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The anion effect on Li* solvation structure and consequent electrochemical and physical properties was

studied on the basis of LiFSI-DMC (lithium bisfluorosulfonyl imide-dimethyl carbonate)- and LiTFSI-DMC

(lithium  bis(trifluoromethanesulfonyl imide)-dimethyl carbonate)-based dilute electrolytes, highly

concentrated electrolytes, and localized concentrated electrolytes. With different anions, the electrolytes

are different in possible solvation structures and charge distributions, leading to differences in terms of
thermal properties, viscosity, ionic conductivity, electrochemical oxidation and reduction behaviors as
well as LiNig gMng >Coq|Li cell performances. The results indicate that the electronic structure of anions
contributes greatly to the charge distribution of the Li* solvation sheath, and consequently extends to
the thermodynamics of the carbonate molecules, affecting reduction, oxidation reaction and products
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Introduction

Rapid progress in the energy industry leads to the wide appli-
cation of lithium-ion batteries (LIBs) as portable or stationary
energy storage devices due to their advantages in terms of
energy density, energy efficlency and moderate working
temperature.”™ The demands on higher energy density stimu-
late the development of LIBs. For example, the energy density of
18 650 cells, based on a graphite anode and a 4.2 V cathode, has
increased from 80 W h kg™* to 300 W h kg " in the past three
decades. However, it is a great challenge to further increase the
energy density of LIBs, as engineering of the state-of-the-art
battery chemistry approaches the limit.* It is well known that
employing high-voltage cathode materials is an ideal way to
further increase the energy density of LIBs, either by increasing
the charge cut-off voltage of the classic 4.2 V cathode materials®
or by developing new cathode materials.” However, the charging
cut-off voltage of higher than 4.2 V challenges the stability of the
electrolytes.®*** The conventional dilute carbonate-based elec-
trolytes, with EC (ethylene carbonate) and 1 M LiPFs as the
skeleton composition, are easily decomposed at a potential
higher than 4.3-4.4 V vs. Li/Li" depending on the cathode
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structure and properties is necessary for the rational design of advanced electrolytes.

chemistry.®™* The common practice is to coat the surface of the
cathode materials or to construct a cathode-electrolyte inter-
phase (CEI) by adding suitable additives.’* However, these
defensive strategies fail in long time cycling, since coating
defects are avoidable during engineering and battery cycling.
Simultaneously, LiPFs in the electrolyte tends to decompose at
temperatures above 60 °C, and EC oxidation releases active
protons at a charge cut-off voltage higher than 4.3 V. Both
cases may induce electrolyte deterioration. Then, new electro-
Iyte chemistries have to be explored to match the next-
generation battery chemistry.

Superconcentrated*>* and localized concentrated*>* elec-
trolytes are emerging towards high-voltage cathodes, as well as
lithium metal and silicon-based anodes. It is found that when
the molar ratio of lithium salts to solvents is high enough, the
electrolyte will show superior performances in terms of thermal
stability,'*** redox stability,"”**?*® metal corrosion® and reac-
tion kinetics,” resulting in high cycle stability and rate perfor-
mance of the batteries.””*® In these electrolytes, the interactions
between anions and solvents via Li" coordination are the wire-
puller of all the advantages or disadvantages. The study of
anion effect on Li" solvation structure is important for us to
understand the insight information and further design new
electrolytes.*

Imide lithium salts are employed in these new electrolytes,
not only due to their higher solubility and better thermal and
chemical stability than LiPF¢,*** but also because their
anions are prone to participation in Li" solvation even in 1 M
LiFSI-DME electrolytes.*® This unique behaviour of imide
anions is also responsible for the formation of 3D solvation
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clusters of hundreds of nano-meters in the super-concentrated
electrolytes. In addition, the Li' transference number and
migration manner are different in super-concentrated elec-
trolytes when compared with the electrolytes with the same
components but normal concentrations. Moreover, they are
poor in binding with solvents directly, due to their large size
and low charge density, which facilitates the oxidation
stability of solvents® and may even change the reactions at the
electrode interface.*® Among them, lithium bis(tri-
fluoromethanesulfonyl imide) (LiTFSI) and lithium bis-
fluorosulfonyl imide (LiFSI) are widely studied. There are
many super-concentrated electrolytes based on LiTFSI and
LiFSI, with different solvents including DME (dimethyl
ether),® TMP (trimethyl phosphite),>***” AN (acetonitrile),***°
DMSO (dimethyl sulfoxide),” and DMC (dimethyl
carbonate).** However, so far, there is no systematic compar-
ison on the insight differences of these two salts in dilute,
highly concentrated electrolytes and localized concentrated
electrolytes.

