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The effect of the additive lithium difluorophosphate (LiPOF;) on unwanted lithium plating in lithium-
ion cells was studied in this work. Li[Ni;;3Mnq;3C01/3]0/graphite pouch cells were cycled at high
charge rates where unwanted lithium plating was identified as the major aging mechanism. LiPOF, used
as a single electrolyte additive reduced cell impedance growth during cycling even at high charge rate
(i.e. 2C) at 20°C. Electrochemical impedance spectroscopy (EIS) measurements on symmetric cells
showed that LiPO,F, reduced the growth of both positive and negative electrode impedances during
cycling. The effects of LiPO,F, depend strongly on the presence of other additives. When LiPO,F, was
combined with 2% propene sultone (PES) + 1% ethylene sulfate (DTD) + 1% tris(-trimethyl-silyl)-
phosphite (TTSPi) (called PES211), the cell impedance increased which led to unwanted lithium
plating. When 1% LiPO,F, was used in combination with ethylene sulfate (DTD) or fluoroethylene car-
bonate (FEC) the impedance of the cells grew more slowly with cycling than with DTD or FEC added
alone. Normally, but not always, additions of LiPO,F, reduce cell impedance. The choice of additives to
use along with LiPO,F, must be made wisely to ensure synergistic action.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Reducing the time to charge Li-ion cells is desired for both
portable electronics and electric vehicle applications. The main
impediment to high charge rates is the proximity of the potential of
lithiated graphite (+0.08 V vs. Li/Li") to that of lithium metal (0.0 V
vs. Li/Li*), when % < X < 1 in LixCg. Sufficient polarization in the cell
can drive the graphite potential below the lithium potential and
then unwanted Li plating will occur. This deposited lithium has a
negative impact on the lifetime of Li-ion cells and unwanted
lithium plating is therefore the dominant aging mechanism when
high charge rates and/or low temperatures are applied to lithium
ion cells [1-3].

The propensity for unwanted lithium plating strongly depends
on parameters that increase the polarization of the graphite
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electrode such as harsh charging conditions (e.g., high charge rates,
low temperatures) [4], thick electrodes [5], low Li-ion diffusion
constant or large graphite particle size [6,7] and a highly-resistive
solid electrolyte interphase (SEI) [8,9]. Among these, the SEI of
the graphite electrode, which is controlled by the electrolyte
components, strongly influences the negative electrode impedance
[1] and strongly affects unwanted lithium plating at high charge
rates. Many electrolyte additives that promote longer lifetime Li-
ion cells lead to negative electrodes with high resistance and un-
fortunately limit the charging rates of cells due to unwanted
lithium plating [9]. John-Paul Jones et al. [8] found that electrolyte
additives such as vinylene carbonate (VC), lithium bis(oxalato)
borate (LiBOB) and 3-propane sultone (PS) increased the negative
electrode resistance and thus increased the propensity for lithium
plating. Therefore, in order to improve the fast-charge capability of
graphite electrode, the electrolyte additives used should form a
less-resistive SEI.

Lithium difluorophosphate (LiPO,F,) is a very promising elec-
trolyte additive that could improve high-temperature storage
which will be shown in Fig. 1. In addition, it was reported that
LiPOF; as a single additive improved the discharge performance at
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Fig. 1. Open circuit voltage versus time during storage at 60 °C: a) 4.4V and b) 2.5V, for 500 h for NMC532/graphite pouch cells containing 1.04 mol/kg LiPFg EC:DMC (3:7) with 1%
LiPO,F, or 2% LiPO,F5; c) gas volumes generated during the 60 °C storage periods at 4.4V and 2.5V and d) summary of R (diameter of the semi-circle in the EIS spectrum) for
NMC532/graphite pouch cells containing 1.04 mol/kg LiPFg EC:DMC (3:7) with 1% LiPO,F, or 2% LiPO,F,. Two cells were measured for each data point and the error bars in ¢) and d)

are the difference between the two results.

low temperatures [10,11] and LiPO,F, combined with VC enhanced
the rate capability of graphite/Li coin cells [12]. Therefore, LiPO2F;
should hinder unwanted lithium plating.

In addition to LiPO,F, alone, other additives should be consid-
ered in combination with it. Ethylene sulfate (DTD) was reported to
form a suitable SEI on the graphite electrode so that it could operate
in PC-containing electrolytes [13,14]. Sano and Maruyama also
showed that cells containing DTD provided relatively good rate
capability [15]. In addition, FEC can facilitate SEI formation through
preferential reduction on the graphite surface and improve the
low-temperature performance of graphite/Li coin cells [16,17].

