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Abstract: LiNi,CoMn,O, (x+y+z=1)||graphite lith—\
ium-ion battery (LIB) chemistry promises practical
applications. However, its low-temperature (< —20°C)
performance is poor because the increased resistance
encountered by Li* transport in and across the bulk
electrolytes and the electrolyte/electrode interphases
induces capacity loss and battery failures. Though
tremendous efforts have been made, there is still no
effective way to reduce the charge transfer resistance
(R.,) which dominates low-temperature LIBs perform-
ance. Herein, we propose a strategy of using low-
polarity-solvent electrolytes which have weak interac-
tions between the solvents and the Li* to reduce R,
achieving facile Li* transport at sub-zero temperatures.
The exemplary electrolyte enables LiNiysMn,;Coy,0,] |
graphite cells to deliver a capacity of ~113 mAhg™*
(98 % full-cell capacity) at 25°C and to remain 82 % of
their room-temperature capacity at —20°C without
lithium plating at 1/3C. They also retain 84 % of their
capacity at —30°C and 78 % of their capacity at —40°C

and show stable cycling at 50°C. )

Introduction

In addition to portable electronic devices, LIBs have been
increasingly used to power electric vehicles (EVs) thanks to
the significant cost reduction and energy density improve-
ment in LIB technologies achieved in recent years. Applica-
tion in EVs places the LIBs under requirements far more
severe than consumer electronics: higher energy density for
a longer driving range, improved safety, compatibility with
fast charging (15-minute charge), as well as, a wider
operating temperature range between —30°C and +55°C.
The final two requirements have to this point proven to be
the most urgent and challenging goals to realize for large-
scale EVs applications.!"! The challenges of fast charging at
room temperature and operating at low temperatures have a
common origin related to the limitations in Li-ion (Li")
transport in and across the bulk electrolytes, and the
electrode/electrolyte interphases (EEIs),>*! which are
strongly contingent upon the ionic conductivity of the
electrolytes and the EEIs, as well as, resistance to desolva-
tion of the Li* from the electrolyte solvents.**) Thus,
electrolyte engineering is central to the development of
high-performance LIBs that are capable of fast charging and
operating at low temperatures./'”!

In the past few years, extensive efforts have been made
towards improving the ionic conductivity of low-temperature
electrolytes and modifying EEI components to optimize
their stability and resistance against lithium metal anode-
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based LIBs.""'”! Fan et al. employed all fluorinated electro-
Iytes which afforded a high discharging performance of
lithium metal/LiNi,gCoy5Al50s0, (Li| |NCA) batteries even
at a low temperature of —85°C."l Holoubek et al. reported
1M lithium bis(fluorosulfonyl)imide) (LiFSI) in diethyl
ether (DEE) electrolyte which showed good charging/
discharging performance at low temperatures with a lithium
metal/sulfur (Li| |S) battery.l'”? Yang et al. used liquified gas
as solvents and demonstrated excellent lithium-metal battery
performance over a wide temperature range.'” However,
advances in electrolyte design to enable low-temperature
metal plating/stripping do not necessarily transfer well to
graphite-based LIBs, given the need to realize much higher
reversibility (coulombic efficiency (CE)>99.9%) of the
electrode reaction and to avoid lithium plating on the
graphite anode.™"! Moreover, the strategies to reduce
charge transfer resistance have barely been discussed and
are not well-understood.

Most previous works on low-temperature graphite-based
LIBs have generally focused on improving the low-temper-
ature discharging performance only while charging is done
at room temperature to avoid lithium plating on the graphite
anode and ensure enough capacity retention because of the
increased  charge transfer resistance at  low
temperatures.”*? Zhang et al. developed an EC-containing
electrolyte that enables NMCS811||Gr cells to discharge
across a wide temperature range after charging at room
temperature.’! Cho et al. reported an FEC-based electro-
lyte for LiNij3;Co,33Mng s3] | graphite (NMC111||Gr) cells
which could be discharged reversibly at low temperatures.
However, when the cells were charged at —20°C, lithium
plating was observed.” Additionally, to realize high energy
density, the electrolyte needs to be stable to voltages >4.5V
to accommodate the possible larger polarization on the
cathode side at low temperatures. To the best of our
knowledge, no specific electrolyte parameters/systems have
yet been illustrated to effectively reduce R, and to enable
NMCS811| |Gr cells to be charged and discharged at low
temperatures while maintaining a good performance over a
wide temperature range with high capacity retention and
long cycle life.

To enable practical low-temperature NMC811| | Gr cells,
electrolytes should satisfy all of the following requirements:
1) remain liquid at both low temperatures and high temper-
atures, 2) have high Li* conductivity of >107°Scm™ and
high transference number (>0.4), 3) remain oxidatively
stable to voltages >4.5V, 4) be capable of forming a thin
but robust inorganic-rich solid electrolyte interphase (SEI)
on the anode and cathode electrolyte interphase (CEI) on
the cathode that are crucial for improving battery cycling
stability and enhancing Li* transport kinetics in EEIs, and
5) possess fast kinetics for Li* desolvation from electrolytes,
which is the main contributor to increased R, but is the
hardest to realize. Herein, we introduce a simple electrolyte
system, low-polarity-solvent electrolytes (LPSEs), which can
fulfill all the above-mentioned properties very well. The
system can generate inorganic-rich EEIs from anion decom-
position promoted by high ratios of contact ion pairs (CIPs)
and aggregates (AGGs) intrinsically and/or with the help of
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diluents which is beneficial for battery stability and Li*
transport in it.”"*! In the meanwhile, it specifically empha-
sizes the importance of weak ion-dipole interactions
between solvent molecules and Li* which is vital to reducing
activation energy and resistance in the charge transfer
process.