Herein, LiTFSI, LiFSI and DMC are employed to construct
dilute, highly concentrated and localized concentrated electro-
lytes respectively. To build the localized concentrated electro-
lyte, 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl  ether
(HFRE) is selected as the non-solvent. The differences in solvent
structures, physical and chemical properties, and electro-
chemical performances between these electrolytes are well
compared to understand the effects of anions on the solution
structure and properties.

Experimental

Preparation of electrolytes and electrodes

LiFSI (Suzhou Yake Chemical Reagent Co., Ltd.), LiTFSI (Suz-
hou Yake Chemical Reagent Co., Ltd.), LiPFs (Canrd Co., Ltd)
and all solvents (DMC, EC : DMC = 1 : 1 by volume, Canrd Co.,
Ltd) were of battery grade. The lithium salts were all used
without further treatment. All the solvents were dried using
a molecular sieve before use. The electrolytes were prepared by
mixing lithium salts and the solvents in a defined ratio in an Ar-
filled glove box. The water vapour and oxygen content in the
glove box were both controlled to be less than 2 ppm. The water
content in the prepared electrolytes was less than 15 ppm as
detected using a Karl Fischer moisture titrator (V30S, METTLER
TOLEDO).

The cathodes were prepared using a blade-coating machine.
First, active materials LiNi,C0y,Mng,0, (NCM622), poly-
vinylidene difluoride (PVdF, Canrd Co., Ltd), and carbon black
(Aladdin Industrial Corporation) were mixed in a weight ratio of
90:5:5 (NCM622 : PVdF : AB) in N-methylpyrrolidone (NMP,
Canrd Co., Ltd) by strong agitation to from a slurry. Then the
slurry was casted on an Al foil (20 mm thickness, Shenzhen
Kejing Star Technology Co., LTD) and dried at 120 °C under
vacuum for 12 h. Finally, the as-prepared electrode was cut into
discs with a diameter of 7 mm. NCM622 mass loading of the as-
prepared cathodes was 3-4 mg cm 2. The graphite electrodes
were purchased from Chilwee Group Co., Ltd, of which the

active material mass loading was about 11.13 mg cm 2.
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Characterization

The density and viscosity of the electrolyte samples were
measured using a glass density meter and a rotary rheometer
(MCR301, Anton Paar GmbH), respectively. The ionic conduc-
tivity was measured by AC impedance spectroscopy at 1 kHz
(CHI600e, CH Instruments, Inc.) in a symmetric cell
(Pt|electrolyte|Pt). A nonporous polypropylene membrane, with
a round opening of 7 mm @ in the middle, was used between
the electrodes to provide a fixed space for ion transport. The
electrolyte impedance can be read in the Nyquist plots, and the
ionic conductivity of the electrolytes was calculated according to
the equation ¢ = L/(RS), where L is the thickness of the
nonporous polypropylene membrane and S is the area of the
round opening.

The solution structure was studied by a Raman spectrometer
(HR-800) with an excitation laser of 514 nm. A Netzsch DSC-TG
(STA 449F5) analyzer was used to investigate the thermal
behaviour of the electrolytes. In sample preparation, 3-5 mg of
the material was put in an Al pan in an argon-filled glove box.
The heating and cooling rates during the measurement were
both 10 °C min™".

Cell assembly

NCM622|Li, Li|Gr, Li|Pt and SS (Stainless steel)|Li cells were
assembled with the standard 2032-type coin cell hardware in an
Ar-filled glove box. A Celgard 3501 separator was used. The
amount of electrolytes in all coin cells was 80 pl to fully wet the
separators and electrodes.

Electrochemical measurements

The electrochemical stability of different electrolytes was
measured by linear sweep voltammetry (LSV, CHI600e, CH
Instruments, Inc.). In detail, the voltage window for Li|Gr or
Li|Pt cells is from 3 V to 0 V to determine the reduction potential
and from 2.5 V to 6 V to evaluate the oxidation potential. The
corrosion capability of the electrolyte was evaluated using SS|Li
cells in the voltage range of 2.5-5 V, where the polished stainless
steel (SS, SUS-304, purchased from Shenzhen Kejing Star
Technology Co., Ltd) discs was used as the working electrode.
Galvanostatic charge/discharge cycling and rate capability tests
were conducted on a charge/discharge unit (LAND CT2001A).
All the charge/discharge were performed in a constant-current
mode accompanied by 30 min rest after every charge or
discharge end, and the cell cyclability was evaluated at 1C-rate.