In this paper, electrolyte additives that create low SEI resistance
were chosen to study their effects on unwanted lithium plating in Li
[Nij;3Mny/3C01;3]02 (NMC111)/graphite pouch cells during cycling
at high rates and/or low temperatures. The electrolyte additives

used include: LiPOyF, and the combinations of 1% LiPO,F, with 2%
VC, PES211, 2% FEC and 1% DTD. The additives 2% VC [18,19] and
PES211 [20,21] are very effective for improving cell lifetime but
yield relatively high impedance. LiPO,F, was combined with 2% VC
or PES211 to see if the additives acted synergistically to yield both
high-rate and long lifetime Li ion cells. Charge-discharge cycling of
NMC111/graphite pouch cells at 20 °C with different charge rates
was used to determine the onset current for unwanted lithium
plating. Increased capacity loss with cycle number was used to
detect unwanted lithium plating. Electrochemical impedance
spectroscopy (EIS) measurements were used on the full pouch cells,
negative electrode symmetric cells and positive electrode sym-
metric cells to investigate how the charge transfer resistances of
the negative electrodes affected unwanted lithium plating.
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2. Experimental

1 M LiPFg (BASEF, purity 99.94%) in EC:EMC (3:7 wt% ratio, BASF,
purity 99.99%) was used as the control electrolyte. To the control
electrolyte, LiPO,F, (Shenzhen Capchem Technology Co., China or
Guangzhou Tinci New Materials Technology Co., China) was added
as an additive at 1 or 2wt % (note that 2% LiPO,F, was not fully
dissolved). The electrolyte additives PES211 (PES: Lianchuang Me-
dicinal Chemistry Co., Ltd., China, purity 98.20%; TTSPi: TCI Amer-
ica, purity >95%; DTD: Sigma Aldrich, purity 98%), 2wt % VC
(purity > 99.8%, BASF), 2 wt % FEC (BASF, purity 99.94%) and 1% wt.
DTD, added singly or in combination with 1% LiPOF; to the control
electrolyte, were also studied.

The pouch cells used in this study were NMC111/graphite cells
with a capacity of 220 mAh (balanced for 4.4 V) with a negative/
positive capacity ratio of about 1.17 at 4.1 V. Cells were manufac-
tured by Li-Fun Technology (Xinma Industry Zone, Golden Dragon
Road, Tianyuan District, Zhuzhou City, Hunan Province, PRC,
412000) and vacuum sealed without electrolyte before shipping to
our laboratory in Canada. The pouch cells are 40 mm long X 20 mm
wide x 3.5 mm thick. The detailed information about the positive
and negative electrode materials in these NMC111/graphite pouch
cells are given in Refs. [9,22]. All cells were cut open and vacuum
dried at 100°C for 14 h before electrolyte filling. Then cells were
transferred immediately to an argon-filled glove box for electrolyte
filling and vacuum sealing. The pouch cells were filled with 0.76 mL
(about 0.90 g) of electrolyte. After filling, cells were vacuum-sealed
with a compact vacuum sealer (MSK-115A, MTI Corp.).

The formation process for the cells was as follows. First, the

pouch cells were held at 1.5V for 24 h to ensure complete wetting
of the electrolyte with the electrodes and separator. After wetting,
cells were charged to 3.5V at 11 mA (C/20) and held at 3.5V for 1 h
(all at 40 °C). Then the cells were cut open to release gas and vac-
uum sealed again in the argon-filled glovebox. After degassing,
these cells were charged to 4.1 V and discharged to 3.8 V at C/20 and
40°C, then held at 3.8V for 1h to prepare them for EIS
measurements.

EIS measurements were conducted on NMC111/graphite pouch
cells both after formation and after cell cycling. Prior to EIS mea-
surement, cells were charged or discharged to 3.8 Vand held for 1 h
to stabilize cell voltage. A voltage of 3.8 V was chosen because both
graphite and NMC electrodes are at about 50% state of charge at this
voltage. All EIS spectra were measured using a Biologic VMP3
electrochemical test station. Data were collected with ten points
per decade from 100 kHz to 10 mHz with a signal amplitude of
10 mV.

After EIS measurements, the cells were charged and discharged
with constant currents (C-rates) of 110 mA (C/2), 220mA (1C),
330mA (1.5C) or 440 mA (2.0C) between 2.8 and 4.1V using a
Maccor charger system at 20.+ 0.1 °C. Pair cells were tested for
every charge rate to ensure reproducibility. In order to determine
the active lithium loss during cycling, cells were cycled at C/20 one
time before and after the high charge rate segments. The upper
cutoff voltage was set to 4.1V in order to minimize electrolyte
oxidation at the positive electrode and to ensure that the cells were
far from having a fully loaded negative electrode which would
occur at 4.4V for these cells. All pouch cells were cycled with
external clamps to eliminate effects of small amounts of gas that
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Fig. 2. Impedance spectra measured at 3.8 V and 10. + 0.1 °C of NMC111/graphite pouch cells with: (a) control, control + 1% LiPOyF,, control + 2% LiPO,F,, 1.2 M LiPFg in EC:EMC
(3:7), 1.2 M LiPFg in [20% MA+ 80% EC:EMC (3:7)] + 1% LiPO,F,; (b) 2% VC, 2% VC + 1% LiPO,F,, PES211 and PES211 + 1% LiPO,F, and (c) 2% FEC, 2% FEC + 1% LiPO,F,, 1% DTD and 1%
DTD + 1% LiPO,F; after cell formation at 40. + 0.1 °C. Panel (d) summarizes the diameter of the “semicircle” in the impedance spectra in panels a, b and c. The error bars in (d) are
differences between the measurements for pair cells.
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may be produced during cycling. Cells were stopped after about
350 h cycling or after the capacity loss reached 20%.

