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The ion-solvent and ion-ion interactions, oxidative electrochemical stabilities, and ionic mobilities of a series of lithium salt
electrolytes with commonly used electrolyte solvents, propylene carbdR&@eand dimethyl carbonatéDMC), have been
studied using*C nuclear magnetric resonan@®MR) spectroscopy, cyclic voltammet(ZV), and ionic conductivity measure-
ments. The coordinating ability of PC toward lithium salts is significantly higher than that of DMC as shown by the relatively large
deshielding of the carbonyl carbon of PC over that of DMC. We have also prepared a novel electrolyte, lithiuntttéfteekis
romethanesulfonajgallate[ LiGa(OTf),], and investigated its relative binding to PC B{& NMR spectroscopy. The latter salt
showed significant deshielding of the carbonyl carbon of PC compared to the other salts studied, including the conventjonal LiPF
However, its conductivity is not enhanced to the same extent and is comparable to that gf THBFCVs show their relative
stabilities toward oxidation around 4.5V and reduction close to lithium potentials. All electrolytes studied here have good
electrochemical stability from 0.1 to 5.0 ¥&. Li*/Li, and are suitable for applications in lithium-ion cells.
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Lithium-ion batteries developed for commercial and aerospaceof the solvents and type of lithium electrolyte salt emplo%m
applications most commonly employ nonaqueous electrolyte solugeneral, the higher the dielectric constant and coordinating ability of
tions consisting of lithium hexafluorophosphate, LiP#fissolved in  the solvent to lithium ions, the higher the resulting conductivity of
mixtures of cyclic and linear carbonates, including ethylene carbon-the electrolyte. Desirable solvents possessing these attributes are
ate (EC), propylene carbonatéC), dimethyl carbonatéDMC), di- often plagued by high viscosity, such as with PC and EC, so that low
ethyl carbonatdDEC), and ethyl methyl carbonat&MC).1 0 Al- viscosity cosolvents are required to increase conductivity, especially
though LiPR-based electrolyte formulations generally provide atlow temperatures. The lithium ion coordinating ability of solvents
highly conductive and electrochemically stable solutions, which leadis dependent on their polarity, dielectric constémt permittivity),
to good cell performance, there is continued interest to identify al-and electron donating abilitythe Lewis basicity. The relative
ternate lithium electrolyte salts that possess greater high temperaturstrengths of various Lewis bases are often expressed by Gutmann’s
resilience and are less expensi\]/@fsln addition to LiPF;, the elec-  donor numbers, which are derived from the enthalpy of complex-
trochemical properties of a number of lithium salts have been inves-ation of the solvents with a strong Lewis acid, S@E‘fl
tigated within the context of nonaqueous lithium-based rechargeable Nuclear magnetic resonan@MR) techniques have been useful
batteries, including lithium perchloratéLiClO,),*" lithium tet- in probing the characteristics of the solvent coordination spheres
rafluoroborate(LiBF 5),***® lithium hexafluoroarsenatéLiAsFg), surrounding solvated ions and degree of ion pairing. Matsubara and
lithium triflate (LIOSO,CFs; LiOTf), lithium bis(trifluoromethane-  co-workers have performed®C NMR spectroscopy studies and
sulfonyhimide [LiN (SO,CFs),; LiTFSI],* lithium bis(pentafluoro-  have elucidated the coordination of the lithium ions to the carbony!
ethanesulfonylmide [LiN (SO,CF,CFs),; LIBETI], lithium trifluo- ~ groups of the carbonate-based solvéntShey have estimated an
rotris(perfluoroethylphosphate [LiPFg(CF20F3)3],18 lithium average coordination number of four for the lithium ions in the
bis(oxalatgborate[ LiB (C,0,),],**?* lithium (malonato oxalatibo- mixed solvents which included esters, carbonates, and amides. Co-
rate [LiB(C304)2],23 lithium_ tris(trifluoromethanesulfonyinethide ordination of Li* ions in solvents such as _PC and EC is achlevgd
[LiC(SOzCFg)g],24 as well as, a number of other fluoroalkyl sul- _through the carbonyl groups, as reflected in the enhancgd deshield-
fonate and imide salf®? To date, none of these electrolyte salts N9 Of the carbonyl carbons in tHéC NMR spectra. By using gra-
have supplanted the widespread use of Lj®lEe to one or more d!ent f!eld_NMF_z and conductivity studles_lt was shoyvn that 1 M
shortcomings preventing their adoption, such as poor safety due t&/BF4 is dissociated to an extent of 30% in PC solutidhet was
toxicity or explosion, high cost, poor electrochemical stability- also shown that about 1.8 PC molecules are coordinated to each of
cluding SEI forming characteristicsand/or low conductivity. In the ~ the Li* ions at relatively high concentratioris. _ _
present study, we have investigated a series of electrolyte salts: It has been recently shown that the fluorine-19 chemical shifts,
LiPFg, LiBF, LIOSO,CF; LIN(SO,CF3), LIN(SO,CF,CF;),, 3%, of the LiBF, solutions are correlated with the dielectric con-
LIOSO,C,Fy, and LiGAOSO,CFs), [lithium tetrakigtrifluoro- stants and dipole moments of the solvetttas the polarities of the
methanesulfonajgallate, LiG&OTf),], in an attempt to enhance s%l)vents,. as indicated by theirand . (D) values, are increased the
our understanding of their relative coordinating ability with non- 9 F of LIBF, are shifted to relatively lower fields. Thus, th&F of
aqueous solvents. LiBF4in PC(-151.8 is 0.49 ppm more deshielded than that of the

