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Six lithium salts of tris- and tetrakipolyfluoroalkoxyaluminate superweak anions have been studied for their potential use as
battery electrolytes. Four of the six are based on the formula(OBR(CF;),), (R = H, Me, CF;, Ph); the other two are
LiAl (OCH,CR;), and LIAIF(OCPHCFs;),)5. The thermally stable electrolytes LI®CH(CF;),), and LIA(OCPHCR;),) , were

not oxidized at potentials less than or equal to 5.0sVLi /° in dimethoxyethan€éDME) or in 50:50% ethylene carbonate:dim-
ethylcarbonate(EC:DMC). The LiAI(OCH(CR,),), electrolyte was not reduced at O Vs. Li* in DME. Neither

LiAl (OCH(CF;),), nor LiAI(OCPHCF,),), promoted the corrosion of aluminum at 5.0 ¥. Li™. The electrolyte

LiAl (OCH(CF;),), underwent efficient, reversible reductive intercalation of wiith MCMB carbon or LiCoQ electrodes over

the potential ranges 0-2 and 2.4-4.8 V, respectiwedyl.i /%, but did not react in any other way with these electrode materials. The
conductivities of some of the LIADR;), electrolytes in DME or in EC:DMC were high enough for them to be considered as
potential replacements for LiRFn primary and secondary lithium batteries.
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We recently reported the conductivity and electrochemical be-  LiAIF(HFPP);—To a solution of HHFPPB (70.0 g, 287 mmol
havior of lithium salts of new bigolyfluorodiolatgborates such as in toluene(150 mL) was added LiAlH (2.7 g, 71.1 mmolat room
B(OC(2-0-GH,)(CFs)2); .* These salts satisfied a number of re- temperature. This mixture was stirred under reflux for 4 h. Heat was
quirements as potential replacements for LR nonagqueous pri-  removed, and crystals formed upon cooling to room temperature.
mary and secc.)ndaryilithium batteri%‘%Ag far as electrolytes are These were isolated by filtration and washed with hexane. Toluene
concerned, suitable lithium salts must b readily available at a (600 mL) was then added, the resulting suspension filtered, and the
reasonable costji() highly conductive in solutioi=5 mS cni?), filtrate cooled to—40°C. The crystals that formed were collected by
(iii') thermally more stable than LiBFwhich decomposes at tem- filtration and dried under vacuum to yield LIAIRFPP), as a white
peratures well below 100°C in the solid state and in soluetib(i,u) powder. Yield 13.1 g24% based on LiAl). *H NMR (CgzDg) &
electrochemically stable in a suitable solvent when in contact with7 68 (m, 6 H), 7.06 (m, 9 H). F NMR (C4Dg) & —75.9(s). The
commonly used anodes and cathodes, arjdnfust not cause sig-  fluorine atom attached to the aluminum atom was not observed in
nificant corrosion of aluminum current collectors at high positive ¢ 19 NMR spectrum, presumably because of quadrupolar broad-
potentla_ls. R ening by?’Al. Low resolution mass spectrufmegative ion electro-

In this paper we report a parallel study of six lithium salts of spray, CHCN solution m/z 7749 ((M-Li): calcd. for
polyfluoroalkoxyaluminates. W2 and otherS have reported ~SPraY: CHCN : : :
the synthesis and properties of a series of lithium s?lts of CaH1sAIF 1605, m/z 775.0.
superweak (ie, ~extremely  weakly _coordinating™) LIA(TFE), - 0.LDME—The fluoroalcohol HTFE) (1.6 kg, 16
tgtraklipolyfluoroalkoxy aluminate anions. The first example, mol) was added with stirring to LiAlkj (38 g, 1 ma) at room
LAl ((132C(Ph)(CF3)2)4(L'Al (HFPP)), was reported by us in temperature. The exothermic reaction heated the reaction mixture to
1996:© One of the salts we previously synthesized, ., L :

h . 8 - 80°C. After 6 h of stirring, all volatiles were removed under
LIAI (OCH(CF;),) 4(LIAI (HFIP),),* has recenty been studied as a vacuum, leaving a white solid. The solid was dissolved in DME
component of a nano-composite electrofffte. T . .' " . '

forming a cloudy mixture which was filtered to remove insoluble
material. The solvent was removed from the clear, colorless filtrate
) under vacuum, and the white solid that remained was dried under
Experimental vacuum at 60°C for 24 h. Yield 440 @1% based on LiAlL). *H