Symmetric coin cells were constructed from electrodes after
dissembling some of these pouch cells. Symmetric cells have been
used to distinguish the contributions of the impedance of the
negative and positive electrode to the impedance of the full cells
[23—25]. Detailed procedures for symmetric cell construction were
described by Petibon et al. [24]. The pouch cells were charged or
discharged to 3.8V and held at 3.8V for 1 h (approx. 50% state of
charge) before they were cut open in an argon-filled glove box.
Eight coin-cell size (1.54 cm?) positive electrodes and negative
electrodes were cut respectively from the pouch cell electrodes
with a precision punch. Three negative/negative symmetric coin
cells, three positive/positive symmetric coin cells and two positive/
negative coin cells were reassembled using one polypropylene
blown microfiber separator (BMF — available from 3M Co.,
0.275mm thickness, 3.2mg/cm?). The electrolyte used for the
symmetric cells was the same as that used in the parent pouch cell.
EIS measurements on symmetric cells were made at 20.°C + 0.1 °C
or 10.°C+0.1°C.

3. Results and discussion

Fig. 1 shows that Li[Nig5Mng3C092]0, (NMC532)/graphite
pouch cells containing 1% LiPO,F, outperform cells with the base-
line electrolyte during storage testing at both 4.4V (parasitic re-
actions at the surface of the positive electrode) and 2.5V (parasitic

reactions at the surface of the negative electrode) for 500 h at 60 °C.
The voltage drop of the cells during storage is indicative of parasitic
reactions — a larger voltage drop signals a greater rate of parasitic
reactions. Cells containing LiPO,F, have a smaller voltage drop
during storage than the baseline cells. Fig. 1a, b and 1c show that
the addition of LiPO,F; to 1.04 mol/kg LiPFg EC:DMC (3:7) signifi-
cantly reduces the rate of parasitic reactions in NMC532/graphite
cells as well as the amount of gas generated during storage. The
addition of LiPO,F, also lowers cell impedance compared to cells
with the baseline electrolyte and cells with LiPO,F, have reduced
impedance after storage as well (Figs. 1d and S1).

Fig. 2 shows the Nyquist plots for NMC111/graphite pouch cells
with different electrolyte additives measured at 3.8V and 10°C
after cell formation. Fig. 2a shows that adding 1% or 2% LiPO,F; to
the baseline electrolyte decreases cell impedance. This is somewhat
surprising because no peak associated with reduction of LiPO,F, on
the graphite negative electrode is observed as shown in Fig. S2 in
the supporting information. In order to be sure that the effects of
adding LiPO,F; to the electrolyte were not just due to additional
salt, 1.2 M LiPFg in EC:EMC (3:7) was also tested for comparison
with 2% LiPOyF, added to 1.0M LiPFg in EC:EMC (3:7) (2wt%
LiPOF; is equivalent to 0.16 M Li salt). Fig. 2a shows that cells with
1.2 M LiPFg in EC:EMC (3:7) have identical impedance spectra as
cells with 1.0 M LiPFg in EC:EMC (3:7), suggesting that LiPO,F; acts
as an additive that modifies the SEI layers in the cell. Fig. 2b shows
the addition of 2% VC increases cell impedance while the combi-
nation of 2% VC and 1% LiPF,0; yields cells with lower impedance
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Fig. 3. (a)—(c) The discharge capacity and (d)—(f) the difference between average charge and discharge voltage (AV) versus cycle number for NMC111/graphite pouch cells with
control, control + 1% LiPO,F,, control + 2% LiPO,F,, 1.2 M LiPFg in EC:EMC (3:7) and 1.2 M LiPFg [20% MA+ 80% EC:EMC(3:7)] + 1% LiPOF, cycled at 1C (a, d), 1.5C (b, ) and 2C (c, f)
at 20. + 0.1 °C. One C/20 cycle was made before and after the cycling. Results for pair cells, shown with points having the same color, were measured for every C-rate. Data points are
shown for every 5th cycle. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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relative to 2% VC. Fig. 2b shows that cells with PES211 have high
impedance and that the addition of 1% LiPO,F; to PES211 increases
the diameter of the semi-circle in the Nyquist plot by 50%. Fig. 2a
and b show that adding 20% methyl acetate (MA) as a co-solvent in
EC:EMC (3:7) electrolyte slightly reduces cell impedance. Methyl
acetate was added as a co-solvent because it increases the elec-
trolyte conductivity (shown in Fig. S3). Fig. 2c shows that the
addition of 2% FEC or 1% DTD to the baseline electrolyte reduces cell
impedance while cells with 1% LiPO,F, + 2% FEC or 1% LiPOyF, + 1%
DTD have similar impedance to cells with 2% FEC or 1% DTD alone,
respectively.