DFT simulations

DFT (density functional theory) calculations were performed
using DMol3 module under Accelrys Materials Studio 7.0 at
National Supercomputing Center in Shenzhen. The structures
of solvents, Li*-solvents, and Li"-anion-solvent complexes, as
well as their corresponding charge distributions were calculated
using a density-functional theory***-based conductor-like
screening model (DFT-COSMO)** implemented in the
DMol3 module**** of Accelrys Materials Studio 2017. The
generalized gradient approximation (GGA) in the form of

This journal is © The Royal Society of Chemistry 2019
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Perdew-Burke-Ernzerhof (PBE)*” was selected as the exchange-
correlation functional. Double numerical basis with polariza-
tion functions (DNP) was selected as the basis set. The conver-
gence criteria for energy, force, and displacement are 1 x 107°
Ha, 1 x 107 * Ha A%, and 5 x 10~ * A, respectively. In dilute
solutions, Li" ions are much less than DMC molecules, so Li*
ions should be fully coordinated with DMC molecules in a ratio
of 1 : 4. We calculated the complexes of Li" and DMC molecules
in dilute solutions, as well as different Li'-DMC-FSI_ and Li‘-
DMC-TFSI™ complexes in different ratios.

Results and discussion

Solvation structures in different electrolytes

LiTFSI/DMC and LiFSI/DMC electrolytes in different molar
ratios were studied by Raman spectroscopy to find the structure
information. In particular, the O-CH; stretching mode of the
DMC solvent is presented in the range of 900-950 cm ™', and the
S-N stretching mode of the FSI™ anion or TFSI™ is presented in
the range of 700-780 cm '.*' The S-N stretching mode is
sensitive to both the anion and the coordination structures, and
the coexistence of multiple solvation structures makes the
identification complex. As shown in Fig. 1a and b, DMC shows
a single peak at about 910 cm ™', which can be considered as the
characteristic peak for free DMC molecules. This peak weakens
gradually with the increase in concentration, and disappears
completely when the molar ratio of LiTFSI: DMC and LiF-
SI: DMC is more than 1 : 2. At the same time, a peak emerges at
a higher wavelength (930-935 cm ') in both LiTFSI- and LiFSI-
based electrolytes, which is attributed to the DMC molecules
bonded in the Li* solvation sheath.™® Due to the large size and
low charge density, FSI" and TFSI" are poor in the anion
solvation.*>*® Therefore, solvation in this paper generally refers
to cation solvation. The intensity of the peak at 930-935 cm™*
increases with the increase in concentration of the electrolyte.
At the same time, the peak representing free DMC molecules
deceases with the increase in concentration, and disappears
when (lithium salt) : DMC molar ratio is higher than 1 : 2. This
phenomenon indicates that there are no free DMC molecules in
the LiTFSI/DMC and LiFSI/DMC electrolytes in a (lithium
salt) : DMC molar ratio higher than 1 : 2. That is, all the DMC
molecules are involved in the Li" solvation structure. Though
the most probable coordination number in the Li" solvation
structure is debatable,* quantum chemistry calculations and
MD simulations suggest that 4 is energetically favourable.*"*
However, the electrolyte with Li': DMC = 1:4 still shows
a considerably intensive peak for free DMC molecules, and the
peaks for free DMC and coordinated DMC are even similar in
intensity. This observation reveals that FSI" and TFSI™ anions
may be present in the Li" solvation sheath even when DMC
molecules are enough to solvate Li" cations, which coincides
with the experimental result.*® Therefore, when the molar ratio
of Li" : DMC is less than 1:2, there may be a considerable
amount of Li" cations coordinating not only with DMC mole-
cules but also with anions to form solvent structures in different
ratios.*”**** It is worth noting that the electrolyte with LiTF-
SI: DMC = 1 : 3 still shows the peak of free DMC, and the peak

This journal is © The Royal Society of Chemistry 2019
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intensity is similar to that of the peak for Li"-coordinated DMC.
However, in the electrolyte with LiFSI : DMC = 1: 3, the peak
for free DMC is only half the height of the peak for Li*-coordi-
nated DMC. This shows that at the same Li*: anion : DMC
molar ratio, there are more free DMC molecules in LiTFSI/DMC
than in the LiFSI/DMC electrolyte. As the energy preferable
coordination number of Li" is 4, the above-mentioned result
indicates that TFSI™ shows more tendency to coordinate with
Li" than with FSI™ anion. Fig. 1c and d shows the comparison
between super-concentrated electrolytes and localized concen-
trated electrolytes with LiFSI and LiTFSI, respectively. It can be
seen that free DMC can be observed in the localized concen-
trated electrolytes in a molar ratio of 1 : 3 : 3 for both LiFSI- and
LiTFSI-based electrolytes, which are similar to the case without
HFRE. For HFRE, its characteristic peaks maintain well even
when the concentration is high up to 1 : 1.5 for both LiFSI- and
LiTFSI-based electrolytes, indicating that HFRE molecules are
nearly free in the localized concentrated electrolytes. At the
same time, the peak characteristics of DMC and anions are
almost the same for both super-concentrated electrolytes and
localized concentrated electrolytes though their apparent
concentration are greatly different, indicating that the struc-
tural characteristics of the super-concentrated electrolytes can
be preserved even after being diluted by a large amount of
HFRE.