Materials—All syntheses, manipulations, and measurementsNMR (CD3;CN) 8 3.98(s, 8 H), 3.30(s, OCH), 3.46 (s, OCH).
were done under an inert atmosphere of purified argon or heliumt®F NMR (CD;CN) 3 —76.9 (s). The *H NMR spectrum demon-
using Schlenk, glovebox, or high-vacuum techniq’(?eﬁattery strated that the Li:DME molar ratio was 10:1.
grade dimethoxyethan®ME), ethylene carbonatdC), propylene
carbonate(PC), and dimethyl carbonatéDMC) were stored in a |
glovebox and used as received from Mitsubishi Chemical. The fluo-Ng & JEOL AL-400 spectrorPeter._ E)lSC measurements were made
roalcohols HOCHCF; (H(TFE), Aldrich) and HOCPKCFs), (H(H- using a.Rlllgaku DSC823(r0 C min -~ heating rqt)z EI.ectrontlc
FPP, Central Glasswere dried wih 4 A molecular sieves. The ~conductivities were measured in an argon- or helium-filled glovebox
compounds LiAlH (Aldrich) and LiPF; (Central Glasswere used &t 24+ 1°C using either a Kyoto Electronics Model K-111 conduc-
as received. MCMB carbofOsaka Gas Chemicaland LiCog,  tivity cell (k = 0.9878 cm) and a Kyoto Electronics Model CM-
(Nippon Chemical were used as received. The electrolytes 115 conductivity bridge operated at 1.2 KHz or a YSI Model 3403
LiAl (|—||:||:>)4,8 LIAl (OC(CH5)(CFs),)s  (LiAl (HFTB)4),1O'13 conductivity cell ¢ = 0.9988 cm') and a YSI model 32 conduc-
LiAl (HFPP),,*?2 and LiAI(OC(CF;)3), (LIAl (PFTB),)'%'® were tivity bridge operated at 1 KHz. Measurements for the same com-
prepared as described in the literature. pounds taken in Japan and in Fort Collins agreed to within experi-

mental error, which were generally2%. All of the lithium salts
were anhydrous as determined ty NMR spectroscopy. Solutions
* Electrochemical Society Active Member. of them were prepared in volumetric flasks in the glovebox. Al-
2 E-mail: strauss@lamar.colostate.edu though fixed-frequency conductivity measurements may differ by as

Apparatus and measuremertsNMR spectra were recorded us-
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Table I. Thermal and electochemical stabilities and maximum conductivities of LiPE and LiAIF ,(ORg),_, electrolytes.

Compound Thermal E, o for negligible
abbreviation decomposition E,, (solvent, conc.) O max (solvent, conc.) aluminum corrosion
alkoxide structure temperature (V vs. Lit%) (mS cm™Y) (EC:DMC, V vs. Lit/0®
LiPF¢ 40°C (solid)® >5,0 (EC:DMC, 1.0 M) 5.3 (DME, 0.3 M)d >50V

70°C (EC:DMC) 3.0 (DME, 0.2 M)®

1.3 (DME, 0.1 M)®
11,5 (EC:DMC, 1 M)