Fig. 2d shows a summary of the charge-transfer resistances, R,
of NMC111/graphite pouch cells calculated from Fig. 2a—c. Rt was
taken to be the diameter of the semi-circle in the Nyquist plot
(shown in Fig. 2a) which includes the resistances associated with
ion desolvation and transport of electrons and ions through the SEIs
on both the positive and negative electrodes (collectively called the
charge transfer resistance, R, here). Fig. 2d shows that 1% LiPO,F-,
2% FEC, 1% DTD and their combinations are effective impedance
reducers. The use of 20% MA as a co-solvent slightly lowers cell
impedance compared with EC:EMC (3:7) alone.

Since cells with 1% LiPO,F,, 2% LiPO5F,, 2% FEC, 1% DTD or the
combination of 1% LiPO,F, with 2% FEC or 1% DTD have smaller
impedance, their high-rate cycling performances are expected to be
better than cells containing control electrolyte. Therefore, cells
with these additives were cycled at different charge rates at 20 °C.
Fig. 3a—c show the discharge capacity versus cycle number for

+ Control
¢ Control+2%VC

NMC111/graphite pouch cells containing 1% or 2% LiPO,F, tested
with different C-rates: 1C (3a); 1.5C (3b) and 2C (3c) during cycling
to 4.1 Vat 20°C. One C/20 cycle was made before and after the
cycling. As cells were cycled only up to 4.1 V at 20 °C, the capacity
loss caused by electrolyte oxidation and transition metal dissolu-
tion at the cathode side is negligible [26,27]. The capacity loss due
lithium inventory loss at the negative electrode should be similar at
different charge rates in the absence of lithium plating for testing
made at 20 °C [28]. Therefore, the rapid capacity loss during cycling
at high charge rate is caused by electrolyte reduction associated
with unwanted lithium plating on the graphite electrode. Fig. 3a
shows that cells with control electrolyte or with the addition of 1%
or 2% LiPO,F, have nearly the same capacity retention (about 95%)
and that no rapid capacity loss occurs during cycling at 1C. Fig. 3b
and c show that cells with 2% LiPO>F, have more capacity loss than
control electrolyte while cells with 1% LiPOF, have nearly the same
capacity retention as cells with control electrolyte during cycling at
1.5C and 2C, indicating 2% LiPO>F, is not good for high-rate cycling.
Fig. S3 gives a clue about why this could be the case. The conduc-
tivity of the electrolyte decreases as LiPO,F; is added and this could
be the trigger for unwanted lithium plating at 1.5 and 2C for cells
with 2% LiPO,F,. Conversely, Fig. 3b shows that cells with 20% MA
as co-solvent and 1% LiPO,F, as the additive have slightly better
performance compared to cells with control +1% LiPOyF, during
cycling at 1.5C probably due to the high conductivity of MA shown
in Fig. S3 in the supporting information. However, cells with 20%
MA have relatively fast capacity loss during 2C cycling shown in
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Fig. 4. (a)—(c) The discharge capacity and (d)—(f) the corresponding AV vs. cycle number for NMC111/graphite pouch cells cycled at C/2 (a, d), 1C (b, e) and 1.5C (c, f) at 20. + 0.1 °C
with 2% VC, 2% VC + 1% LiPO,F,, PES211 and PES211 + 1% LiPO;F,. One C/20 cycle was made before and after the cycling. Results for pair cells, shown with points having the same
color, were measured for every C-rate. Data points are shown for every 5th cycle. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 3¢ perhaps because MA is not compatible with plated lithium.

Fig. 3d—f show the difference between the average charge and
discharge voltage (AV) versus cycle number for the testing corre-
sponding to Fig. 3a—c, respectively. The voltage difference (AV) is a
measure of cell polarization and an increase in AV with cycle
number indicates impedance growth during cycling, probably
caused by parasitic reactions during cycling. Fig. 3d shows that AV
increases more slowly with cycle number during 1C cycling for cells
with 1% or 2% LiPO,F; than cells with control electrolyte, suggesting
that LiPO,F; is limiting parasitic reactions between the electrolyte
and the charged electrode materials in agreement with Fig. 1. Fig. 3e
and f show that AV increases slowly with cycle number for cells
with 1% or 2% LiPO,F, even though the capacity loss for cells with
2% LiPO,F; is much faster during cycling at 1.5C and 2C. These data
indicate that 1% LiPO,F; is enough to reduce cell impedance growth
without causing rapid capacity loss. Fig. 3d, e and 3f show that cells
with 20% MA as the co-solvent and 1% LiPO,F; as the additive have
the smallest AV and have slow AV growth during cycling at 1C or
1.5C while AV increases faster during cycling at 2C. The increased
AV growth during 2C cycling for cells with 20% MA as the co-
solvent and 1% LiPOyF, as the additive is consistent with the
rapid capacity loss shown in Fig. 3c.