The most possible conformations of Li" solvation structures
are screened by their total energies calculated by DFT, and their
HOMO (highest occupied molecular orbital)/LUMO (lowest
unoccupied molecular orbital) energy levels are calculated too
(Table S17). It is showed that the complex molecular energy of
the full cis complex is always the lowest in different conforma-
tions of DMC and Li’*-4DMC, which means that cis complexes
are the most possible conformations in the dilute electrolytes.
According to the calculation, Li'~(cis3-DMC)~(cis-FSI™) is the
most possible conformation in the super-concentrated and
localized concentrated electrolytes for LiFSI-based electrolytes,
and Li"-(cis3-DMC)—(¢rans-TFSI") is the most stable in the
super-concentrated and localized concentrated electrolytes. The
conformation difference between Li'-3DMC-FSI~ and Li‘-
3DMC-TFSI™ may be caused by the steric effect of TFSI . A
theoretical understanding of the electrochemical differences of
the dilute and super-concentrated electrolytes is attempted
through HOMO and LUMO distribution, as shown in Fig. 2. It is
known that HOMO distribution indicates the active sites during
oxidation, and LUMO distribution indicates the active sites
during reduction. Then it can be observed that for Li'—(cis4-
DMC) complexes (Fig. 2a and d), which is the dominated
solvation structure in dilute electrolytes, the LUMO and HOMO
all locate on DMC molecules. These results are coincided with
the experimental results. That is, in the electrochemical
reduction/oxidation, which generally happens on the surface of
anode/cathode, DMC molecules in the solvation sheath will be
reduced/oxidized in preference to free DMC molecules,
contributing to the formation of the SEI (solid electrolyte
interphase) layer or CEI (cathode electrolyte interphase) layer.
For Li'-3DMC-FSI~ (Fig. 2b and e), the energy-favourable
conformation is Li'—(cis3-DMC)-(cis-FSI~), which may be

RSC Adv, 2019, 9, 41837-41846 | 41839
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Fig. 1 Raman spectra of different electrolytes in the range of 700-950 cm™™. (a) LiFSI/DMC electrolytes with different LiFSI/DMC molar ratios
and pure DMC; (b) LiTFSI : DMC electrolytes with different LiTFSI : DMC molar ratios and pure DMC; (c) LiFSI : DMC : HFRE localized concen-
trated electrolytes with different molar ratios, highly concentrated LiFSI : DMC (molar ratio of 1: 1.5) and pure HFRE; (d) LiTFSI : DMC : HFRE
localized concentrated electrolytes with different molar ratios, highly concentrated LiTFSI : DMC (molar ratio of 1: 1.5) and pure HFRE.

Fig. 2 LUMOs of (a) Li*=(cis4-DMC); (b) Li*—(cis3-DMC)-(cis-FSI7);
(c) Li*—(cis3-DMC)—(trans-TFSI™); HOMOs of (d) Li*—(cis4-DMC); (e)
Li*~(cis3-DMC)—(cis-FSI7); (f) Li*—(cis3-DMC)-(trans-TFSI™). Grey
sphere, C; red sphere, O; white sphere, H; magenta sphere, Li. The
yellow and blue regions of HOMOs/LUMOs represent the positive and
negative parts of orbitals, respectively.

a major solvation structure in the super-concentrated and
localized concentrated electrolytes, according to the DFT-
COSMO simulation. As shown in Fig. 1a, both LUMOs and
HOMOs mainly locate on FSI™ ions rather than DMC. The
results indicate that both the reduction and oxidation reactions
may occur on FSI” ions. FSI" ions even preferentially react
before the DMC molecules to form an intermediate fragment

41840 | RSC Adv, 2019, 9, 41837-41846

containing F elements, and finally form a dense inorganic SEI
film containing LiF.* This has been observed in many research
studies and intensively used to form LiF-rich SEI layers for
lithium metal anodes™ or even graphite anodes.>*

The case is different for Li'-3DMC-TFSI~ complexes (Fig. 2¢
and f), whose energy-favourable conformation is Li'—(cis3-
DMC)~(trans-TFSI") according to the DFT-COSMO simulation.
Most of the LUMOs are on DMC, while most of the HOMOs are
on TFSI". These observations imply that in the LiTFSI-based
concentrated or localized concentrated electrolytes, TFSI™
anions participate in the electrochemical oxidation rather than
reduction.® That is, FSI” shows higher activity than TFSI™ in
SEI formation. It is known that LiF-containing SEI and CEI films
are beneficial to the cycle stability of the batteries, and this
result indicates that LiFSI-based electrolytes will show superior
performances to both anodes and cathodes, but LiTFSI-based
electrolytes may only show advantages against cathodes.