Due to ion-ion and ion-solvent interactions, the conductivity of corresponding solution in DM(CBlgF =-156.1.
lithium-based nonaqueous electrolytes is dependent upon the nature Salt dissociation and subsequent ion segregation are also depen-

dent on the Lewis acidic nature of the anions. We have envisioned
that the lithium salts derived from stronger conjugate acids should
* Electrochemical Society Active Member. be relatively more dissociated in the carbonate solvents, as com-
2 E-mail: preddy@umr.edu pared to those derived from the weaker conjugate acids. Thus, the
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degree of ion-pairingcontact ion pairsvs. solvent-separated ion Table I. *C NMR Deshielding values (A8'C) of the carbonyl
pairg should be directly related to the strengths of the corresponding group of PC for various lithium salt supporting electrolytes.
conjugate acids. Further, lowering the ion-pairing should improve

the ion-conductivity of the salt. Here we report the results of ionic | jthium salt in (0.1 M in PC/DMC (1:1 Vi) (A31C)?
conductivity, cyclic voltammetryCV), and*C NMR spectroscopic

study of carbonate-based electrolytes involving a wide range of t:g_la_E(OTf)“ 8'123?

lithium salts, with differing Lewis acidities. LiPF 012
6 .

Experimental 0.68

. . .. LIN(SOCF,CF;), 0.12

Battery grade PC and DMC were obtained from Mitsubishi LiN (SO,CFa), 0.12

Chemicals, Inc(less than 30 ppm water contgnénd used as re- LiBF, 0.12

ceived. All manipulations of the solvents and the electrolyte solu- | joso,c,F, 0.11

tions were performed in an inert atmosphere dry box under argon.

The 3C NMR spectra were recorded for neat samples of the salt *A8*°C =[8%°C PCA - Li* - 3*%C PC].

solutions on a Bruker 500 MHz instrument at 125 MHz, using in- 1.0 M in PC/DMC 1:1 viv.

