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LiPF;(CF,CR;) 5 from Merck KGaA(LiIFAP) was tested as a new electrolyte for Li-ion batteries that can replace the commonly
used LiPF. The latter salt is known to be unstable, to decompose thermally to LiF andaPi to readily undergo hydrolysis

with protic species to form HF contamination in solutions. The latter contamination may have a detrimental impact on the
performance of both anodes and cathodes for Li-ion batteries. Solutions comprising LiFAR, laR& LIN(SQCF,CF;),
(LIBETI) in mixtures of ethylene, dimethyl, and diethyl carbonates were tested with composite graphite ap@®/L #lectrodes.

The tools for this study included voltammetifast and slow scan ratgschronopotentiometry, impedance spectroscopy, Fourier
transform infrared, and X-ray and photoelectron spectroscopies. It was found that LiFAP is superiorgtad @tFelectrolyte for

both graphite anodes and LiM@, cathodes. This should be attributed to the different surface chemistry developed on these
electrodes when LiRfis replaced by LiFAP. An important impact of such a replacement is probably the absence of possible
pronounced HF contamination in LiFAP solutions.
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In recent years Li-ion batteries have become a commercial realcapacity fading® Nevertheless, until recently LiRFremained the
ity, and in the last few years we have seen increasing demands fdsest choice of an electrolyte for Li-ion batteries because all other
these batteries for a large variety of applicatioiée have also seen  relevant Li salts are less suitable: LiAsE poisonousbecause of
an increase in their mass production. The most common Li-ion batthe arsenik; LiClO, may be explosive, LiSGCF; in solutions have
tery systems include lithiated graphite anodes, Ligémposite too low a conductivity, and LiIN(SECF3), or LIC(SO,CFs); may
cathodes, and electrolyte solutions based on and#kK in a mix- e too expensive. In the solutions of the latter two salts, the perfor-
ture of alkyl carbonate solvents from the following list: ethylene mance of both graphite anodes ang\hO, cathodes are not good
carbonate, dimethyl carbonate, diethyl car_bonate_, _ethyl-met_hyl Caranough due to insufficient passivation of the electrodes. LiBF
bonate, etc(EC, DMC, DEC, EMC, respectively’ Li-ion batteries 5154 inferior to LiPE due to the surface chemistry of graphite elec-
comprising these components can deliver several hundreds of chargg,ges in the former salt solutions, which leads to insufficient passi-
discharge cycles at ambient temperatures and at high rates. For e¥ation of lithiated graphite electrodds.
ample, it may be possible to charge fully discharged Li-ion batteries Recently, Merck KGaA released information about a new salt,
to a maximal capacity within less than one hddheir temperature LiFAP-LiPF4(CF,CF3)5, developed by this compan.It is be-
range may be between30 and+60°C. However, as the tempera- |ieyeq that replacing fluorine atoms of PRy —CF,CF; groups
ture increases, their cycle life decreases and a capacity-fading UPOQ, hilizes the anion. Hence, REF,CF,); is expected to be more

cycling is recorded. In fact, the limited performance of Li-ion bat- table than PE- theref it should not und hvdrolvsi
teries at elevated temperatur@sg, >50°C) is one of their major stable than (¥ \eretore, 1t should not undergo hyarolysis as
drawbacké readily as PF or its decomposition product, EF and thereby,

In parallel to increasing mass production of Li-ion batteries, L?FAP squFions should contain much less HF contamination than
there are intensive R&D efforts throughout the world to further im- LIPFg Solutions. In the present study, we compared the performance
prove the performance of Li-ion battery technology. The major chal-Of LIFAP solutions in EC-DMC-DEC mixtures as electrolytes for
lenges are the improvement of high-temperature performance, miniLi-ion batteries with that of LiPF solutions. LIN(SQCF,CF;),
mizing capacity fading during prolonged operatioftharge- ~ (LIBETI) and LiPR-LiFAP (1:1) solutions were also studied to a
discharge cycling and replacing the LiCoQcathode materials of limited extent. The electrodes of interest included platiaminert
the present Li-ion batteries by cheaper and more environmentallyf!ectrode for measuring the electrochemical window of the solu-
friendly materials such as LiMy®, (spine) and its derivative§,or  10ns, graphite, and LiMpO, (spine). Standard electrochemical
LiFePQ, (olivine).5 A key factor that limits the performance of techniques have been used in conjunction with surface-sensitive

present Li-ion batteries and the possibility of using LIy cath- techniques such as Fourier transform infra@dIR) and X-ray
. . . . photoelectron spectroscogyPS).