The viability of this electrolyte engineering approach to
enhance Li* transport kinetics and reduce battery resistance
is illustrated by an electrolyte consisting of LiFSI lithium
salt, ethyl methyl carbonate (EMC), and 1,1,2,2-tetrafluoro-
3-(1,1,2,2-tetrafluoroethoxy) propane (TTE). EMC has a
satisfactory temperature range from —53°C to 110°C and a
very small dipole moment (u=0.89 D) which suggests
weaker ion-dipole interactions with Li* compared with
highly polar solvents (Table S1), promising enhanced ki-
netics and reduced R, for desolvation process.'” It also
denotes the intrinsic ability to form partially dissociated salt
domains with high ratios of CIPs and AGGs, which promote
the formation of anion-derived inorganic-rich EEIs together
with the extrinsic help of TTE diluent, providing good
stability and Li* transport property of EEIs. The designed
electrolyte enables NMC811| | Gr cells to operate across a
wide temperature range from —40°C to 50°C with good
stability and high capacity retention. The cells deliver high
capacity retention of 113 mAhg™ (out of 117 mAhg™, the
specific energy is calculated based on the total mass of the
anode +the cathode) at 25°C and 1/3C. Remarkably, they
also maintain 81 % of their room-temperature capacity at
—20°C at the same current of 1/3C without lithium plating
and retain 84 % of its capacity at —30°C and 78 % of its
capacity at —40°C. Electrochemical Impedance Spectro-
scopy (EIS) measurements show that the cells exhibit
simultaneously reduced R, and Li* transport resistance in
EEIs, and smaller activation energies for these processes,
demonstrating the great application potential of LPSEs in
the future batteries.

Results and Discussion
Molecular Simulation-Validated Electrolyte Design Principle

Four electrolytes with different LiFSI-EMC and TTE
components were prepared, and their ionic conductivities
are summarized in Table S2. Since the formulation with the
composition of LiFSI: EMC: TTE of 2:3.3:3.3 has the
highest ionic conductivity of 1.1 mScm™' at room temper-
ature, it was selected for detailed characterization (denoted
hereafter as the designed electrolyte, DE). Commercial
electrolyte (denoted as the standard electrolyte, SE) of
1.0 M LiPF,-EC: DMC (1:1 vol: vol) was also characterized
for comparison.

Molecular dynamics (MD) simulations reveal the solva-
tion structure of DE and corresponding binding energies of
its solvates in detail. A presence of the TTE-rich and
LiFSI(EMC), ¢-rich domains is observed. A Li* cation has
the highest affinity to carbonyl oxygens Oc(EMC) followed
by the oxygens from FSI™ (Figures la and 1b). The time-
averaged Li* coordination shell (<3.0 A) has 1.6 carbonyl
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Figure 1. a) Electrolyte structure of the 2.0 M LiFSI-EMC/TTE (designed electrolyte: DE) from MD simulations at 25 °C showing the TTE-rich and
LiFSI(EMC), ¢ nano-domains. b) Radial distribution functions (RDFs), where Oc denotes carbonyl oxygen of EMC and EO(EMC) denotes non-
carbonyl oxygens. c) The distributions of the solvates of the DE and 1.0 M LiPF¢-EC/DMC (vol:vol=1:1) (standard electrolyte: SE) and d) a
distribution of the Li(FSI), AGGs in DE. Free energies of formation for the (TTE, EMC, FSI, Li) and (EC, DMC, PFg, Li) solvates relative to the
isolated solvents and anions in implicit solvent and Li* in gas-phase for €) DE and f) SE electrolytes. A solvation model based on density (SMD)
implicit solvation model with £=20 for SE and £€=4.24 for DE was used to represent solvent that is not explicitly included in DFT calculations.

oxygens and 0.2 non-carbonyl oxygen from EMC, 2.7
O(FSI"), 0.11 F(TTE), and 0.03 F(FSI"). In agreement with
FTIR shown in the following section, the majority (>97 %)
of carbonyl oxygens of EMC are coordinated to Li™,
indicating an absence of free [not bound to Li*] EMC
solvent that would be more susceptible to oxidation than
Li"EMC. The presence of 0.11F(TTE) coordinating a Li*
and the absence of the Li-O(TTE) coordination reflects a
weak interaction between the LiFSI(EMC), c-rich domains
and TTE diluent, which is consistent with the FTIR result.!""
Analysis of the Li"(FSI, EMC, TTE) solvate populations
shows that the distributions of AGGs, CIPs, and solvent-
separated ion pairs (SSIPs) are 74.39 %, 23.52 %, and 2.09 %
(Figure 1c), respectively. The local distributions of the FSI~
anions around Li* and Li* around the FSI™ anions are
largely temperature-independent and show a preference for
the Li(FSI), and FSI(Li), local coordination in ionic
aggregates and the presence of large ionic aggregates with
more than 100 ions (Figures Sla and S2b), validating the
high ratios of CIPs and AGGs proposed in the previous
section which is beneficial for the formation of anion-
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derived electrode-electrolyte interphases at anode ~1.6 V
and on cathode surfaces at a low state of charge (Figures S3
and S4a). Overall, 2 % of Li" are fully dissociated from FSI~
and diffuse two times faster than average Li* (Figure S2c),
while essentially no (<0.2%) of FSI” are free (not
coordinated to Li™), which results in the increased contribu-
tion of Li* to ion transport from the positively charged Li*
(EMC), complexes, compared with the FSI™ anion transport
that relies on the structural diffusion with and within
aggregates due to absence of free FSI™ and diffusion of ionic
clusters. These differences in the anion and cation solvation
are beneficial for cation transport and contribute to the
increased t, observed experimentally for DE relative to SE.