ternal acetonecapillary. The chemical shifts are referenced with

respect to the carbonyl carbon of acetoge@C 206. The spe-

cific conductivities of the electrolyte solutions prepared were mea-compared with linear aliphatic carbonates, such as DMC. We have
sured over the temperature range of ~50 to 30°C using a conducndeed observed that in this binary solvent mixture, &€ of the
tivity cell, which consists of two platinized platinum electrodes ppc carbonyl group is relatively unaffectdchaximum shift up to
immobilized in a glass apparatus and separated by a fixed distance, 02 ppm for all the lithium salts studigdwhereas the carbonyl
The cell constant of the conductivity cell was determined using acarhon of PC is significantly deshield¢d.11 to 0.68 ppm:; Table |
standard 0.1 M KCl solution. A Tenney environmental chamber was Fig. 2. We have also observed that the'°C of the carbony

used to maintain the desired temperature within +1°C for the cellsc4-hon of PC is dependent on the concentration of the lithium salts.
LiGa(OTf), was prepared by the reaction of @rf); with LIOTf (15 3 0.1 M solution of LiPEshowed a downfield shift of the
1:1 mol ratig in anhydrous acetonitrile. Evaporation of the solvent carbonyl carbor{A813C) by 0.12 ppm whereas in the presence of
gave LIGAOTf), as a colorless crystalline solid. 1 M LiPFg, the corresponding\813c is 0.68. These results are in
Results and Discussion accordance with those of Matsubara and co-wofReaad indicate

The most commonly used solvents for liquid or gel-polymer
lithium-ion batteries are binary or ternary mixtures of EC,
PC, DMC, DEC, and EMC. We have chosen a 1:1 solvent mixture
(viv %) of PC and DMC in our current®C NMR and ionic- A
conductivity studies of the electrolyte solutions. We have selected &
number of commonly used lithium salts for our studies, including: 30\[(201
(@) lithium triflate (LIOSO,CF; or LiOTf), (b) lithium hexafluoro-
phosphate LiPFg), (c) lithium bis(pentafluoroethanesulfonihide 1 2
[LiN (SO,CF,CF3),, or LIBETI] (d) lithium bis(trifluoromethane-
sulfonylimide [LiN(SO,CF;), or LiTFSI], (e) lithium tetrafluo-
roborate (LiBF,), and (f) lithium nonafluorobutanesulfonate
(LIOSO,C4Fg). In addition, we have also prepared lithium
tetrakigtrifluoromethanesulfonajgallate [LiGa(OSO,CF;), or
LiGa(OTf),], by reaction of LIOTf with gallium triflate
[GAOSOCFs); or GHOTH;]* The conjugate acid of
LiGa(OTf),, HGA OTf), is expected to be a stronger acid than its
boron analogue, HBOTf),, which can be used in the generation of — ” : : : :
superelectrophilic specié&.Thus LiGAOTf), salt is derived from " * e
one of the strongest superacids. Lithium triflate, similarly is derived
from triflic acid, a superacidHy = —14). LIBETI and LiTFSI are
also derived from the corresponding sulfonic acids which have simi-
lar acidities as that of triflic acid. The conjugate acids of Lig#nd
LiPFg-HBF, and HPR-are expected to be strong superacids. Unfor-
tunately, due to their complicated equilibria, their acidities could not
be measured in nonaqueous systems.

74078
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13C NMR spectroscopic results-The ion-pairing effect of the
lithium salts is expected to correlate with the acidity of their corre-
sponding conjugate acids. Thus, the weaker the basicity of the aniol
the less the ion-pairing of the lithium salt. The basicity of the anion
in turn depends on its polarizability and the delocalization of the
charge. Based on earlier work, it should be possible to measure th
relative ion-pairing(i.e., contact ion pairvs. solvent separated ion
pair§ of the salts in the electrolytic media by usifdC NMR
spectroscopy”***" The dielectric constant and dipole moment of : ‘
PC(62.9 and 4.98, respectivelgre significantly higher than that of ph e = T ‘ o
DMC (3.17 and 1.06, respective)|§/9 indicating that the lithium ions
preferentially complex with PC over DMC. In addition, RGonor Figure 1. 3C NMR spectra of solutions of PC and DMT:1 vAV) in (A) the
number = 15.1is anticipated to be a slightly stronger Lewis base absence of added salt af@) in the presence of 0.1 M LiGOTf),.
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that rapid equilibration of lithium ions occurs between complexed 10
and uncomplexed salts. The relatively small chemical shift differ-
ences observed in this study are as a result of low concentration o
the lithium salts. The complexation of the lithium cation to the car- _
bonyl oxygen was also demonstrated for PEO-based gel polymeg
(2]
E
2
Li*/X £ 04
. Q B—
L Li 3
o fo) e c ., A —+ 0.10M LiPF6
o 8 D/ /\ B —— 0.10 M LiN(SO2CF2CF3)2
5 + I o E G C —e 0.10 M LiN(SO2CF3)2
Lit/x (SSIP) S o001 D -= 0.10 M LiOTf
Q Y 0 Q E —« 0.10M LiGa(OTH)4
é*—,: I l—— F—»e F « 010M LiBF4
G —+ 0.10 M LiOSO2C4F9
Li*X" (CIP)
CHs CH, CH, 0.001
-60 -50 -40 -30 -20 -10 0 10 20 30
1-Li* Temperature (C)
Scheme 1. Figure 2. lonic conductivity of various electrolytes dissolved in solutions of