Fig. 4a—c show the discharge capacity versus cycle number for
NMC111/graphite pouch cells containing combinations of 2% VC or
PES211 with 1% LiPOF, tested with different C-rates: C/2 (4a); 1C

+

<

2%FEC

>

1%DTD

&

1%DTD+1%LiPO,F,

(4b) and 1.5C (4c¢) during cycling to 4.1 V at 20 °C. Fig. 4a shows that
the combination of PES211 with 1% LiPO,F, worsens the cycling
performance at C/2 which is consistent with the higher impedance
of cells with PES211 + 1% LiPO,F, shown in Fig. 2b. The effects of the
addition of 1% LiPO5F, to PES211 will be discussed later when the
impedances of symmetric cells are considered. Fig. 4a—c show that
the addition of 1% LiPO,F, to 2% VC does not improve the cycling
performance at high charge rate, suggesting that the SEI on the
negative electrode is still dominated by the reduction of VC when
both 1% LiPO,F; and 2% VC were added to control electrolyte. Fig. 4b
and c show that cells with 20% MA as co-solvent (higher ionic
conductivity) have nearly the same performance as cells with
EC:EMC (3:7) solvent when 2% VC was added, indicating that cell
performance at high charge rate is still dominated by the highly
resistive SEI formed by VC reduction rather than the low ionic
conductivity.

Fig. 4d—f show AV versus cycle number for the testing corre-
sponding to Fig. 4a—c, respectively. Fig. 4d shows that cells with
both 1% LiPO,F, and PES211 have a large value of AV which induces
high polarization and serious lithium plating even at C/2, thus the
rapid capacity loss shown in Fig. 4a. Fig. 4e and f show that cells
with both 1% LiPO,F; and 2% VC have nearly the same AV growth as
cells containing 2% VC alone during cycling. This again suggests that
the SEI formed by VC is the main barrier for high-rate cycling when
2% VC was added.
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Fig. 5. (a)—(c) The discharge capacity and (d)—(f) the corresponding AV vs. cycle number for NMC111/graphite pouch cells cycled at 1C (a, d), 1.5C (b, e) and 2C (c, f) at 20. + 0.1 °C
with different electrolyte additive combinations: 2% FEC, 2% FEC +1% LiPO,F,, 1% DTD and 1% DTD +1% LiPO,F,. One C/20 cycle was made before and after the cycling. Results for
pair cells, shown with points having the same color, were measured for every C-rate. Data points are shown for every 5th cycle. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 5a—c show the discharge capacity versus cycle number for
NMC111/graphite pouch cells containing combinations of 2% FEC or
1% DTD with 1% LiPO,F, tested with different C-rates: 1C (Fig. 5a);
1.5C (Fig. 5b) and 2C (Fig. 5¢ ) during cycling between 2.8V and
4.1V at 20°C. Fig. 5a shows that cells have similar capacity reten-
tion during cycling at 1C. Fig. 5b shows that cells with 1% DTD have
more capacity loss during cycling at 1.5C while the addition of 1%
LiPO,F, to 1% DTD improves the cycle performance compared to
cells containing 1% DTD. Fig. 5c¢ shows that all cells with and
without additives have rapid capacity loss during cycling at 2C,
indicating serious lithium plating occurs at 2C regardless of the
electrolyte used.

Fig. 5d—f show AV versus cycle number for the testing corre-
sponding to Fig. 5a—c, respectively. Fig. 5d—f show that AV growth
is very fast for cells with control electrolyte while the addition of 1%
LiPO,F, alone or in combination with 2% FEC or 1% DTD slows the
impedance growth during cycling. This again shows that LiPO,F; is
very effective in reducing the impedance growth during cycling.

Fig. 6 shows the capacity loss measured during the C/20 cycles
before and after high rate cycling at 20 °C. Pair cells were measured
for each charge rate and the error bars indicate the difference be-
tween the two results. The blue dashed line in Fig. 6 is an indicator
of lithium plating. Under the blue dashed line, the capacity loss is
less than 5% which occurs even at small charge rates and this ca-
pacity loss is probably caused by the growth and repair of the
negative electrode SEI during cycling. The larger capacity loss above
the blue dashed line indicates unwanted lithium plating as lithium
plating accelerates capacity loss.