In contrast, the lithium salt of the standard electrolyte is
largely dissociated. Modeling predicts 60 % of ions existing
as SSIPs with a Li™ cation being preferentially solvated by
carbonyl oxygens from EC followed by carbonyl oxygens of
DMC and fluorines from PF4~ as shown in Figure S5. The
Li* coordination numbers are 2.4 EC vs. 1.46 DMC and 0.43
PF,™ at 25°C in accordance with previous reports.?! Unlike
DE, where the majority of Li* solvates are CIPs and AGGs
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(Figure Sla), in SE the SSIPs possess a population of
61.84% with Li*EC;DMC and Li*EC,DMC, being the
dominant solvates followed by the LiPF;EC,DMC,
LiPF-EC-DMC, CIPs solvates (33.79 %) (Figure S1b). The
lower percentage of the AGGs and CIPs solvates does not
favor the formation of the anion-derived interphases. The
ubiquitous EC with high polarity (1 =4.61) in these clusters
increases the ion-dipole interactions between the solvent
molecules and the solutes, which therefore leads to higher
resistance to Li™ desolvation, so to the charge transfer
process. This solvent participation in the solvates is largely
consistent with the relative binding energies of these
solvents to Li* in implicit solvent as shown in Figures le
and 1f and is correlated with the experimental results.

To understand the Li* desolvation free energies from
various solvates in SE and DE electrolytes, the representa-
tive solvates were extracted every 5 ns from MD simulations
followed by geometry optimization using density functional
theory (DFT) calculations in implicit solvent (Figures le and
1f). In SE, the EC-dominating SSIP solvates, such as Li*
EC,, and Li"EC;DMC, have the highest free energy
followed by CIPs solvates in accordance with the distribu-
tion of solvates extracted from MD simulations (Fig-
ure S1b). For DE, DFT calculations predict that the CIPs
and AGGs solvates have much higher binding energy than
SSIPs: Li"EMC, or Li*EMC;,, again in accordance with MD
simulation results (Figure Sla). Focusing on the positively
charged SSIPs solvates in SE and DE that are expected to
be present at the negatively charged anode surface, Li*EC,
and Li*EC;DMC solvates are shown to have a higher
binding free energy than Li"EMC, and Li"EMGC;TTE (see
Figures le and 1f). Only the DMC-rich Li*DMC, and Li"
DMC,EC SSIP solvates in SE have Li™ desolvation free
energy comparable to that for Li"EMC, SSIP in DE. The
lower Li* desolvation free energy for SSIPs in DE than in
SE could contribute to lower interfacial resistance in DE vs.
SE.

The self-diffusion coefficients and conductivity from MD
simulations exhibit a near-Arrhenius behavior of the electro-
lyte and its components, which agrees with experimentally
measured conductivity (Figure 2c and Figure S6) except for
—20°C for SE, where MD simulations predict conductivity
of only the liquid phase component that is higher than
overall conductivity of the semicrystalline SE electrolyte at
this temperature.

At room temperature, DE electrolyte has two times
higher concentration of charge carriers than SE but approx-
imately 3 times slower diffusion of ions. An inverse Haven
ratio that is also called ionicity is 0.15-0.21 for DE and 0.64—
0.8 for SE reflecting stronger ionic correlations in DE vs.
SE. The stronger ionic correlations and slower ionic
diffusion in DE vs. SE lead to lower conductivity of DE at
room temperature but the absence of crystallization at lower
temperatures results in higher conductivity for DE below
—30°C as shown in Figure 2.
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Figure 2. Fourier-Transform Infrared Spectroscopy (FTIR) spectra of

a) DE and its components, and b) SE and its components. c) The
experimental and MD calculated temperature-dependent ionic con-
ductivities of SE and DE. The record was taken each 10°C from —40°C
to +60°C. d) Differential Scanning Calorimetry (DSC) characterization
of SE and DE electrolytes. The samples were cooled down to —84°C
and heated to 40°C with a heating rate of 3°C min™".

Experimentally-Measured Physicochemical Properties of the
Electrolytes

The electrolyte solvation structures of DE and SE were
studied by FTIR. The FTIR spectra of DE and its
components (Figure 2a) show that the peak of carbonyl
bond absorption shifts from 1747 cm™ to 1712 cm™' when
0.006 moles LiFSI is added into the 1mL EMC (~6 M
based on the volume LiFSI-EMC solution), indicating that
nearly all EMC solvent molecules are coordinated with at
least one lithium ion.”*! Further addition of TTE causes a
blueshift of the signal from 1712 cm ™' to 1717 cm™!, which is
believed to be a result of overall weakened coordination
strengths between EMC and Li* because of the interaction
of the TTE with the solvates, reducing the binding energy
further.™ This result is consistent with molecular simula-
tions. The spectra of SE, DMC, and DMC-EC solvents are
also measured as a benchmark (Figure 2b). The absorption
peaks at 1811cm™ and 1722cm™ correspond to the
carbonyl bond of EC and DMC coordinated with Li*, while
a strong peak at 1753 cm™' is the signal of the uncoordinated
carbonyl bond in DMC.™!