PC+DMC (1:1 VvA%: (A) LiPFs, (B) LIN(SO,CF,CFy), (C)
LIN(SO,CFy), (D) LiOTf, (E) LiGa(OTf, (F) LiBF, and (G)

electrolytes(see Scheme)£¢3’ LIOSO,C4Fs.

We have examined thEC NMR spectra of the PC/DMC solu-
tions in the presence of the following lithium salts: Li@&If),,
LiOTf, LiPFg LIN(SO,CF,CF3),, LIN(SO,CF;),, LiBF, and might be expected for the LiG®Tf), electrolyte based on its de-
LIOSO,C,F. In the case of LiGEOTT),, the carbonyl group of PC  creased ion pairing effect, as determined from 1@ NMR data,

showed significantly deshielded absorptiak6*3C = 0.3; Fig. 2.  there may be other factors that determine ionic mobiktg, vis-
All of the other salts showed relatively smaller deshielded absorp-cosity of the medium, size of the mobile ions of both charges, and
tions for the carbonyl group of P@&3C = 0.1; Table ). Unfortu-  their solvated sheaths. In fact, the mobility of the coordinated anions

nately, due to the relatively small downfield shift for these salts, contributes significantly to the overall conductivity, as is supported
their relative ion-pairing effects could not be distinguished'#g by the fact that generally low lithium ion transference numbers have
NMR. However, the downfield shift of LiG®Tf), is distinctly ~ P€en measured in liquid organic electroly®ghus, the conductiv-
higher than those of the others. These results show that the degree Y, "€Sults obtainedTable 1) reflect not only the dissociative prop-

ion-pairing in LIGAOTH), is relatively smaller as compared to the erties of the electrolyte salt, but also the mobility of the coordinated

. A . L ; anion in solution.
other salts which have similar ion-pair characteristics. This observa-

tion is also in accord with the expected superior superacidity of the CV results—CV measurements have been performed, using Pt
corresponding conjugate acid H@Tf),. working electrodes, to determine the oxidative and reductive stabil-
. . . o ity of the solutions containing the various electrolyte salts described.
lonic conductivity results—The ionic conductivities of these Gers have also investigated the relative stability of electrolyte so-
electrolytes were measured over a range of temperatures, dgiions containing different salts, usually with the intention of estab-
shown in Fig. 2 and summarized in Table Il. When the results jighing “preakdown” voltage&®*! It has been shown that Pt is a
were compared at ambient temperature, the following trendgegiraple electrode to perform these studies, due to the fact that there
was observed in decreasing specific conductivity: IPF 416 ng interfering reactions involving Pt, the electrolyte reactions are
> LIN(SO,CR,CFy); > LIN(SO,CR;y), > LiGa(OTh)y > LIOTF  faify facile, and the results generally display proper diffusion con-
> LiBF4 > LIOSO,C4F,. At lower temperatures, this same trend is  trolled kinetic behavior in solution&. CV measurements were made
maintained, most likely dgg to the fact that viscosity effects contr!b- in the potential range down to 0.1 ¥&. Li, (Fig. 3, to assess the
uted by the anion are minimized due to the low salt concentrationcathodic stability of the electrolyte formulations at reducing
(0.10 M). These results are in good agreement with the findingspotentials, i.e., potentials corresponding to lithium intercalation
reported by other groups, in that the LiPBased electrolyte yields into carbon anodes. Traditionally, more work has been focused in
the most highly conducting soluticf.The ionic conductivity of the  investigating the anodic stability of anions and solvents in contrast
electrolyte containing LiG@Tf), is somewhat lower than the to establishing the cathodic stability of formulations, due to the
LiPFg-based solution. However, it is comparable with those of the contention that the electrolyte salt stability close to lithium poten-
other salts, such as LiOTf and LiBFAlthough higher conductivity  tials is most often governed by the reduction of the cation, with no