Fig. 6a shows that rapid capacity loss, thus lithium plating starts
from 1.5C for cells with control, control +1% LiPO,F, and
control +2% LiPO,F,. Among them, cells with 2% LiPO,F, have the
largest capacity loss during cycling at 1.5C. Fig. 6b shows that cells
with 2% VC have larger capacity loss after cycling at 1.5C compared
to control cells, indicating lithium plating is more prone to occur for
cells with 2% VC. The combination of 2% VC with 1% LiPO,F, has no
advantages for high-rate cycling even when 20% MA was used as a
co-solvent to improve the electrolyte ionic conductivity. Fig. 6¢
shows that compared with control electrolyte, cells with 2% FEC, 1%
DTD, 2% FEC +1% LiPO,F, or 2% FEC +1% LiPO,F, have slightly lower
capacity loss than control electrolyte during cycling at 1C, indi-
cating the SEI formed by these additives is more protective, and less
active lithium is consumed by the SEI growth or repair during
cycling at 1C. However, when cells undergo 1.5C charging, all cells
have rapid capacity loss (>5%) and lithium plating, especially cells
with 1% DTD. Li plating at higher charge rate is confirmed by the
photographs of the negative electrode after cycling at 1C and 1.5C
shown in Fig. S4 in the supporting information. For example, uni-
form red graphite electrode (LiC12) was seen after cycling at 1C in
cells with control electrolyte and cells with control + 1% LiPO3F,
(Figs. S4a and c) while grey metallic Li (shown in the yellow boxes
in Fig. S4) was observed on the graphite after cycling at 1.5C in cells
with control electrolyte, control + 1% LiPO,F,, 2% FEC or 2%
FEC + 1% LiPOyF,. The pictures of the negative electrode after
cycling further confirm the rapid capacity loss in Fig. 6 is caused by
lithium plating.

In order to study effects of LiPO,F,, and combinations with
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Fig. 6. The capacity loss measured from the C/20 cycles before and after the high rate cycling at 20 °C for cells with: (a) Control, 1% LiPO,F,, 2% LiPO,F,; (b) the additives 2% VC, 2%
VC + 1% LiPOyF,, PES211 and PES211 + 1% LiPO,F,; (c) the additives 2% FEC, 2% FEC+1% LiPO,F,, 1% DTD and 1% DTD+ 1% LiPO,F,. The error bars are the standard deviation of data

from the pair cells cycling at the same current and with the same electrolyte.
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PES211, 2% FEC and 1% DTD, on the positive and negative electrode
impedance separately, cells with these additives after formation
were dissembled and symmetric cells were made in an argon-filled
glovebox. Fig. 7 shows the area-specific Nyquist plots of the reas-
sembled full coin cells, positive electrode symmetric cells and
negative electrode symmetric cells constructed from parent
NMC111/graphite pouch cells containing 1% LiPO,F,, 2% LiPO3F;, 2%
FEC,1% DTD, 2%VC, PES211 and their combinations with 1% LiPO,F,.
The symmetric cells were reassembled from the parent pouch cells
after formation using the same electrolyte formulation as the
parent pouch cell. Fig. 7a shows that the impedance of the full coin
cells decreases with the addition of LiPO,F, which is similar to the
full pouch cells shown in Fig. 2a. Fig. 7b and ¢ show that the
impedance decrease of the full cells containing 1% or 2% LiPO,F; is
due to the negative electrode. This indicates a less resistive SEI on
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the negative electrode due to the presence of LiPO,F,. Fig. 7d—f
show that adding 1% LiPOF, to 2% FEC or 1% DTD has little impact
on the impedance of both the positive and negative electrode.
Fig. 7g—i show that the addition of 1% LiPO,F, to PES211 increases
cell impedance primarily due to impedance increase of the negative
electrode. This indicates that LiPO,F, participates in SEI formation
and the interaction of LiPOyF, with PES211 promotes a highly
resistive SEI on the negative electrode.

Fig. 8a shows Rpegative for cells with different electrolytes ob-
tained from the Nyquist plots of the negative/negative symmetric
cells shown in Fig. 7¢,f and g. Here, Rpegative includes the processes
of ion desolvation, electron and ion transport through the SEI
(collectively called charge transfer resistance here) and current
collector/active particle contact resistance of the negative electrode
(small high frequency shoulder in the EIS spectra) [29,30]. Fig. 7c,f
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Fig. 7. The area-specific Nyquist plots of full reassembled coin cells (a, d, g), the positive symmetric cell impedance divided by two (b, e, h) and the negative symmetric cell
impedance divided by two (c, f, i) for cells containing control electrolyte, 1%, 2% LiPO,F; (a, b, c), 2% FEC, 2% FEC + 1% LiPOyF,, 1% DTD and 1% DTD + 1% LiPO,F (d, e, f), and 2% VC,
PES211 and PES211 + 1% LiPO,F (g, h, i). The electrodes used in these coin cells were extracted from NMC111/graphite pouch cells after cell formation. All EIS measurements were