The ionic conductivity of the designed electrolyte and
standard electrolyte in the temperature range of —40°C to
+60°C was measured by using electrochemical impedance
spectroscopy (EIS). As shown in Figure 2c, the ionic
conductivity of SE rapidly drops below —20°C, while the
ionic conductivity of DE exhibits a gradual decrease across
the whole temperature range of —40°C to +60°C. The
sudden drop in the ionic conductivity of SE is attributed to
the solidification of SE.["! which is inevitably induced by the
high melting point of EC. The near-Arrhenius dependence
of ionic conductivity versus temperatures of DE electrolyte
indicates that there is no solidification. The explanations are
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corroborated by a clear endothermic peak in SE around 0°C
and —28.7°C in differential scanning calorimetry (DSC)
measurements which also exhibits that DE maintains a
liquid phase even at —84°C (Figure 2d). Though the ionic
conductivity of SE is higher than that of DE at temperatures
>—10°C (still >10~*Scm™" at room temperature), it drops
rapidly and is lower than that of DE at < —30°C. Together
with a high transference number of 0.537 that was exper-
imentally measured for DE, these properties highlight the
benefits of DE for low-temperature utilization.

The electrochemical stability window of DE was eval-
uated with cyclic voltammetry (CV) and linear sweeping
voltammetry (LSV) at a scan rate of 0.1 mVs™' and was
compared with SE. The reduction behaviors of the electro-
lytes were evaluated using graphite as the working electrode,
while the anodic electrochemical stabilities were measured
using aluminum (Al) as the working electrode. Figures S7
and S8 show the CV scan of Gr| |Li half cells and LSV of
Al| |Li half cells with DE and SE. The CV curve of the cell
with SE shows a small reduction peak at ~1.3V, followed
by two larger reduction peaks at ~1.0 V and ~0.65 V, which
are assigned to the reduction of HF impurities and LiPFy
contact ion pairs (CIPs), DMC and EC solvents,
respectively.”” ! In comparison, the reduction peak of DE
starts at a potential of ~1.5V, which can be attributed to
the reduction of the LiFSI and LiF formation. This agrees
with the DFT calculations in Figure S3 and previous work.”””!
Figure S8 shows the corrosion current density reaches
SuAcm? at a potential of ~4.75V for the cell with SE
while the LSV plot of the cell with DE has no obvious
corrosion current until 5.0 V, demonstrating high anodic
stability of DE.

Electrochemical Performance of Graphite Anodes and NMC811
Cathodes

The electrochemical performance of KS4 graphite anodes
and NMCS811 cathodes with DE were compared to those
with SE at different temperatures by using Gr||Li
(0.5 mAhcm?) and NMC811| |Li (1.0 mAhcm?) half cells,
respectively, to demonstrate the superior battery perform-
ance with LPSEs. KS4 graphite anodes and NMCS811
cathodes experienced three formation cycles at a current
density of 1/10C at room temperature before further
evaluations. As shown in Figure 3, the graphite anode at
room temperature in DE at 3 C provides 91.3% of its
capacity at 0.2 C (Figures3a and S9a). In contrast, the
capacity of an identical graphite anode in SE at 3 C only
retains 86.6 % of its capacity at 0.2 C (Figures 3¢ and S9¢),
indicating that the designed electrolyte enables the graphite
anode to achieve a better rate performance than the
standard electrolyte does. The superior rate performance of
the graphite anode in DE can be attributed to the lower
interfacial resistances on the graphite anode with DE than
those of the cell with SE and a higher transference number
of DE (0.537). Figure 3b shows the cycling stability and
corresponding coulombic efficiency of graphite anodes in SE
and DE at room temperature. The graphite anode with SE
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Figure 3. Electrochemical performance of Gr| | Li and NMC811 half
cells with DE and SE. a) Rate performance and b) cycle stability of

Gr| | Li half cells at room temperature at 1/3 C. c) Charging/discharg-
ing behavior and d) cycle stability of NMC811| | Li halfcells at room
temperature at 1/3 C. e) Rate performance and f) cycle stability of

Gr| |Li half cells at —20°C at 1/3 C. g) Rate performance and h) cycle
stability of NMC811 | | Li half cells at —20°C at 1/3 C. The areal capacity
of graphite anodes is 0.5 mAhcm™, and the areal capacity of NMC811
cathodes is 1.0 mAhcm™?

shows a faster capacity decay than that in DE after
100 cycles, with a capacity retention of 79.3 % at 250 cycles
which is consistent with a previous report,*” while the cell
with DE has no obvious attenuation within the same
number of cycles. DE is also compatible with the NMC811
cathode and the NMC811| |Li cell with DE shows a slightly
better rate capability than that with SE (Figures 3c, S9b,
S9d, and S9f). The cycling performance of the NMCS811
cathode with DE is much better than that of the cell with SE
(Figure 3d). The capacity retention of the NMC811 cathode
with SE is 66.6 % after 100 cycles while the capacity
retention of the NMCS811 electrode with DE is 89.7 %,
clearly demonstrating better compatibility between
NMCS811 cathodes and DE.

The merits of DE are also manifested at low temper-
atures for both graphite anodes and NMC811 cathodes. At
—20°C, the graphite anode in DE achieves a high capacity
of 150 mAhg™' at a high rate of 4/5C and 307 mAhg™"' at
1/3 C (Figures 3¢ and S10a), while an identical graphite
anode in SE only provides 80 mAhg™' at the same rate of
1/3 C (Figure 3f). Additionally, Figure 3f shows the stable
cycling performance of the graphite anode with DE at
—20°C with a stable charging/discharging capacity of
~310mAhg™' which corresponds to 83% of its room-
temperature capacity after 250 cycles. The cell with DE also
maintains a high CE throughout all cycles while the cell with
SE does not, which indicates DE provides more adequate
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protection against electrode degradation and/or lithium
plating.”? Figures 3g and S10b also show excellent rate
performance of the NMC811 cathode with DE at —20°C.
The cell delivers high capacities of 129.5mAhg™' at 2/3C
and 100.1 mAhg™' at 4/5 C, which correspond to 67 % and
52 % of its room-temperature capacity. Moreover, Figure 3h
exhibits a better cycling performance of the NMC811| | Li
cell in DE than that in SE. The NMCS811 cathode at —20°C
with DE retains a specific capacity of 155.8 mAhg™' after
100 cycles with a current density of 1/3 C. In contrast, the
capacity of the NMC811 cathode with SE at —20°C shows a
fast capacity decay with 56.4 % of its initial capacity retained
after 40 cycles.