5.8 (PC, 1 M)
LiAl(OCH(CF;),), 100°C (solid) >5.2 (DME, 0.1 M) 11.2 (DME, 0.5 M) >50V
LiAI(HFIP), >100°C (EC:DMC) >5.0 (EC:DMC, 0.5 M) 6.2 (DME, 0.2 M)
o 3.2 (DME, 0.1 M)
G, 6.3 (EC:DMC, 0.6 M)
H 1 CF3
CF, 3.4 (PC, 0.6 M)
LiAI(OCPh(CF;)2)4 100°C (solid) >5.2 (DME, 0.1 M) 4.2 (DME, 0.3 M)
LiAl(HFPP), >100°C (EC:DMC) >5.0 (EC:DMC, 0.3 M) 3.5 (DME, 0.2 M)*
o 2.1 (DME, 0.1 M) >50V
©/C‘\CF3 3.2 (EC:DMC, 0.3 M)
CF,
LiAI(OC(CF;)5), 64 (DME, 0.2 M)*
LiAl(PFTB), 3.6 (DME, 0.1 M)*
o
C-
FaC” Cry®
LiAI(OC(CH;,)(CF3)2), 9.6 (DME, 0.5 M)
LiAI(HFTB), 6.2 (DME, 0.2 M)!
' 34 (DME, 0.1 M)
~CF.
Hl’C/qcF3 ¢
LiAIF(OCPh(CF;),); >80°C (solid) 2.6 (DME, 0.5 M)
LiAIF(HFPP), 1.3 (DME, 0.2 M)®
o 0.5 (DME, 0.1 M)
L
CF,
LiAl(OCH,CF;), >60°C (solid) 5.4 (DME, 0.8 M)
LiAl(TFE), 1.6 (DME, 0.2 M)*
o 0.6 (DME, 0.1 M)*
HCrs

2All data from this work unless otherwise noted. Abbreviations: HEIRDCH(CF,),; HFTB = OC(CH,)(CF;),; HFPP= OCPHKCF;),; PFTB
= OC(CR)j;; TFE = OCH,CF;; DME, 1,2-dimethoxyethane; EC:DMC, 50:50 mol % ethylene carbonate:dimethylcarbonate; PC, 1,2-propylene
carbonate; E, potential at which the aluminate anion is oxidized in the indicated solept;, maximum conductivity in the solvent and at the
concentratior(conc) indicated in parentheses.

b Duration of experiment was 1 h.

¢ From Ref. 6.

9The conductivity values in italics do not represent maximum conductivities.

much as 10% from variable-frequency complex impedance mea- Results and Discussion
surements, the relative conductivities of the new salts, an important . - .
issue in this work, differ by as much as four times the lowest value. _Minimum thermal stabilities—Table | lists the formulas, abbre-
Voltammetric and chronoamperometric experiments were performed/ations, and structures of the six electrolytes we have studied. In
at 24+ 1°C in the glovebox using an ALS Model 600 electro- addition, our results for LiPFhave been added for comparison.
chemical analyzer. The glassy carbon working elect(@d&08 cn? DSC experiments revealed that two of the aluminate salts,
was polished with alumina, rinsed and sonicated with distilled water,LiAl (HFIP), and LiAI(HFPP),, undergo thermal decomposition at
and dried before each use. The aluminum working electrodest00°C, significantly higher than the 40°C thermal decomposition
(99.997%, 2.0 cf) were cleaned and dried before use. A new alu- point of solid LiPl—‘e.6 In addition, when ethylene carbonate:di-
minum electrode was used for each experiment. The counter anfethyl carbonat¢EC:DMC) solutions of these two lithium alumi-
reference electrodes were lithium fdiHonjo Chemical, 99.9% nates were heated to 100°C for 1 day, the room temperature conduc-
The MCMB carbon anode was prepared by coating a drying antivities, *°F NMR spectra, and appearan@lorless solutionswas
N-methylpyrolidoneNMP) paste containing the MCMB carbd@5 unchanged. Solutions of LiRFn EC:DMC are reported to decom-

wt %) and polyvinylidene fluoridéPVDF, 5 wt % on copper foil.  pose at 85°C.We found that an EC:DMC solution of LiRFlecom-

