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Vehicle electrification is a critical application of lithium-ion batteries (LIBs), and it is essential to develop LIBs
that can operate at sub-ambient temperatures with satisfying performance. Conventional LIBs have performance
deficits at low temperatures which hinder their use in extreme environments. One approach to address this
problem is to rationally engineer the electrode/electrolyte interface with electrolyte additives to improve the
electrochemical kinetics at sub-ambient temperatures. In this work, silicic acid (SiAc) is incorporated into

standard LIB electrolyte as an additive to enhance the capacity and energy density of LIBs at temperatures down
to —20 °C. Full-cell impedance analysis and X-ray photoelectron spectroscopy of cycled electrodes point towards
an additive-induced change in surface chemistry which alters the charge transfer process. It is proposed that the
SiAc additive participated in the formation of solid electrolyte interphase (SEI) and lowered the activation energy
of the interface impedance, assisting lithium ion transport across the interface at lower temperatures.

1. Introduction

Lithium-ion batteries (LIBs) dominate most rechargeable energy
storage applications and have allowed wide electrification of vehicles in
recent years, which in turn generates a strong demand for higher energy
output of LIBs in extreme environments, as one ubiquitous remaining
problem for LIBs is their poor performance at sub-zero temperatures
[1,2]. This deficit is caused by a rapid impedance rise with decreasing
temperature, largely attributable to slower ion transport through the cell
[3,4]. Although alternative lithium battery systems are available, such
as lithium-air batteries [5-7] and lithium-sulfur batteries [8-10], LIBs
still have wide applicability due to their stable performance, versatility,
and plausibly high energy density with silicon-based anodes [11-14].
Generally speaking, the optimization of lithium battery systems has a
range of topics from the battery material perspective, including binder
[15-17], active materials [18-20], and electrolyte [21-23]. The engi-
neering of electrolyte phase is a convenient approach to improve battery
performance because it commonly has minor impact on battery
configuration and fabrication [24,25]. The typical LIB electrolyte system
contains lithium salts dissolved in carbonate solvents such as ethylene
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carbonate (EC), diethyl carbonate (DEC), dimethyl carbonate (DMC),
and ethyl methyl carbonate (EMC), which have stable performance at
ambient temperature [26-28]. As electrolyte is present at all internal
cell surfaces and fills the spaces between them, it influences battery
impedance via its bulk chemistry as well as its chemistry at the active
material interface. Interfacial effects are primarily divided between
charge transfer resistance and solid electrolyte interphase (SEI) resis-
tance, which together make up the majority of internal resistance at
room temperature and below [29]. At low temperatures such as —20 °C,
LIBs have significantly lower discharge capacity that is practically due to
the suppressed functionalities of the electrolyte solution, including
reduced ionic conductivity and increased interfacial charge transfer
impedance [30].

The ubiquity of electrolyte’s influence throughout the cell means
that any attempt to change one of these factors must necessarily consider
its effect on other processes as well. This makes additive engineering an
attractive tool for rational electrolyte design [31-33]. Applying a rela-
tively low quantity of small-molecule additives to a liquid electrolyte
system is a cost-efficient approach to enhance the performance of LIBs,
including increase of cell cycle life [34], formation of protective films on
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electrodes [35,36], and flame retardancy of the electrolyte system
[37,38]. In addition, inorganic materials can also be incorporated into
electrolyte as additives for LIBs [39-41]. In gel polymer electrolyte
(GPE) of LIBs, the incorporation of fumed silica has been found bene-
ficial for improving ionic conductivity, where the Si-O bond of fumed
silica could serve as a bridge and allow higher lithium ion transference
[42]. The surface —OH groups of silica could be modified to host lithium
salt moieties as a lithium ion source [43,44]. This type of lithium-
modified silica could be applied as an additive to regular organic car-
bonate electrolytes of LIBs [45]. The electrolyte with lithium-silica ad-
ditive exhibited superior high-rate capacity at —20 °C in a LiCoOy/
graphite cell. As for organic molecule additives for low temperature
battery applications, fluoroethylene carbonate (FEC), tris(trime-
thylsilyl)phosphite, and sulfur-containing molecules have been found
helpful in improving cell performance in cold environments [29].

In this study, we report a silicon-based inorganic additive, silicic acid
(SiAc), in regular LIB electrolyte and its performance enhancement at
sub-ambient temperatures. The effects of temperature and SiAc con-
centration were examined. In addition, the working mechanism of the
SiAc additive was investigated. The SiAc additive has a minor impact on
electrolyte composition but can significantly affect the interface
behavior when the additive is incorporated into the SEI layer, especially
at low temperatures.