Opverall, the graphite anodes and the NMCS811 cathodes
with DE exhibit significantly higher rate capability and
better long-term cycling stability than those with SE at both
room temperature and —20°C. The enhanced rate perform-
ance is believed to be associated with the increased trans-
ference number (0.537),*"! weak Li*-solvent interaction, and
thin and robust anion-derived inorganic-rich interphases
which also lead to better stability of DE-containing cells.

NMC811| | Gr Full Cell Battery Performance

Due to the large surface area and the high content of carbon
black, the irreversible capacity of the graphite electrode is
somewhat high resulting in a low first-cycle coulombic
efficiency in both DE (66.4%) and SE (68.4%). This
irreversible capacity can be reduced by using graphite with a
similar particle size with a low surface area (such as MCMB)
or optimizing the electrode composition. Moreover, it can
also be compensated by Li-rich NMC811
(Liy[NiysCoy;Mny,]O,)P? (Figure S11a) or pre-lithiation of
the graphite (Figure S11b). The cycling stability of
NMCS811||Gr full cells with an areal capacity of
1.0mAhcm™? was evaluated with SE and DE at room
temperature, —20°C, and 50°C at a current of 1/3 C, and
—30°C, —40°C as well after three formation cycles.

The NMC811| | Gr cell with DE also shows a high rate
capability by maintaining 68 % of its 0.1 C-capacity at 3 C,
and 54 % of its capacity at 4 C when only constant current
charge (CCC) was conducted. When a constant voltage
charge (CVC) procedure was added to the CCC step to
make a complete 15-minute charge process, 70 % of its
0.1 C-capacity at is delivered (Figure 4a) eventually. In
comparison, the cell with SE shows less capacity retention
by 7% at 1C and 10% at 2 C, demonstrating that DE
enables the better fast charging performance of NMC811 | |
Gr cells than SE does. Figures 4b, S12a and S12c show that
an NMCB811]| | Gr full cell with DE at 25°C has better cycling
stability than that with SE. At 200 cycles, the cell with DE
retains 75 % of its initial capacity, while the capacity of the
cell with SE quickly decays to only 59 % of its initial value.
The result is consistent with the performance of the graphite
anodes and the NMCS811 cathodes measured in half-cells.
The charging—discharging profiles and cycling behaviors of
NMCS811| |Gr cells with DE and SE being charged and
discharged at —20°C are shown in Figures 4c, d, S12b and
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Figure 4. The rate performance of the NMC811/| | Gr cell with DE at

a) room temperature and c) —20°C. Cycling performance of the
NMC811| | Gr cell with an areal capacity of 1.0 mAhg™' (N/P=1.15) in
DE and SE at b) room temperature and d) —20°C. e) Charging—
discharging profile of the NMC811 | | Gr cell with DE with an areal
capacity of 2.2 mAhg™" (N/P=1.15) at —20°C. Rate capabilities of the
NMC811| | Gr cells with DE at f) —30°C and g) —40°C.

S12d. The NMC811| | Gr full cell with DE shows a high rate
capability even at —20°C (Figure 4c). The NMC811||Gr
cell at —20°C maintains 91 % of its room-temperature
capacity (measured at 0.1 C) at 0.1 C, 88 % capacity at 0.2 C
and 53 % capacity at 2/3 C. Furthermore, the capacity of the
NMCS811| |Gr cell with SE quickly drops to 30.9 mAhg™'
when it was cycled at —20°C at 1/3 C. In contrast, the cell
with DE maintains a specific capacity of ~92.1 mAhg™' at
—20°C even after 250 cycles under the same testing con-
ditions with no obvious capacity decay and a similar CE to
that of the cell at room temperature, implying excellent
stability and lithium plating-free cycling of the cells in DE at
low temperatures.

Additionally, DE enables the NMC811| |Gr full cell to
operate with higher areal loading and across a wider
temperature range from —40°C to 50°C. When the areal
capacity of the cathode is 2.2 mAhcm 2 with the same N/P
of ~1.15, the NMCS811||Gr cell with DE still maintains
68 % of its room-temperature capacity at the current of
0.2C at —20°C (Figure 4¢). While the NMCS811| |Gr cell
was charged/discharged at —30°C and —40°C at different
current densities, high capacity retention can be kept as
well. Figures 4f and 4g show that the NMCS811||Gr cells
with DE at 25°C deliver a capacity of 112.7 mAhg™' and
113.1 mAhg "' at 0.1 C, which are consistent with all other
abovementioned results. When the cell in DE was tested at
—30°C, 953 mAhg" (84% of its room-temperature ca-
pacity) at 0.1 C, 82.4mAhg™' (73 %) at 0.2 C, 69.3 mAhg™"
(61%) at 03C and 62.6mAhg"' (55%) at 1/3C is
delivered; At —40°C, the NMCS811||Gr cells deliver a
capacity of 88.2mAhg™' (78% of its room-temperature
capacity) at 1/20C and 61.7mAg™" (55% of its room-
temperature capacity) at 1/10 C. However, the NMCS811]| |
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Gr cell with SE electrolytes cannot be charged/discharged at
these temperatures. When the charging current density
decreases from 1/10 C to 1/20 C, the discharging capacity of
NMCS811| | Gr cell at —40°C increases from 61.7 mAhg™! to
779 mAhg™! (69 %) at 1/10 C (Figure S13), implying great
adaptability of DE to low-temperature operations. The
NMCS811| |Gr cells with DE can also stably operate at a
high temperature of 50°C retaining 91.1 mAhg™' capacity
after 100 cycles, while the identical cell with SE shows a
rapid capacity drop within the first 50 cycles (Figure S14).