In consideration that TFSI™ and FSI™ are bidentate ligands,
we assume that lithium ions with two DMC molecules and one
TFSI /FSI™ coordinated, though the possible conformations in
the super-concentrated and localized concentrated electrolytes
are in fact many. Besides the energy preferable conformation
(Fig. S17), surface charge distributions under the environment
of electrolytes (Fig. S21), LUMOs and HOMOs of Li'-2DMC-
TFSI~ and Li"*-2DMC-FSI~ are all simulated using DFT-COSMO
(Fig. S3 and S4t). The conclusion results are similar to those of

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 The ionic conductivities (blue, left y-axis) and viscosities (red,
right y-axis) (a) of LiTFSI: DMC : HFRE and LiFSI : DMC : HFRE elec-
trolytes at different molar ratios. The TGA (b) and DSC (c) curves of
electrolytes with various concentrations and solvents.

Li*-3DMC-FSI and Li*-3DMC-TFSI . That is, LiFSI tends to be
involved in electrochemical reduction and oxidation to form
a dense fluoride layer, and will show superior performances to
LiTFSI in super-concentrated electrolytes.

Physical and chemical properties

The ionic conductivity and viscosity of the LiFSI- and LiTFSI-
based electrolytes, including dilute, super-concentrated and
localized concentrated electrolytes, are compared in Fig. 3a. The
ionic conductivity shows the peak distribution, while the
viscosity shows a monotonic increase with the increase in
Li" : DMC. For both lithium salts, the sharp decrease in ionic
conductivity appears with a sharp increase in viscosity. This
trend in conductivity versus salt concentration follows the
typical behaviour of conventional non-aqueous electrolyte
solutions, and could be explained by the combined results of
the number of ions and pairs in the electrolyte.”* Specifically,
the critical ratio, where the curves of ionic conductivity turn, is

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Anodic oxidation curves of stainless steel foil in LiFSI- and
LiTFSI-based electrolytes.

1: 6 for LiFSI-based electrolytes, while this is 1 : 8 for LiTFSI-
based electrolytes. It is known that a high degree of salt disso-
ciation is favourable for high concentrations of mobile ions and
high conductivity, whereas a high viscosity and large anion size
would impede ion transport, leading to low conductivity. Rela-
tively, the LiTFSI-based electrolytes show higher viscosity and
lower ionic conductivity than LiFSI-based electrolytes. This can
be essentially attributed to the higher dissociation and the
smaller size of FSI" anions when compared with those of TFSI™
anions. Then it is reasonable that LiFSI-based electrolyte show
superior rate performances in this sense. The detailed
comparison will be discussed later. When Li" : DMC is higher
than the critical ratio, the viscosity of the electrolyte increases
sharply, and the diffusion capability of the ions decreases faster
compared with the increase in the charge density. This may be
attributed to the various solvation structures, such as contact
ion pairs (CIPs, an anion coordinating to one Li') and
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Fig. 6 Rate capability measurements of NCM 622]|Li batteries at 25 °C using (a) LiFSI : DMC : HFRE =1:15: 1.5, LiFSI : DMC =1: 1.5, 1 M LiPF¢
in EC : DMC =1: 1electrolytes and (b) LiTFSI : DMC : HFRE=1:15: 1.5 LiTFSI: DMC=1:15, 1 M LiPFgin EC : DMC =1: 1 electrolytes. Long-
term cycling of NCM 622||Li batteries at 0.5C-rate at 25 °C, using (c) 1 M LiPFg in EC : DMC = 1: 1 electrolytes and highly concentrated elec-
trolytes (LiFSI : DMC = 1: 1.5, LiTFSI : DMC =1:15), and (d) 1 M LiPFg in EC : DMC = 1: 1 electrolyte and localized concentrated electrolytes
(LiFSI: DMC : HFRE =1:1.5: 15, LiTFSI : DMC 1:1.5: 1.5). The voltage window for all above tests is from 3 V to 4.5 V.

aggregates (AGGs, an anion coordinating to two or more Li')."?
After the addition of the diluent (to form localized concentrated
electrolyte), the viscosity decreased dramatically, but the ionic
conductivity does not significantly increase for both LiFSI- and
LiTFSI-based electrolytes, indicating that the solvation sheath
of Li* cations does not change much but the aggregation of the
solvated structure is dispersed by the diluent. Besides, it is
noticeable that the variations in the ionic conductivity with
HFRE addition are different for LiTFSI- and LiFSI-based elec-
trolytes. Though it cannot be clearly explained at this time, it is
indubitable that the differences can only be associated with the
anions.