The LiCoQ, cathode was prepared by coating and drying an NMP posed when heated to only 70°C for 1 détye evidence for decom-
paste containing LiCo9(85 wt %) and PVDF(15 wt %) on alumi- position was a color change and the formation of a precipitslte

num foil. All voltammetric experiments were performed at a scan did not investigate the thermal stabilities of the other lithium alumi-
rate of 10 mv 1. nate salts listed in Table I.
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Figure 2. Molar conductivity vs. the square root of the concentration
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Figure 1. Molar conductivity vs. the square root of the concentration for - - Z :
DME solutions of LIA(HFIP), (HFIP~ = OCH(CF),). The lines drawn .@rcﬁgﬂﬁ da(uCaFB)ozir{t:ng:; \;SS;(;?Z;'S)(C%)Z)' The lines drawn
through the data points are a visual aid. The molecular species shown is
the [AI(HFIP),-Li-Al (HFIP),]~ triple ion in the structure of
[1-Et-3-Me-1,3-GH3N, ][ Li(AI(HFIP),),] (redrawn from Ref. 8 The un-
labeled shqded gray spheres are oxygen atoms. 'I_'he unlabeled unshaded e}ﬂg dimeric structure of LIAHFIP),, in which the A{HFIP), an-
shaded white spheres represent carbon and fluorine atoms, respectively. ions bridge the two Li ions®
The conductivity of a lithium salt of a molecular anion in a given
solvent is dependent, to varying degrees at different concentrations,
o o on (i) the coordinating and/or ion-pairing ability of the anion and
_Conductivities—The DME o 4 values for the six lithium alu- - iy the mobility of the anion, which in turn is closely correlated
minate electrolytes and for LiRFare listed in Table I, along with  jth the size of the anion. Figure 3 shows/s. DME concentration
50:50 mol % EC:DMGo 4 values for LIAHFIP),, LIAI(HFPP),  curves for five of the six lithium aluminate electrolytes in this study.
and LiPF;, and PCo a values for LIA(HFIP), and LiPR. Ao The 0.1 and 0.2 M DME> values for LIAKPFTB),, which are not
listed are 0.1 and 0.2 M DM values for the seven eleCtrolytes. shown’ are Virtua”y the same as the Correspondj-nga|ues for
Figures 1 and 2 display plots of molar conductivity) vs. the LIAl (HFIP), and LiAI(HFTB), (see Table ). Solutions of
square root of the concentration for DME solutions of LAFIP),, LiAl (PFTB), in DME more concentrated than 0.2 M could not be
LiAl (HFPP),, and LIAI(HFTB),. A similar plot (not shown was  prepared because of the limited solubility of this perfluorinated elec-
obtained for LIA(PFTB),. The shape of the plots for LIBFIP),  trolyte. It is significant that the values for LIA(HFPP), are lower
and LiAI(HFTB),4, with a local minimum inA atca.0.01 Manda at all concentrations than the correspondimg values for
local maximum inA at ca. 0.1 M, is common for electrolytes in | ja| (HFIP),, LiAl (HFTB),, or LiAl(PFTB),. Since all four an-
low-dielectric solventga similar curve for LiBf in DME has been  jons are very weakly coordinatifigive do not think that differences
reported®) and has been interpreted in terms of significant triple-ion in anion basicity or ion-pairing ability are responsible for the differ-
formation at concentrations above the local minimtiithe X-ray ence ino values. We propose that the difference is due to the
structure of the L{AI(HFIP),), inner-sphere triple idhis repro- significantly larger size, and hence significantly increased solution
duced in Fig. 1. The Li ion is coordinated to two polyfluoroalkox-  viscosity and concomitant decreased mobility, of théHKHPP);
ide oxygen atoms from each of the two(AFIP), anions. The plot  anion relative to the other three (®CR(CF;),), anions (R
in Fig. 2 for LIAI(HFPP), does not have a distinct local minimum = H, CH;, CF;). This is consistent with the fact that,,, occurs
and maximum. Nevertheless, the shape of the plot suggests thait only 0.3 M for LIAI(HFPP), instead of at 0.5 M for LIAIHFIP),
triple ions are also formed in DME solutions of this electrolyte. The and LiAI(HFTB),. It is also consistent with the observation that
lack of a local maximum for LIA[HFPP), suggests that the concen- O max for LIAI (HFIP), is 17% higher thans , for LIAl (HFTB),,
tration of Li(AI(HFPP)),), inner-sphere triple ions in DME may be which contains thegslightly) larger anion. Not surprisingly, anion
lower than for the other two lithium aluminate electrolytes. This mobility does not affect- as much at low concentrations as it does
may be due to steric hindrance of the bulky phenyl groups in theat high concentrations: the 0.05 M DMEvalues of LIA(HFIP),,
Al(HFPP), anion. In support of this hypothesis, we note that the LAl (HFTB),, and LiAI(HFPP), are very similar because their ion-
solid state structure of LIAHFPP), is monomeric? in contrast to  pairing abilities(as well as their basicitis are very similar.
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Figure 3. Conductivities of DME solutions of LIAHFIP),, LiAl (HFTB),,
LiAl (HFPP),, LIAI(TFE),, and LIAIF(HFPP), (HFIP
= OCH(CFy),; HFTB = OC(CH,)(CF;),; HFPP= OCPHCR,),; TFE
= OCH,CF;).