DE enables NMC811||Gr full cells with an areal
capacity of 1.0-2.2 mAhcm ™ to achieve better performance
than SE does with respect to rate capabilities and stability at
both 25°C and low temperatures. Moreover, it also delivers
decent performance at —40°C and +50°C, signifying the
latent potential of DE for use in practical electric vehicle
batteries.

Electrochemical Behavior of Graphite Anodes and NMC811
Cathodes in NMC811 | | Gr Full Cells

The potentials and impedances of graphite and NMCS811
electrodes in 1.0 mAhcm™ NMCS11||Gr full cells were
evaluated during charging/discharging processes using three-
electrode pouch cells as shown in Figure S15. One of the
graphite and NMC811 electrodes was used as the working
electrode and the other acted as the counter electrode. A Li
metal strip was employed as the reference electrode. The
electrochemical impedance of the electrodes was measured
at 25°C and —20°C at 50 % state of charge (SOC) after 10
activation cycles. Figures Sa—d show the impedances of the
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Figure 5. EIS spectra of the NMC811 | | Gr with SE at a) RT and

b) —20°C, and with EIT1 at ¢) RT and d) —20°C. Activation energies of
e) the charge transfer process and f) lithium ions transport in the SEI
of the graphite with DE and SE.

Angew. Chem. Int. Ed. 2022, 202205967 (7 of 11)

Research Articles

Angewandte

intemationaldition’y) Chemie

graphite, the NMC811, and the NMC811| | Gr full cell with
SE and DE at both 25°C and —20°C, respectively. The
measured impedances of the NMCS811||Gr full cell are
similar to the sum of the impedance of the graphite anode
and the NMCS811 cathode in both SE and DE, indicating the
three-electrode cells in Figure S15 can provide the real
impedance of the anode and the cathode separately.

In the NMCS811| | Gr full cell with SE, the impedance of
the graphite anode is larger than that of the NMCS811
cathode at both 25°C and —20°C, indicating that the
graphite anode influences the NMCS811||Gr full cell
performance more which is in agreement with previously
reported results.® Additionally, impedances of both the
graphite anode and the NMC811 cathode of the cell with SE
significantly increase when the temperature is decreased to
—20°C (Figures 5a and b). In particular, the charge transfer
resistance increases dramatically which is believed to be
responsible for the poor low-temperature battery perform-
ance. In contrast, the impedances of the graphite anode and
the NMCS811 cathode for the cell with DE show much
smaller increases. The impedance of the graphite anode of
the cell with DE is similar to that of the NMCS811 cathode at
25°C (Figure 5c) and is only slightly larger than that of the
NMCS11 cathode at —20°C (Figure 5d). The resistance to
the charge transfer process and Li* transport in EEIs is also
very similar at both 25°C and -20°C, indicating the
enhanced and well-matched transport kinetics of the
sequential processes and between the cathode and the
anode, which could therefore reduce the possibility for Li
deposition on the graphite anode at —20°C. The absence of
Li plating on graphite anodes is verified by the potential of
the graphite anode in the three-electrode NMC811| | Gr full
cell with DE (Figure S16). It shows that the potential of the
graphite is above 0.0 V even at a fully charged state at a
current of 1/3 C at —20°C. It is also reflected by the long-
term cycling performance of Gr| |Li cells and NMC811| |Gr
cells during which all cells maintain a high CE through all
cycles and no sudden voltage drops on the charging/
discharging curve are observed which can be assigned to the
dissolution of the plated lithium into graphite, as illustrated
above.”

Previous resistance analysis shows that the graphite
anode controls the low-temperature performance of
NMCB811| |Gr full cells and the change of its resistance
versus temperatures plays an important role. Therefore,
with the assumption that all Li* transport processes are
thermally activated, the activation energy, which can be
used to evaluate the energy barrier that determines the Li*
transport kinetics of these processes and the change rate of
In(1/R) vs. 1000/T was evaluated. EIS of the graphite anode
in DE and SE was measured at different temperatures by
using three-electrode pouch cells where a lithium foil and a
lithium strip were used as the counter electrode and the
reference electrode, respectively. The EIS of the graphite
electrode at 50 % of SOC was measured across a temper-
ature range from —10°C to 30°C (Figure S17). The EIS plot
of graphite consists of two overlapped semicircles and a line
in the low-frequency region. The high-frequency semicircle
represents the impedance of Li™ transport in SEI and the
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middle-frequency semicircle is attributed to the charge
transfer process. The activation energies for the lithium ions
transport in SEI and the charge transfer process were
obtained by fitting SEI and charge transfer impedance
versus different temperatures.”?**! As shown in Figures Se
and 5f, the activation energy of the charge transfer process
of the graphite with DE (37.7 kJmol ") is much smaller than
that of the cell with SE (49.3 kJmol™), and the activation
energy of the lithium ions transport in SEI is also reduced in
the cell with DE (50.3 kJmol™') compared to that in the cell
with SE (60.9 kJmol™). This indicates enhanced kinetics for
both the charge transfer process and lithium ions transport
through SEI.