2. Experimental section
2.1. Electrolyte formulation

Silicic acid (SiAc) is purchased from the Sigma-Aldrich chemical
company. The baseline electrolyte is 1.0 M lithium hexafluorophosphate
in ethylene carbonate/ethyl methyl carbonate 3/7 electrolyte (1.0 M
LiPF¢ in EC/EMC 3/7 w/w) from Tomiyama Pure Chemical. The elec-
trodes and electrolyte are acquired from the Argonne National Lab
CAMP facility. Silicic acid is further dried at 60 °C under vacuum
overnight. The electrolytes with 0.1%, 0.2%, 0.5%, 0.75%, and 1% si-
licic acid were formulated in an inert atmosphere glovebox by mixing
the dried silicic acid powder with the electrolyte under magnetic stir for
12 h and were stored in sealed plastic bottles in the glove box.

2.2. Cell fabrication

The batteries were made with CR2032-type coin cell hardware (from
Hohsen Corporation) using baseline electrolytes with/without SiAc ad-
ditive. For each cell, a piece of Gr anode (91.83 wt%, ~ 3.16 mAh cm™?),
a piece of polypropylene separator (PP Celgard 2400) and a piece of
single-side coated LiNip¢Mng 2Cog 202 cathode (NMC622, 90 wt%, ~
2.56 mAh cm™2) were sandwiched together with 40 uL electrolyte and
crimped in coin cells inside the argon-filled glovebox. The graphite (Gr)
and NMC622 electrodes were supplied by Argonne National Laboratory.
All materials have been thoroughly dried before use.

2.3. Testing procedure

The electrochemical measurements were carried out on a Maccor
4200 system and Biologic VMP3 system. Activation and pre-cycling of
the cells were performed at 30 °C with charge-discharge at C/20 rate for
3 cycles with cut-off voltage between 3.0 and 4.2 V, subsequently at C/
10 rate for 3 cycles, at C/3 rate for 3 cycles, and 3 cycles at C/3 rate
between 2.5 and 4.2 V. The cell performance at low temperatures was
examined through a protocol as follows: (1) Charge-discharge cycling
was performed at C/3 rate between 2.5 and 4.2 V for 4 cycles at 30 °C;
(2) The cell was charged to 4.2 V at C/10 rate at 30 °C after resting for 3
h; (3) After changing the temperature to — 20 °C and then resting for 3 h,
the cell was discharged to 2.5 V at a C/3 rate; (4) The step (3) was further
repeated sequentially but at variable temperatures of —10, 0, 10, 20, and
30 °C. The overall cell specific capacity and cell energy density were
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calculated based on the cathode materials weight contents. The calcu-
lated cell energy numbers were only used for comparison among similar
cells at different conditions. The charge—discharge cycling of the cells at
30 °C was performed with cut-off voltage between 2.5 and 4.2 V.

2.4. XPS characterization

The surface of the electrodes was analyzed by X-ray photoelectron
spectroscopy (XPS) to better understand the impact of the additive. All
of the cycled cathodes (NMC622) and anodes (graphite) (cells were
stopped at discharge state) were soaked overnight in dimethyl carbonate
(DMC) solvent and dried before XPS analysis. An air-free sample holder
with Ag-tape on Si-substrate was kept inside the Ar-filled glove box and
the electrodes were secured with the Ag-tape. The XPS analyses were
performed using a Thermo-Fisher K-Alpha Plus XPS/UPS analyzer
(operating pressure of 2.0 x 10-7 Pa) with a monochromatic Al Ko X-
rays (1.486 eV) source at The Molecular Foundry.

3. Results and discussion

SiAc belongs to a group of silicate acids which takes a form of either
single molecule or an oligomeric structure with Si-O bonds. The SiAc
additive has limited solubility in the carbonate electrolytes (approx. 2%
by weight). The baseline electrolyte for this study is 1.0 M LiPFg in EC/
EMC 3/7 (w/w), which is a common type of electrolyte in LIBs [46-48].
A series of different SiAc weight ratios (0.1-1%) were examined. The
low additive loading would hardly change the bulk electrolyte proper-
ties, and the additive’s major functionality is to modify the interfacial
properties between the electrode and electrolyte. This approach is
focused on solving the interfacial challenges raised by the slow ion
transportation and high resistivity in LIBs at low temperatures.

The electrolytes with SiAc additive concentrations ranging from
0.1% to 1.0% are used to evaluate the low temperature performance in a
high energy Gr || NMC622 lithium-ion cell configuration. The room
temperature (30 °C) performances of the cells were first examined
(Fig. 1). The cells with 0.1 to 0.5% SiAc additive show roughly identical
performance at 30 °C compared to baseline-electrolyte cell. With higher
additive concentration at 0.75 to 1%, the charge and discharge capac-
ities at room temperature decreased by 5 to 6%, with higher concen-
tration of SiAc additive leading to lower capacity (Fig. 1A). Additionally,
the higher additive concentration resulted in a small increase in over-
potential during both the charge and discharge processes compared to
the baseline cell (Fig. 1B,C). It is plausible that excessive additive
loading can cause detrimental effects [49,50], and further discussion of
the impact of SiAc concentration is provided in later sections.