made at 20 °C.
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Fig. 9. The diameter of the semicircle in the EIS spectra for NMC111/graphite pouch cells, after cell formation and after 20 °C cycling at C/3, C/2, 1C, 1.5C and 2C for cells containing:
(a) control, control + 1% LiPO,F,, control + 2% LiPO,F,, 1.2 M LiPFg in EC:EMC (3:7) and 1.2 M LiPFe in [20% MA+ 80% EC:EMC (3:7)] + 1% LiPO,F,; (b) 2% VC, 2% VC + 1% LiPO,F>,
PES211 and PES211 + 1% LiPO,F, and (c) 2% FEC, 2% FEC + 1% LiPO,F,, 1% DTD and 1% DTD + 1% LiPO,F,.

and i show that the charge transfer resistance (the diameter of mid-
frequency semi-circle) is the main component of Rpegative [30]
which means that the charge transfer resistance of the negative
electrode dominates the changes in Rpegative. Fig. 8a clearly shows
that adding 2% LiPO,F, to control electrolyte yields cells with the
lowest Rpegative While the combination of PES211 with LiPO2F; in-
creases Rpegative relative to PES211. Though adding 1% LiPO5F; to 2%
FEC or 1% DTD has little impact on Rnegative, 2% FEC, 1% DTD and
combinations of FEC or DTD with LiPO,F, reduce Rpegative cOmpared
to cells with control electrolyte.

As discussed in our previous work [9] the onset current for

unwanted lithium plating (Iy) can be well predicted by the
expression: Iy =0.080V X S/Rpegatives Where 0.080V is the over-
potential needed for lithium plating, S is the geometric electrode
surface area in a full cell and Rpegative is the area specific negative
electrode resistance obtained from negative/negative symmetric
cells. The prediction of this simple rule-of-thumb relation agrees
well with the trends observed in experiment under conditions
where Ryegative is the dominant factor for anode polarization [9].
Fig. 8b shows a comparison between the calculated onset C-rate for
lithium plating using the expression: Iy = 0.080 V X S/Rpegative and
the measured results. The measured C-rate for lithium plating was
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obtained from the onset of rapid capacity loss shown in Fig. 6 and
the post-mortem analysis shown in Fig. S4. Fig. 8b shows that the
measured results for cells with 2% VC, PES211 and PES211 + 1%
LiPO,F, agree well with the calculated results. However, when
Rpegative is lower than 20Q x cm? for the graphite electrode we
used, there is a large difference between the measured results and
the calculated results. As Rpegative decreases, unwanted lithium
plating still occurs at about 1.5C for cells with various additives
rather than at the higher charge C-rate calculated. This suggests
that when the charge transfer resistance is low enough
(20 Q x cm?), overpotentials due to other factors such as lithium
diffusion in the graphite and lithium-ion diffusion in the electrolyte
become the dominant factors for lithium plating which have not
been considered in the simple model. This is consistent with results
of Ji et al.,, who reported that Li diffusion in electrolyte and Li
diffusivity in graphite particles are rate-determining factors of Li-
ion cells during discharge at —20°C and 1C through modeling
[31]. Fig. 8b also shows that additives that could reduce the charge
transfer resistance cannot prevent unwanted lithium plating when
the charge transfer resistance is too small to be the dominant factor.
The size of the active artificial graphite particles was 15—30 um in
our cells. Cells with smaller graphite particles will tolerate higher
charges rate when the charge transfer resistance is small.

It is very important to stress the importance of the results in
Fig. 8. The calculated curve in Fig. 8 shows the clear value of using
LiPO,F, as an additive to improve high rate charging. Cells with
thinner electrodes, increased porosity and smaller graphite parti-
cles than used in the cells in this report will certainly benefit from
the use of LiPO,F,. It is hoped that producers of Li-ion power cells
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will explore the impact of LiPO,F, additions in their cells.

Fig. 9a, b and c show the charge transfer resistance, R, (diam-
eter of the semi-circle in the Nyquist plot) after formation and after
20°C cycling at C/2, 1C and 1.5C for pouch cells containing (9a)
control, 1% LiPO,F, and 2% LiPO,F,; (9b) 2% VC, 2% VC + 1% LiPO,F>,
PES211 and PES211 + 1% LiPO,F, and (9c) 2% FEC, 2% FEC + 1%
LiPOF,,1% DTD, 1% DTD + 1% LiPO5F,. The impedance spectra were
measured at 3.8V and at 10.0°C in all cases. The complete
impedance spectra for all the NMC111/graphite pouch cells are
given in Figs. S5—S7 in the supporting information and Rt is shown
in Table S1. Fig. 9a shows that the impedance of cells with control
and 20% MA +1% LiPO;F, decreases with C-rate except for cells after
2C cycling. The increased impedance of cells after 2C cycling is
probably due to large amounts of plated lithium on the negative
electrode and possibly due to a lower state of charge at 3.8V for
aged cells. Fig. 9b shows that cells with 2% VC with and without 1%
LiPOyF, have a similar trend to the control cells in Fig. 9a. That is,
cell impedance decreases with charge C-rate except at 1.5C. Figs. 9a
and c show that cells containing 1% LiPO,F,, 2% LiPOsF,, 1%
LiPO,F, + 2% FEC and 1% LiPO,F, + 1% DTD have much smaller
impedance even after cycling at 2C. This is in agreement with the
lower growth rate of AV during high rate cycling shown in Figs. 3
and 5.