Charge transfer resistance is often associated with the
desolvation energy of Li* and many reports demonstrate
the positive correlation between the desolvation energy and
binding energy of Li*.[!73 Thus, the reduced charge
transfer resistance of cells with DE can be attributed to the
lower Li* desolvation energy from the positively charged
SSIP solvates in DE vs. SE discussed above (see Figures le
and 1f). The weakened ion-dipole interactions between
EMC and Li* and the small coordination number of ~1.64
as predicted by previous reports and simulations in the
previous section validate the importance of the interactions
between the solvent molecules and Li*.**%] The significant
decreases in resistance and activation energy of SEI are
caused by the formation of thin inorganic-rich EEIs, as
reported by others’ work and illustrated in the following
sections.”

Graphite/Electrolyte Interphases

Interfacial resistance (charge transfer resistance and SEI
resistance) of graphite anodes controls the electrochemical
performance of NMC811| | Gr full cells at low temperatures
(Figures 5b and d) and its value is highly associated with the
chemical components of the SELF**! Since an inorganic-
rich SEI rich in LiF or Li,O has a lower electronic
conductivity than an organic-rich SEI, the former is
normally much thinner and more stable than the latter,[*]
which therefore reduces SEI resistance and enhances cycling
stability. The thickness of the SEI formed on graphite in SE
and DE was characterized using TEM. As shown in
Figure 6a and Figure S18a, the pristine graphite has a clean
surface. Figure 6b and Figure 6¢c show the TEM images of
the graphite after 10 charging/discharging cycles in SE and
DE, respectively. A ~3 nm-thick SEI can be identified on
graphite cycled in SE (Figure 6b) due to the reduction of
LiPF; and EC-DMC components. In comparison, a much
thinner SEI of 1-2 nm is found on the graphite cycled with
DE (Figure 6¢). The thin SEI formed in DE is also much
more robust than the SEI formed in SE during long-term
charging/discharging cycles. Figures S18b and S18c exhibit
the TEM images of the graphite anodes in SE and DE,
respectively, after 100 charging and discharging cycles. It is
observed that the SEI formed in SE grows from an initial
thickness of 3nm to 19 nm, while the thickness of SEI
formed in DE only increases from 1-2 nm to ~7 nm. The
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Figure 6. TEM images: a) pristine graphite, b) graphite cycled with SE,
c) graphite cycled with DE, and XPS spectra of the graphite: d) Ols and
e) F1s spectra of the graphite cycled with SE, and f) O1s and g) F1s
spectra of the graphite cycled with DE. The graphite anodes for TEM
were cycled 10 cycles while those for XPS were cycled 100 cycles.

SEI formed in DE is also more uniform than that formed in
SE. The large difference in the SEI thickness and morphol-
ogy could be attributed to the different chemical compo-
nents of the SEI formed with these two electrolytes because
the stability and electron-insulating properties of the SEI
are the main determining factors to stop the growth of the
SEI which therefore influences the following growth of it.[*!

XPS measurements with Ar* sputtering were conducted
to analyze the chemical components of the SEI. Figure S19
shows the atomic ratio of different elements on the surface
of pristine graphite and graphite anodes cycled with SE and
DE. The atomic ratios of elements C, O, and F on the
anodes with SE and DE are quite different. After 60 seconds
of etching with Ar*, the F and O atomic ratios for the SEI
formed with SE decrease from 42.7 % and 7.3 % to 27.6 %
and 3.8 %, respectively, while the C content of the SEI
formed with SE increases from 50 % to 68.8 %, demonstrat-
ing the formation of organic-rich SEI on the graphite surface
with SE. In contrast, the F content and O content of SEI
formed on the graphite anode with DE are 45.8 % and 21 %
respectively after etching for 60s, and they maintain
relatively high values of 40.5 % and 17.3 % after 600 seconds
of etching. The C content of the SEI formed in DE is only
24.5 % after etching for 60 s and 35.1 % at 600 s, which are
much smaller than those of the graphite anode cycled with
SE. This implies a higher amount of organic content formed
on the graphite surface with SE than with DE. The element
atomic ratios could be further linked with organic and
inorganic compounds to give us the relative content of these
different types of compounds in the SEI. Figures 6d-g, S20a,
S20b show the analysis results of the narrow scan of XPS.
The SEI of graphite anodes cycled with SE consists of more
organic components with a high concentration of C—C/C-H,
C-O, C=0, and Li,PO/F, due to the decomposition of
solvents and a small contribution from the reduction of
LiPF, (Figures 6d and f). However, Figures 6e and g display
that the SEI formed with DE is inorganic-rich consisting of
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a high concentration of LiF due to preferred salt reduction,
supported by the DFT calculation results in Figure S3. This
inorganic-rich SEI with low electronic conductivity can
effectively insulate the anode from the electrolytes so that
prevents the electrolytes from further decomposition, which
therefore leads to an overall thin and stable SEI. This result
is consistent with previously reported studies on electrolytes
with similar compositions and demonstrates that an inor-
ganic-rich SEI is beneficial for the low-temperature per-
formance of LIBs."!)