The differential scanning calorimetry (DSC) and thermog-
ravimetric analysis (TG) results of LiTFSI- and LiFSI-based
electrolytes, including dilute, super-concentrated and local-
ized concentrated electrolytes, are shown in Fig. 3b and c to
further investigate the states of DMC. Plain DMC and HFRE are
confirmed to be fully volatilized below 100 °C (the purple and
green curves in Fig. 3b). Accordingly, the measured residual
mass and theoretical residual mass are compared to get further
information about the solution structures and physical/
chemical properties. Though the boiling point of HFRE is
below 100 °C, it is highly thermally stable among the most
studied non-solvents relatively (Table S27), and it can also serve
as a flame retardant. That is why, HFRE is chosen for this study.
The detailed comparison based on Fig. 3a and b is listed in
Table S3.7 The mass loss can be separated into three regions.

41842 | RSC Adv, 2019, 9, 41837-41846

The first region is located in the temperature ranging from
room temperature to 100 °C, which is associated with solvent
evaporation. For both LiFSI : DMC =1 : 12 and LiTFSI : DMC =
1 : 12 dilute electrolytes, their measured mass losses are higher
than the theoretical mass losses at 100 °C. In theoretical
calculation, the residue is assumed to be LiFSI : DMC = 1: 4,
while the measured residue species are calculated to be
1:3.55:0 and 1: 3.49: 0 respectively. This indicates that the
solvation sheath with LiFSI : DMC = 1 : 4 will lose some DMC at
100 °C, and the interactions between DMC and LiFSI is stronger
than that between DMC and LiTFSI. For LiFSI: DMC = 1:1.5
and LiTFSI : DMC = 1 : 1.5 super-concentrated electrolytes, no
mass loss happens in this temperature range. It is reasonable as
the residue species of dilute electrolyte at 100 °C is LiFSI : DMC
=1:3.55 and LiTFSI : DMC = 1 : 3.49, and the initial (lithium
salt) : DMC ratios of the concentrated electrolytes are both
higher than 1:3. As a non-solvent, HFRE is supposed to be
totally vaporized as there is no interactions between HFRE and
lithium salt. However, both LiFSI: DMC : HFRE = 1:1.5: 1.5
and LiTFSI : DMC : HFRE = 1: 1.5 : 1.5 localized concentrated
electrolytes show HFRE residue at 100 °C (1:1.5:0.2 and
1:1.5:0.44, respectively). This can only be illustrated by the
enhanced interactions between solvated DMC and HFRE. When
the temperature goes higher than 100 °C (from 100 °C to Tq, T4
is the onset temperature of salt decomposition, which is 315 °C
for LiFSI-based electrolytes®* and about 370 °C for LiTFSI-based
electrolytes), the mass loss slows down for both dilute

This journal is © The Royal Society of Chemistry 2019
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electrolytes and localized concentrated electrolytes. The process
happening in this temperature range may be the continuous
loss of solvent molecules from the solvation sheath. The
residual mass at Tq is over the mass percentage of neat lithium
salts for both LiFSI- and LiTFSI-based electrolytes, indicating
that the DMC in the solvation sheath is stable even when the
temperature is 200 °C higher than its boiling point. As decom-
position is the main reaction when temperature goes higher
than Ty, it can be deduced that DMC will be involved in salt
decompositions either for LiFSI or for LiTFSI. By comparison, it
can be observed that the thermal stability of the solvent will be
greatly enhanced in super-concentrated electrolytes and local-
ized concentrated electrolytes due to the solvation effect.
Besides, the DMC molecules in the Li* solvation sheath are
bonded more strongly with FSI" than with TFSI, which is
consistent with the results of Raman spectroscopy. Further-
more, the decomposition starting temperature of LiFSI in the
electrolytes is about 45-60 °C lower than that of LiTFSI, and
larger amount of heat is released when LiFSI is thermally
decomposed. These are detrimental to the safety of the battery.
Therefore, LiTFSI-based electrolytes are more advantageous
than LiFSI-based electrolytes in terms of thermal safety.

Electrochemical performance

The electrochemical measurements of the electrolytes based on
LiFSI and LiTFSI are performed to understand the effect of the
solvation structure on electrochemical properties. The reduc-
tion (Fig. 4a and c) and oxidation (Fig. 4b and d) behaviours are
studied using LSV. Graphite (Fig. 4a and b) or metal platinum
(Fig. 4c and d) is used as the working electrode to verify the
effect of surface chemistry on electrochemical behaviours, and
a lithium foil is used as the counter electrode.