However, the LIA(TFE), electrolyte, which contains the small-
est of the five tetrakipolyfluoroalkoxyaluminates, also has the
lowest DME ¢ values at 0.1 to 0.4 M. The anion in this electrolyte
is electronically and sterically different than the four

Figure 4. Drawings of the structures of the monomeric structure
LiAl (HFPP), (Ref. 12, left, and the centrosymmetric dimeric structure of
LiIAIF (HFPP), (Ref. 22, right. The unlabeled shaded circles are fluorine
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Figure 5. Conductivities of 50:50 mol % EC:DMC solutions of
LiAl (HFIP),, LiAl(HFPP), and LiPR (HFIP = OCH(CF,),; HFPP
= OCPHCR;),).

Al(OCR(CR,),), anions (R= H, CHs, CF;, Ph). It has only one
CF; group per alkoxide substituent and is the smallest of the five
Al(ORr), anions. For both of these reasons, we conclude that the
AI(TFE), anion is ion-paired with Lfi to a much greater extent than
are the four AIOCR(CF;),), anions, leading to the relatively low
values. On the other hand, the small size of théTRE), anion is
responsible for the fact that continues to increase at concentrations
between 0.5 and 0.8 M, presumably because the viscosity of a 0.5 M
DME solution of LIAI(TFE), is lower than the viscosity of a 0.5 M
DME solution of either LIA[HFIP), or LIAI(HFTB),.

The LiAIF(HFPP), electrolyte is unique in that it contains a very
polar Al-F bond with a strongly coordinating fluorine atom. The
X-ray structures of LIAIHFPP),*? and LiAIF(HFPP)?? are com-
pared in Fig. 4. The latter structure contains a diamond-shapé&d Li
core involving the fluorine atoms that are bonded to the Al atoms.
One of the two Li-FAIl) bonds is 1.82() A, shorter than any of the
Li-O(Al) bonds in either structure, which range from 1.@j&o
2.0178) A. Therefore, the presence of the AI-F bond in the
AIF(HFPP), anion renders this anion much more strongly coordi-
nating (and, presumably, more strongly ion-pairinghan the
Al(HFPP), anion. This explains why the conductivity of
LiAIF (HFPP); in DME is so much lower than that of LiAHFPP),,
despite the fact that the A(AFPP); anion is smaller than
Al(HFPP), . Consistent with thisg ., for LIAIF (HFPP), while
lower thano , for LiAl (HFPP),, occurs at a higher concentration
than for LIAI(HFPP),.