NMC811 /Electrolyte Interphases

CEI also plays an essential role in stabilizing the cathode,
especially when the cathode has high nickel contents and is
charged to a high voltage where the decomposition of the
electrolytes generally occurs.***! Additionally, the ease of
Li* transport through the CEI also determines battery
kinetics.***) The TEM and XPS measurements with the
depth profile were conducted to study the CEI formed on
cycled NMCS811 cathodes with both SE and DE. Figures 7a
and S21a show a clean surface on the pristine NMCS811. The
thickness of CEI on the NMCS811 cathode cycled with SE in
10 cycles is ~6 nm (Figure 7b). After 100 charging/discharg-
ing cycles in SE, the thickness of the CEI exhibits an
increase to 17-36 nm (Figure S21b). However, the thickness
of the CEI formed on NMC811 after 10 charging/discharging
cycles in DE is only ~2 nm (Figure 7c) and only increases to
13 nm after 100 charging/discharging cycles (Figure S21c). In
addition, it shows a more uniform morphology. Both imply a
robust CEI on the cathode and indicate a better Li*
conducting property in CEL

The chemical components of the CEI were also charac-
terized using XPS associated with Ar® sputtering. The
relative ratios of organic to inorganic components in CEI
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Figure 7. TEM images: a) pristine NMC811, b) NMC811 cycled with SE,
c) NMC811 cycled with DE, and XPS spectra of the NMC811: d) Ols
and e) F1s spectra of the NMC811 cycled with SE, and f) OTs and

g) F1s spectra of the NMC811 cycled with DE. The NMC811 cathodes
for TEM have cycled 10 cycles while those for XPS were cycled

100 cycles.
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can be calculated by combining Figures 7d—g and Figure S22.
The relative ratio of organic species (C—O/C=0) to
inorganic species in the CEI of the cathode formed with SE
does not change at different CEI depths (Figures S22b and
S23, Figures 7d and e) since the relative concentrations of F
and O (Figure S22b) and the Li,CO; and LiF signals
(Figures 7d and e) of it are similar at different etching times.
This indicates that the decomposition of the solvents and
salts happens simultaneously in SE. In contrast, the relative
percentage of organic compounds to inorganic compounds
of CEI in DE decreases with increasing sputtering time
(Figure S22c, Figures 7f and g), indicating that the inorganic
CEI enriches the NMCS811 surface cycled in DE. For
example, the amounts of inorganic components (Li,COs;)
(Figures 7f and S22b) and LiF (Figures7g and S22c)
increase with the sputtering time and therefore depth in the
CEI developed in DE. The appearance of the Ni2p signal
after 1440 seconds of sputtering time indicates that the
sputtering is approaching the NMCS811 surface (Fig-
ure S22d). This special distribution of the organic/inorganic
components of the CEI formed in DE is attributed to the
preferred decomposition of FSI™ anion aggregates and
possible sacrifice of TTE diluent compared to the solvent
molecules, considering those are the main F sources in the
electrolyte (Figure S4a).* The decomposition of lithium
salt and diluent gives a more organic/inorganic bilayer-like
CEI in DE rather than the mosaic-like CEI in SE on
NMCS811 cathodes. The inorganic-rich inner layer of CEI in
DE can suppress the further decomposition of the electro-
lyte and the growth of the CEI. The high interfacial energy
of inorganic-rich CEI against NMC811 enables stabilization
of the CEI during volume change of NMCS11, thus
achieving high cycling stability and good Li* transport
performance in it.

The formation of the inorganic-rich electrode/electrolyte
interphases on both the anode and the cathode gives
improved stability and enhanced Li* transport kinetics in
EEIs because of reduced electrode/electrolyte interphase
resistance and reduced activation energy in the graphite
anode. Together with the enhanced Li* transport kinetics
and decreased resistance in the charge transfer process by
taking advantage of the highlight of the LPSEs, the designed
electrolyte enables NMC811| |Gr cells to deliver a stable
cycling performance and great electrochemical kinetics
under both fast charging and low temperatures conditions,
making it promising for the use in practical power LIBs.

Conclusion

Low-polarity-solvent electrolytes (LPSEs) are introduced to
enhance the Li* transport kinetics both in and across the
EEIs at low temperatures. The idea is illustrated with an
exemplary electrolyte of 2.0 M LiFSI-EMC/TTE which
enables the NMC811 | | Gr cell to operate in a wide temper-
ature range from —40°C to 50°C, delivering a high capacity
of 113 mAhg ' (out of 117 mAhg ' of the full cell) at 25°C
and maintaining 81 % of its room-temperature capacity at
—20°C at a current density of 1/3 C without lithium plating.
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By analyzing the solvation structures, molecular interactions,
electrode resistance, and the chemical components of EEIs
via FTIR, molecular simulations, EIS, XPS, etc., the
enhanced low-temperature performance is attributed to
simultaneously reduced resistance and activation energies in
both Li* transport in EEIs and charge transfer process,
which are caused by reduced desolvation energy and the
formation of thin inorganic-rich interphases on both electro-
des. These properties are further associated with the
reduced ion-dipole interaction of the Li* and solvents and
intrinsically and/or extrinsically-enriched partially dissoci-
ated CIPs and AGGs domains in the electrolyte at a
molecular level. The electrolyte engineering strategy pro-
posed and demonstrated in the work sheds light on the
relationship between the intermolecular interactions and Li*
transport kinetics and offers a new avenue to expand the
service temperature range of LIBs while maintaining all
other practical properties. It enables LIBs to work in
extreme environments and holds promises for applications
requiring power LIBs.
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Low-polarity-solvent electrolytes (LPSEs)
1) enable the formation of the anion-
derived interphases on both electrodes
and 2) have weak interactions between
the solvent molecules and Li*, which
provide fast Li* transport kinetics and
reduced resistance in both charge trans-
fer process and Li* transport in elec-
trode/electrolyte interphases, achieving
excellent battery performance under
both fast-charge and low-temperature
conditions.
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