The reduction current is about ten times larger on the
graphite electrode than on platinum for both LiFSI- and LiTFSI-
based electrolytes. However, the reaction on the platinum
electrode is distinctive, while the reduction on graphite shows
no obvious onset potential for both LiFSI- and LiTFSI-based
electrolytes. Though the reaction mechanisms are still in
investigation, the results show clearly that surface chemistry
can affect the electrochemical reduction greatly. Besides, on
both electrodes, LiFSI-based electrolytes react at higher poten-
tial than LiTFSI-based electrolytes. This coincides with the DFT
results, indicating that the active sites locate on FSI" in LiFSI-
based concentrated electrolytes, while it is located on DMC in
LiTFSI-based concentrated electrolytes. For LiFSI-based elec-
trolytes, the reduction behaviours of the super-concentrated
electrolyte and localized concentrated electrolyte are similar,
which are both reduced at higher potentials, compared to the
dilute electrolyte. On the platinum electrode, LiFSI-based elec-
trolytes are reduced around 1.75-2 V vs. Li/Li", which may help
to form protective films on the anode material.** The LUMOs of
the complex of Li*-3DMC-FSI~ mainly locate on FSI~ (Fig. 2b).
Then in the super-concentrated and localized concentrated
electrolytes, FSI™ will be preferentially reduced. However, for
LiTFSI-based electrolytes, cases are totally the opposite. The
dilute electrolyte is the most reductive. This result also
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coincides with the DFT simulation results. The reducible sites
in LiTFSI-based super-concentrated electrolytes are solvated
DMC, and the introduction of TFSI™ anions will lower the
reducibility of the solvated DMC, as confirmed by the surface
charge distribution (Fig. S2t). Therefore, the LiTFSI-based
electrolytes, regardless of the concentration, are not conducive
to the formation of protective films during electrochemical
reduction.

For traditional 1 M LiPFe-based carbonate electrolytes, the
electrochemical oxidation generally occurs at potentials higher
than 4.3 Vvs. Li/Li". The oxidation potentials of both LiFSI- and
LiTFSI-based dilute electrolytes on the platinum electrode are
similar (Fig. 4d). However, LiFSI- and LiTFSI-based super-
concentrated electrolytes and localized concentrated electro-
lytes remain stable even at a potential of 5.25 Vvs. Li/Li". This is
because the HOMOs of Li"-3DMC-FSI~ and Li"-3DMC-TFSI~
are mostly on the anion. When the oxidation reaction occurs,
the anion will react before the solvent molecules to form
a fluoride passive layer, thereby inhibiting further oxidation of
the electrolyte and widening the electrochemically stable
window of the electrolytes.’***** The LiTFSI-based super-
concentrated electrolytes and the localized concentrated elec-
trolytes have slightly higher electrochemically stable windows
than those of LiFSI-based electrolytes, but the difference is not
significant.

In addition to electrochemical oxidation, current collector
corrosion is also an important factor to determine the appli-
cation of an electrolyte. Unfortunately, metal corrosion is
a serious problem for the LiFSI- and LiTFSI-containing
batteries. As the cathode current, a corroded aluminum foil
will lead to an increase in internal resistance and electronic
contact loss of active materials, which is, in turn, manifested as
decay in the rate capability and capacity.*® The common dilute
(around 1 M) amide salt-based organic electrolytes cannot form
passivation films on the surface of the aluminum foils to inhibit
the corrosion, while LiPFg can provide F~ to form insoluble AlF;
and LiF.*~° In this case, metal corrosion is highly anion
sensitive, so it is essential to investigate the behaviors of LiTFSI-
and LiFSI-based electrolytes to understand the anion effect on
the chemical properties of the electrolytes. Moreover, many
studies prove that LiTFSI- and LiFSI-based electrolytes will lose
the corrosion ability for the aluminum foil as it reaches
a certain concentration.’”® However, the corrosion ability for
other metals is seldom reported, though the metal components
in a battery that are in contact with the electrolyte are many,
such as the Ni tab and stainless steel case. Herein, the corrosion
behaviors of stainless steel in LiTFSI- and LiFSI-based electro-
Iytes are studied by cyclic voltammetry analysis.