atoms and the unlabeled plain circles are carbon atoms. Hydrogen atoms The 0.1, 0.2, and 0.3 M DME values for LiPF, which are also

have been omitted for clarity. HFPP= OCPHCF;); .

not shown, are lower than the corresponding values for four of the
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Figure 6. Conductivities of 0.5 M LiA(HFIP), solutions as a function of
mol % EC in EC:DMC mixtures (HFIR= OCH(CF3),).

six lithium aluminategsee Table)l We suggest that the RFRanion,
like the AIRHFPP), and A(TFE), anions, is more strongly asso-
ciated with Li" in DME than are the four ADCR(CF;),), anions.
In contrast, the EC:DMGs values for LiPk are higher than for
LiAl (HFIP), and LiAI(HFPP),, as shown in Fig. 5. This is probably

due to both the higher viscosity and the higher dielectric constant ofirodes were held at 5 Vs.Li

the EC:DMC mixture relative to DME. Nevertheless, the EC:DMC
0 max for LiAl (HFIP),, 6.3 mS cm?, is high enough for this ther-

mally stable electrolyte to be considered as a replacement fo; LiPF

in secondary lithium-ion batteries.
We investigated whether 50:50 mol % EC:DMC was the opti-
mum blend of these solvents for the LiMNFIP), electrolyte. The
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Figure 7. CVs of 0.3 M propylene carbonate solutions of L{AFIP),,
LiAl (HFPP),, and LiPF. Conditions: aluminum working electrode, lithium
foil counter and reference electrodes, 10 mV)s

between 0 and 2 Ws. Li*® (5 mV s ! scan ratg In both cases,
efficient reductive intercalation of Liwas observed. There were no
other reactions of the electrolyte with the carbon electrode. The
same was true for both electrolyte solutions when a LiCe{®c-
trode was used instead of the carbon electr@de potential range
investigated was 2.4-4.8 V. Li ™).

The lack of any tendency of LIiAHFIP), and LiAI(HFPP), to
promote the corrosion of aluminum was investigated by cyclic vol-
tammetry, chronoamperometry, and scanning electron microscopy
(SEM). CVs for these two electrolytes and for LifPH PC using an
aluminum working electrode are shown in Fig. 7. In each experi-
ment, potentials between 2 and 5w8g. Li +0 were scanned five
times. Passivation of the electrode surface was evident for all three
electrolytes during the first scan. By the fifth scan, the current den-
sity at 5 V was<2.2 wA cm™2. After the fifth scan, each aluminum
electrode was examined by SEM, and no evidence of corrdsimn
pitting) was observed. In addition, new aluminum working elec-
*0in each electrolyte solution for one
hour. Again, no pitting of any of the three electrodes was observed
by SEM.
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Electrochemical stability—The electrochemical stabilities of the
Al(HFIP), and AI(HFPP), anions were investigated using cyclic
voltammetry (CV). Negligible faradaic current was observed be-
tween 0 and 5.2 Ws. Li */° (conditions: 0.1 M Li salt in DME,
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than 5.2 V, irreversible DME oxidation, and possible anion oxida-
tion, occured. Below 0V, plating of lithium was observed. The same
results were obtained for a 0.1 M DME solution of Lif2Hn addi-
tion, a 0.5 M EC:DMC solution of LIAIHFIP), did not undergo
oxidation at potentials less than or equal to ¥&/Li /°. At poten-
tials higher than 5V, irreversible oxidation of EC, DMC, and/or the
AI(HFIP), anion occured.

Lack of reactivity with MCMB carbon, LiCoQ and alumi-
num—~CVs (not shown of EC:DMC solutions of LiIA[HFIP), (0.5
M) and LiPF (1 M) using an MCMB carbon electrode were similar
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