In order to analyze the reasons for the slow AV and impedance
growth during cycling at high charge rate for cells with LiPO2F,
symmetric cells fabricated using electrodes from parent pouch cells
after cycling at 1.5C were studied using EIS. EIS measurements for
positive and negative electrode symmetric cells can determine
which electrode contributed most to impedance changes during
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Fig. 10. The area-specific Nyquist plots of reassembled full coin cells (a, d), the positive/positive symmetric coin cells divided by two (b, ) and the negative/negative symmetric coin
cells divided by two (c, f) for cells containing control, 1% LiPO,F, and 2% LiPOF; (a, b, ¢), and 2% FEC, 2% FEC + 1% LiPO,F,, 1% DTD and 1% DTD + 1% LiPOF; (d, e, f). The electrodes
used in these coin cells were extracted from NMC111/graphite pouch cells after formation and after cycling at 1.5C in Fig. 2b and 4b, respectively. All EIS measurements were made at

10°C.



Q.Q. Liu et al. / Electrochimica Acta 263 (2018) 237—248 247

cycling. Fig. 10a shows that the impedance spectra of the full coin
cells decreases slightly after cycling at 1.5C for cells with control, 1%
LiPOsF, and 2% LiPOF,. Fig. 10b shows that the positive electrode
impedance increases for cells with control electrolyte after cycling
while the positive electrode impedance shows a slight decrease for
cells with 1% and 2% LiPO,F, after cycling. Fig. 10c shows the im-
pedances of all the negative electrode symmetric cells decreases
slightly during cycling, especially cells with control electrolyte.
Similar to control electrolyte, Fig. 10d—f show that in cells with 2%
FEC or 1% DTD, the negative electrode impedance is lower while the
positive electrode impedance is higher after cycling. When 1%
LiPOyF, is added to 2% FEC, the behavior is changed: both the
negative and positive electrode impedance is lower after cycling. In
short, adding 1% LiPO,F, inhibits positive electrode impedance
increase during cycling. This reduction of the positive electrode
impedance is probably the reason that LiPOyF, slows impedance
growth during cycling.

4. Conclusions

The impacts of LiPO,F, alone and in combination with 2% VC,
PES211, 2% FEC and 1% DTD on unwanted lithium plating were
studied in NMC111/graphite pouch cells. The work showed that 1%
LiPOyF, alone is a promising additive for reducing cell impedance.
The behavior of LiPO,F, depends on the presence of other additives.
When 1% LiPO,F, was combined with 1% DTD or 2% FEC, impedance
growth during cycling was highly suppressed although the cycle
performance was not improved for the cells used here. However,
when 1% LiPO,F, was added to PES211, cell impedance increased,
thus unwanted lithium plating occurred at lower charge rate. This
suggests that not all additive combinations have benefits and the
combination of electrolyte additives should be well chosen.

EIS measurements on symmetric cells made from parent cells
after formation showed that the addition of LiPO,F, decreased the
resistance of the negative electrode which should raise the onset
current for unwanted lithium plating. However, the high rate
cycling performance of cells with 1% LiPO,F, was not improved and
cells with 2% LiPO,F; had worse performance during cycling at 1.5C
and 2C. This suggested that other factors dominated the high-rate
charging behavior when the charge transfer resistance of the
negative electrode was small enough. Nevertheless, it is strongly
believed that LiPOyF, can improve the high rate charging behavior
of Li-ion cells designed for high power, when the limiting factor is
presently the negative electrode SEI resistance.

EIS measurements on symmetric cells made from parent pouch
cells after formation and cycling showed that the positive electrode
impedance increased after cycling for cells with control electrolyte,
2% FEC and 1% DTD. When 1% LiPO,F, was added to control elec-
trolyte and to electrolyte with 2% FEC, the impedance growth of the
positive electrode during cycling was reduced. This is probably the
reason for slow AV growth during cycling and low impedance after
cycling. The effects of LiPO,F, on the positive and negative elec-
trode impedance after formation and after cycling deserve further
studies using surface science tools.

LiPO,F, is a promising electrolyte additive for reducing imped-
ance growth during high-rate cycling. Additionally, cells with 1%
LiPO,F, have outstanding storage performance at 60 °C. The impact
of LiPO;F,, in combination with other additives, on long term Li-ion
cell lifetime should be well studied.
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