Table II. lonic-conductivities (mS/cm) of 0.10 M PC/DMC-LiX electrolytes.

Temperature®C) LiPFq LiN (SO,CF,CF), LiN (SO,CF), LiGa(OTf), LiOTf LiBF , LIOSO,C,Fo

25 2.73 2.22 1.93 1.11 1.09 0.98 0.90

10 2.13 1.75 1.43 0.87 0.85 0.73 0.67

0 1.75 1.44 1.14 0.68 0.70 0.58 0.54

-10 1.40 1.14 0.88 0.56 0.45 0.41
-20 1.06 0.88 0.65 0.40 0.43 0.33 0.30

-30 0.52 0.46 0.30 0.23 0.23 0.17

-40 0.25 0.21 0.14 0.11 0.12 0.08 0.08

-50 0.10 0.09 0.06 0.02 0.03 0.00 0.02
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Figure 3. CV measurements, performed over a voltage range of
0.10 to 4.00 V, of various electrolytes dissolved in solutions of PC + DMC
(1:1 viv%) including: (A) LiOTf, (B) LIOSO,C4Fg, (C) LIN(SO,CF;),,

(D) LiBF,, (E) LIN(SO,CF,CF3),, (F) LiPFg, and(G) LiGa(OTf),.

Figure 4. CV measurements, performed over a voltage range of
1.0 to 5.0 V, of various electrolytes dissolved in solutions of PC + DMC
(1:1 viv%9), including: (A) LiOTf, (B) LIOSO,C,Fy, (C) LIN(SO,CF;),, (D)
LiBF,, (E) LIN (SO,CF,CFs),, (F) LiPFg, and(G) LiGa(OTf),.