As shown in Fig. 5, stainless steel corrosion occurs at 3.65 V,
3.55Vand 3.55 Vvs. Li/Li" in LiFSI : DMC = 1 : 12, LiFSI : DMC
= 1:3 and LiFSI: DMC = 1: 1.5, respectively, indicating that
LiFSI-based electrolytes still corrode stainless steel even at high
concentrations. By comparison, electrolytes with LiTFSI : DMC
= 1:12 and LiTFSI : DMC = 1 : 3 show corrosion of stainless
steel at 3.90 V vs. Li/Li", while LITFSI/DMC (1 : 1.5) shows little
corrosion against stainless steel. This difference indicates that
the solvation sheath in high-concentration electrolytes hinders
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the property of TFSI, while showing little effect on FSI". This
may be related to their difference in the bonding strength with
Li" cations. LiFSI- and LiTFSI-based electrolytes have different
corrosion characteristics for different metals, which limits the
wide applications of new electrolytes such as super-
concentrated electrolytes and affects the material selection
and structural design of these batteries.

To verify the performances in advanced LIB performances,
the localized concentrated electrolytes (LiTFSI : DMC : HFRE =
1:1.5:1.5 and LiFSI: DMC:HFRE = 1:1.5:1.5), super-
concentrated electrolytes (LiTFSI: DMC = 1:1.5 and LiF-
SI: DMC = 1:1.5) and traditional 1 M LiPF4 in EC : DMC =
1:1 are compared using NCM622|Li half-cells. The rate capa-
bility (Fig. 6a and b) and cyclability (Fig. 6¢c and d) are inten-
sively studied at 25 °C. 0.5C cycling tests at a normal
temperature (25 °C) (Fig. 6a and d) are carried out with the cut-
off voltage of 3 V and 4.5 V. Fig. 6a and b shows that the
reversible capacity of NCM622 varies with electrolytes. To be
specific, 1 M LiPF¢ in EC : DMC = 1 : 1 electrolytes delivers the
lowest capacity, even at 0.1C-rate, and the differences in
capacity increase with the increase in C-rate. The capacity
retention is only 35% at 5C-rate, while compared with that at
0.1C-rate. Both LiFSI- and LiTFSI-based super-concentrated
electrolytes and localized concentrated electrolytes deliver
higher reversible capacity and higher capacity retention at
a high C-rate, compared to 1 M LiPFs-based electrolytes. Rela-
tively, LiFSI-based electrolytes are superior to LiTFSI-based
electrolytes, though the differences are very small. The local-
ized concentrated electrolytes and the super-concentrated
electrolytes show very close performance under low-rate
conditions, for either LiFSI- or LiTFSI-based electrolytes.
However, under high-rate conditions (5C), the localized
concentrated electrolytes had better cycle performance. Specif-
ically, LiTFSI:DMC: HFRE = 1:1.5:1.5 shows a capacity
retention of 67% at 5C-rate. The lower viscosity and higher ionic
conductivity of the localized concentrated electrolytes
contribute to better wettability with a separator and a porous
electrode and fast cation transference between the cathode and
the anode, which are essential for high utility of the active
materials under high-rate conditions.

In long-term cyclability, the cell using 1 M LiPF¢-based
electrolytes fades rapidly, and the capacity retention is only 64%
at 100th cycle (Table S41). Both LiFSI- and LiTFSI-based
concentrated electrolytes show better cyclability than 1 M
LiPFg-based electrolytes, and the capacity retention of LiFSI-
based super-concentrated electrolytes is higher (89.7% at
100th cycle, Table S4f) than that of LiTFSI-based super-
concentrated electrolytes. For the localized concentrated elec-
trolytes, they are also superior to 1 M LiPFs-based electrolytes,
and LiFSI-based electrolytes are better than LiTFSI-based elec-
trolytes. Considering that the anode is a thick lithium metal, the
fading capacity may mainly indicate the fading of the NCM622
material at a high charging potential (4.5 V vs. Li/Li"). This
proves that FSI™ facilitates more stable CEI formation when
compared to TFSI” and PFg .
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Conclusions

In this study, LiFSI- and LiTFSI-based electrolytes were investi-
gated in terms of solvent structure, physicochemical properties
and electrochemical performances to understand the anion
effects on the performances of electrolytes. The differences in
ionic polarizability and size between FSI™ and TFSI™ result in
different interaction strengths with Li" cations, and non-solvent
and charge distribution, leading to different physical and
chemical behaviours under the same condition. FSI" ions are
more active in participating in Li" solvation, reduction and
oxidation than TFSI". This makes it superior in forming effec-
tive SEI and CEI layers, indicative of good cycling stability. In
addition, the smaller FSI™ anion endows better cation mobility,
indicative of good rate performance. The active FSI", however,
is also the cause for severe metal corrosion and poor thermal
stability, which may lead to safety issues of lithium ion
batteries. In general, anions may show great effect on the
solvation sheath of Li* cations, as well as the solvation structure
and the solution structure. Their tuneable ionic polarizability,
symmetry, size and composition provide many possibilities for
tailoring the performances of the electrolytes.
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