM on the cath-
ode surface are basically consistent with those of anode electrode. As a
result, the SEI films on the electrodes surface formed by PTM can not
only effectively alleviate the decomposition of carbonate-based elec-
trolyte and LiPFs and avoid the attack of electrolyte on the electrodes,
but also greatly decrease the interface resistance between electrolyte
and electrodes, which are the fundamental reasons why the cells with
PTM performed well over wide temperature ranges in the previous
experiment. Furthermore, with the introduction of PTM additive, the
stable and well-distributed SEI films can block the transfer of transition
metal ions to anode. Based on the above results and analysis, the sche-
matic diagram was presented in Fig. 7b, which clearly summarized the
role of PTM as electrolyte additive.

4. Conclusion

In this paper, we demonstrated for the first time that the PTM as the
electrolyte additive can not only enhance the stability of the electrolyte,
but also greatly optimize the cycle performance of LiNig.cCop.oMng.202/
graphite in the wide ranges of operating temperature. According to the
results of the SEM, TEM, XRD, XPS and calculation simulation, we
attribute the outstanding electrochemical performance to the formation
of functional SEI films with the addition of PTM, which can not only
effectively suppress the decomposition of carbonate-based electrolyte
and LiPFg and protect electrodes from the electrolyte attack, but also
generate the sulfur-based lithium salts to promote lithium conduction
between the electrodes and electrolyte. Although many of the above
characterizations are only tested with cells cycled at 25 °C, we believe
that the above conclusions are universally applicable to explain the
reason for the excellent performance of cells cycled at —20 °C and 45 °C.
It can be expected that the application of electrolytes containing PTM in
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NCM-based LIBs has a bright future.
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