contribution from aniorf> The observation of distinct differences in
the cathodic stability of the formulationd=ig. 3) suggests that mined to be less stablé® Based upon linear sweep voltammetry
decomposition of the solvent species is occurring, which is influ-andab initio molecular orbital and density functional theories, Ue
enced by the coordinative properties of the electrolyte salt. The reand co-workers have concluded the inorganic fluorine-containing
ductive currents observed with the electrolytes investigdtzda anions are more resistant against oxidation than their organic
compared on the fifth scan using a 10 mV/s scan) displayed the  counterpart§! Although the results we have obtained are generally
following trend in decreasing stabilifhigher currentwith respect  in good agreement with Ue’s findings, the discrepancy regarding the
to salt type: LiPk = LiGa(OTf), > LIN(SO,CF,CF;), > LiBF, imide anion ranking in stability may arise from the fact that these
> LiN(SO,CF3), > LiIOSO,C,Fq > LiOTf (Fig. 3. Definitive as-  measurements were performed on different working electrodes
signment of decomposition reactions to particular peaks observed ifPlatinum instead of GLand a definitive breakdown voltage assign-
the voltammagrams is difficult and complicated by the fact that theyment was difficult due to faster scan rates adopted here. Similar to
are not only determined by thermodynamic factors, but also by ki-the scans at reductive potentials, it is difficult to assign peaks ob-
netic factors including the electrode surface, scan rate, and concerserved definitively to particular reactions/processes, with the excep-
tration of the species in solutidfi.ldeally, the conclusions drawn tion of the peak at~2.6 V vs. Li* observed in the case of the
from CV studies should be complemented by other analytical charLiPFg-based electrolyte that has been ascribed to water present in
acterization techniques. For example, voltammetry studies havéhis electrolyte sample. Presumably, due to poor kinetics of water
been performed by Aurbach and co-workers in conjunction with reduction in the LiG&OTf), salt solutions, there is a shift in its
other technique$including infrared spectroscopy and X-ray photo- potential to higher values, as the potential is retraced from high
electron spectroscopyn LiClO, in propylene carbonate using Au positive values, compared to previous scans at low potentials. As
noble metal electrodes and have led to the following peak assignshown for solutions of various electrolyte salts in EC + DEC and
ments of the irreversible processes: solvent oxidation was ascribe&C + DMC® it is probable that the onset potentials for these solu-
to peaks arising>3.5 V (vs. Li/Li*), trace oxygen reduction at tions start at potentials significantly lower than 4.0v§. Li/Li*,
~2.0V (vs. Li/lLi*), trace water reduction in the range of corresponding to some measurable current. However, it is not until
1.5 to 2.5 V(vs.Li/Li *), and solvent and/or salt reduction at poten- reaching potentials greater than 4.0/¥.Li/Li * that significant sol-
tials below 1.5 V(vs. Li/Li *).***® Given these assignments, it is vent oxidation occurs, leading to the likely formation of primarily
likely that the electrolyte solution containing the Li(@irf), salt CO,, CH30OCO,CH,0CO,CH;, CH3OCO,CH,CH,OCO,CHg,
contains trace amounts of water and dissolved oxygen, correspondnd propylene oxide, which in turn can react to form other
ing to the cathodic peaks at1.7 V and~2.2 (vs.Li/Li *), respec-  products.™
tively. Despite these peaks arising out of trace contamination from Note that even though solvent oxidation begins at potentials
water, the LiG&OTT), salt interestingly exhibits low reduction cur- lower than 4 Vvs.Li on Pt electrodes, it may be hindered notice-
rents, lower than most of the salts examined here, at potentials beably on the metal oxide cathode, as evidenced by successful opera-
low 1V vs. Li/Li* implying that the SEI formed here provides tion (_)f a Li-ion cv_sll with high _voltage me_tal oxide cat_hode in these
better kinetic stability to thégraphitio anodes. solution formulations. Accordingly, the LiG&Tf), salt is expected

In addition to assessing the stability of the electrolytes with re-t0 be kinetically stable against high voltage cathodes in Li-ion
spect to reducing potentials, the electrolyte solutions were meabatteries.
sured in the potential range of 1.0 to 5.0%. Li*/Li to deter-
mine the anodic stability at oxidative potenti@l&g. 4). The oxida-
tive currents observed with the electrolytes investigated displayed We have investigated the conductivity alit NMR character-
the following trend in decreasing stabilithigher current with re- istics of a number of carbonate-based electrolytes, involving a vari-
spect to salt type: LINSO,CF,CF3), = LiGa(OTf), > LiBF, ety of lithium salts: PC/DMC-LiX. It was shown b{’C NMR spec-
> LIN(SO,CF3), > LiPFg > LIOSO,CyFg > LIOTF  (Fig. 4. troscopy that the PC/DMC-LIG®Tf), exhibits decreased ion-
These results are generally in good agreement with studies peipairing behavior as compared to the other salts. In contrast, the ion
formed by Ue and co-workers, in which the oxidation potentials of pairing effect of the other lithium salts is similar. The conductivity
several anions in PC have been measured using a glassy carb@i LiGa(OTf), unexpectedly is smaller than that of LiPBEnd of
(GO) electrode(with the exception of the imides which were deter- comparable value to that of LiBFFurther studies on the effect of

Conclusions



A298

the counteranions on the conductivity and redox potentials of liquid

and polymer electrolytes are currently in progress in our Iaboratory;;' TR Jow, M. S. Ding, K. Xu, S. 5. Zhang, J. L. Allen, K. Amine, and G. L
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