The variable temperature discharge test was performed to evaluate
the impact of the SiAc additive at low temperatures (Fig. 2). The cells
were charged at C/10 rate at 30 °C to reach full capacity, followed by
cooling down to —20 °C and equilibrating for 3 h (cells in rest status).
The cells were then discharged at a C/3 rate to 2.5 V as a cut off voltage
and allowed to rest. The recorded energy and capacity are the cell per-
formance at —20 °C. The cells were then warmed up to —10 °C and
equilibrated for 3 h. The cell voltage climbed up during warming up and
resting period, allowing the cells to discharge again at C/3 rate to 2.5 V.
Such a discharging protocol was further repeated until reaching room
temperature, raising 10 °C each time. The accumulated discharge en-
ergies of the cells were recorded over time (Fig. 2B). With this approach,
the accumulated energy output at a given temperature might have slight
deviation from the full discharge energy capacity, where the cell would
be discharged at this single temperature point rather than across vari-
able temperatures. But this method could provide accurate readings of
cell performance at —20 °C, which is of the most interest, and can also
provide credible performance comparison between cells with different
additive concentrations. The results show that the SiAc additive pro-
vided both higher capacity and energy density during discharge at
—20 °C at all additive concentrations (Fig. 2A,C). The cells with higher
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Fig. 1. Charge-discharge profiles of Gr || NMC622 coin cells with different SiAc additive concentrations in the 1.0 M LiPF in EC/EMC 3/7 (w/w) at C/3 rate and
30 °C. A. Full charge and discharge profile at 3rd cycle between 2.5 and 4.2 V. B. Expanded region of the terminal section of discharging curves. C. Expanded region

of the terminal section of charging curves.
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Fig. 2. Low-temperature discharge profiles of Gr || NMC622 cells with different SiAc concentrations in the 1.0 M LiPF in EC/EMC 3/7 (w/w). A. Discharge capacity
of cells at —20 °C (cells fully charged at 30 °C). B. Discharge energy density of cells at from —20 to 30 °C (plateaus reflect cell resting time with their heights
corresponding to the accumulated discharge energy of the previous discharge steps). C. Expanded region of discharge energy density profile after initial discharge

at —20 °C.

SiAc concentrations of 0.75 to 1.0 % perform better than the others with
lower additive concentrations at —20 °C. However, higher additive
concentration at both 0.75% and 1.0 % appreciably underperform the
baseline cells at 30 °C. The lower additive concentration at 0.1 to 0.5%
had both outstanding cell performance improvement at low temperature
and equivalent performance to the baseline cell at ambient temperature.

Energy density performances of the cells with different SiAc additive
loadings are summarized in Fig. 3, which is the performance of the cells
at —20 °C compared to that of baseline cell at 30 °C. At the temperature
of —20 °C, 0.75% SiAc gives the best performance that is 6 percentage
points higher in energy density retention than baseline electrolyte.
Although 0.75 to 1.0 % SiAc concentration yields the best relative low
temperature performance at —20 °C, their ambient-temperature
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Fig. 3. Discharge energy density of cells with different SiAc concentrations at
—20 °C compared to baseline cell at 30 °C.

capacity is appreciably lower than the baseline electrolyte. Conse-
quently, the high SiAc loading of 0.75 to 1.0 % would not be the
preferred concentration. Among the lower SiAc concentrations, namely
0.1 to 0.5%, the 0.2% additive loading led to highest energy density
retention at —20 °C, which is 70.6%. Considering that 0.2% SiAc has
negligible negative impact on cell capacity at ambient condition, it is the
optimum choice of additive concentration.

Since less than 1.0 % SiAc additive was incorporated into the elec-
trolyte, the difference of bulk electrolyte properties with varied additive
loadings could be considered neglectable. Therefore, the performance
enhancement at low temperatures was mainly a result of interface
improvement realized by the SiAc additive. Electrochemical impedance
spectroscopy (Fig. 4) and X-ray photoelectron spectroscopy (XPS, Fig. 5)
were used to investigate the interface properties and the chemical
changes at the SEI layer. The impedance measurements were performed
with full cells at 50 % depth of discharge (DOD) without distinguishing
the impacts on anode and cathode, as the additive was found incorpo-
rated in both cathode and anode interfaces (see discussions below).

Typically, two pseudo semi-circle can be observed by impedance
spectroscopy for LIB cells. The lower frequency semi-circle is attributed
to charge transfer impedance at both electrodes, and the higher fre-
quency one is attributed to the SEI impedance of the two electrodes
[51,52]. As shown in Fig. 4A, a low SiAc concentration of 0.2% did not
outstandingly alter the impedance of the cell when compared to the
baseline electrolyte, whereas a higher additive concertation of 0.75%
pushes up both SEI and charge transfer impedances. These results are
consistent with the cell capacity retention and overpotential behavior at
30°CinFig. 1. Asshown in Fig. 4B,C, when the temperature is decreased
to 0 and —20 °C, the impact of temperature on SEI resistance (i.e. higher-
frequency semi-circle) is small for all the cells; but is significant on
charge transfer impedance (i.e. lower-frequency semi-circle) of the cells.
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Fig. 5. XPS of the graphite and NMC electrode surfaces with dotted vertical line
labeling the positions of Si s and p signals (electron binding energy at 155 and
105 eV respectively).

As the bulk electrolyte does not change much at 0.2 to 1.0 % additive
concentration, it is reasonable to conclude that the charge transfer is
impacted by a difference in chemistry in the SEI layer. In particular, the
charge transfer impedance of the baseline cell grows significantly at
lower temperatures. The introduction of SiAc additive at 0.2 and 0.75%
concentration both can lower the impedance but the difference between
these two concentrations is not dramatic. From Fig. 4, it can be sug-
gested that a high SiAc loading at 0.75% might be most helpful for
reducing the cell impedance at —20 °C, but a lower SiAc loading at 0.2%
could be more favored for 0 and 30 °C. This is caused by the different
interface chemistry enabled by the SiAc additive, which is discussed
below.

The XPS analyses (Fig. 5) confirmed the integration of the Si-O
species into the SEI layer as strong Si s and p orbital electron signals
[53] are observed from both the surfaces of cathode and anode that were
cycled with the SiAc additive. Due to the formation of the four Si-O
bonds on one Si atom, the p orbital electron energy shifted to a much
higher position of around 105 eV, confirming the integration of the Si-O
component in both cathode and anode instead of the reduced form of Si
species in the anode. It is interesting to note that a higher concentration
of Si-O species in the SEI layer improves the low temperature perfor-
mance, but increases the impedance at ambient temperature. Since the
SiAc component might be integrated in the SEI layer, we hypothesize
that the surface Si-O species may participate in the charge transfer step
as shown in the schematics in Fig. 6. The Si-O bond that participates in
the charge transfer step may be less temperature sensitive, and

Active Material

Fig. 6. The solvation of Li ion at the interface of the SEI and electrolyte, and Li
ion charge transfer mechanisms at the SEI surface. A. Without Si-O functionality
at the surface of SEI layer. B. The Si-O at the surface of SEI can assist the Li ion
solvation/de-solvation.

therefore, in the low temperature range, it appears to facilitate charge
transfer. But at ambient temperature, this pathway appears to be more
resistive. Similar situations can be found in solid state electrolytes
(SSEs), where the conductivity of SSE slightly decreases as the temper-
ature goes to sub-ambient [54,55]. The existence of a high concentration
of the Si-O sites in SEI layers may increase the impedance of Li ion
transport at ambient or higher temperatures. Therefore, a balanced
concentration of SiAc additive in electrolyte at the lower end of its
possible range leads to formation of less dense Si-O sites, which pre-
serves the ambient and high temperature performance. The impact of
SiAc additive on room temperature (30 °C) cell cycling performance is
demonstrated in Fig. S1. The SiAc additive did not negatively impact the
cell rate performance (Fig. Sla), and did not present unfavorable in-
fluence on long cycling performance (Fig. S1b). Therefore, it can be
concluded that SiAc additive would not outstandingly deteriorate the
battery’s room temperature cycling stability and rate capability.

4. Conclusions

The fact that a low SiAc additive concentration of 0.2% can produce
appreciable energy gain at —20 °C without outstanding negative effects
in a standard lithium-ion rechargeable battery electrolyte system is
nothing short of remarkable. This study is focused on the interfacial
aspects of low temperature cell performance. The SiAc additive is
incorporated into the SEI layer. Although a high SiAc loading can
decrease the combined charge transfer impedance and the SEI resistance
at low temperatures, it can raise the impedance at ambient conditions.
Therefore, a moderate additive concentration would be the optimum
choice. Under low-temperature conditions, the energy density gain is a



C. Fang et al.

result of the lowered interface impedance of the SiAc modified interface,
primarily coming from the reduction of the charge transfer impedance
component of the EIS.
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