odes instead of LiCo©relates to the salt that is commonly used in

these battery systems, namely, LiPFThis salt may decompose Experimental

spontaneously to LiF and BF The latter species react readily with All the work was performed under a highly pure argon atmo-
protic substances @D, ROH, surfaces with-OH groups such as sphere in standard glove boxes from VAC, Inc. The anodes were
glasg to form PO, compounds and HEHence, HF is unavoid-  composed of synthetic graphit&S-6) from Timrex, Inc. (average
ably present in all LiPF solutions. This acidic contaminant is re- particle sizeca. 6 nm, 90 wt %9, poly(vinylidene difluoride (PVdF,
duced on the lithiated graphite surfaces, reacts with protective surd0 wt %) from Solvey, Inc., and copper foil current collectors. The
face films which are formed on the Li-C anodes, and also reacts wittcathodes were comprised of LiM@, powder from Merck KGaA
the LiiMO, cathode materials to form inactive phases on the sur-(particle size 5-1Qum, 75 wt %, 15 wt % graphite powder KS-6
faces of the cathode particl®sThe presence of HF in solutions (Timrex, Inc) as a conductive additive, 5 wt % PVdF, 5 wt %
seems to induce the dissolution of cations of the transition metal ofconductive carbon black, and an aluminum f@@oodfellow, En-
the cathode materials, which causes structural changes that lead gland current collector. Slurries containing the active mass and the
binder were prepared usifg-methyl pyrrolidone(Fluka, Inc) and
were coated on the appropriate current collectors, as already
* Electrochemical Society Active Member. described? The electrodes were dried in an oven at 140°C and were
2 E-mail: aurbach@mail.biu.ac.il then transferred to the glove boxes. LiFAP, LiPALIFAP-LIPF;
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1:1, and LIN(SQCF,CF;), 1 M solutions in mixtures of EC-DEC- 2 4 132V 182V 3.19V
DMC (2:1:2 by volumé were obtained from Merck KGahighly )
pure, Li battery gradeand could be used as received. The HF and
water content in solutions is currently measured at Merck. It is in the 0
parts per million level for LIFAP and LIiBETI solutions. The LipPF
solutions usually contain a few tens of ppm ItRay fluctuate be-
tween 10 and 100 ppm depending on unexpected possible exposul
to moisture. All the electroanalytical characterizations of the elec-
trodes were performed in three-electrode cells based on standar § 4 4

24

—=—-2ndCV |

coin-type cells(model 2032, NRC Canaday 19 mm). A Li wire reeddov
reference electrode was pasted on a nickel wire, which was place: 035V

between the working electrode and the Li counter-electrode foil, | ©-—= T T T T T T T
while being covered by the separator membr&@elgard 240D 00 05 1.0 1.5 20 25 3.0 35

Long-term cycling tests done for graphite and LiM) electrodes
were performed in two-electrode standard coin-type cells, separate:
by a porous polypropylene membraf@elgard, Inc. These cells

were hermetically sealed in a dry air-filled glove box using the 2325<¢
Coin Cell Crimper SysteniNRC/ICPET, Canada L

Beaker-type three-electrode cells were used for determining the<§.
electrochemical windows of the solutions and the basic voltammet-= 2
ric behavior of the solutions with noble metal electrodes using Pt
wire electrodes. The cells contain polyethylene frames, which pro-
vide a parallel-plate configuration for the working and counter elec-
trodes(Pt wire and Li foil, respectively

Freshly prepared graphite electrodes usually had an open-circui
potential ofca. 3.3 V (vs.Li/Li *). They were aged by voltammetric
cycling between 3.0 and 0. Ws. Li/Li ) at v = 1 mV/s (three
cycles. Li-ion intercalation-deintercalation processes were then
studied in the potential range between 0.3 and (/&/Li/Li *) by
slow-scan-rate voltammetrgSSCV) and impedance spectroscopy
(EIS).

Freshly prepared thin LiMyO, electrodes with open-circuit volt-
age (OCV) around 3.0 V(vs. Li/Li ") were initially cycled four
times (voltammetry between 3.5 and 4.25 Ws.Li/Li ¥) at 1 mV/s
before the rigorous electrochemical measurements. Prolonged ga
vanostatic cycling of all the various cells was performed at C/10 or
C/4 rates in coin-type cells at 30°C in an incubai@arbolite, Inc.,
model PIF30-200 For voltammetric measurements an Arbin, Inc.,
computerized multichannel battery tester and a computerized EG&C E/V (vs.LiLL")
model 273 potentiostat were used. A Maccor multichannel system
(model 2000 was used for prolonged galvanostatic cycling. Figure 1. The first three CVs between OCV and 0 V at 30°C with Pt as

For surface analysis studies, we used a Magna @6olet) working electrodes at 20 mV/s scan rdliéhium foil counter and reference
FTIR spectrometer placed in a glove box undeOHand CQ-free electrodes () EC:DEC.DMC 1 M LiFAP (<10ppm water, (b)
atmospherdfed by compressed air, treated with a Balston, Inc., air EC:DEC:DMC 1 M LiBETI (<10 ppm watey, and(c) EC:DEC:DMC 1 M
purifier). The electrodes were analyzed after electrochemical studie$iPFs (<10 ppm watey.
by diffuse reflectance moda DRIFT accessory from Harrick, In¢.
as already reportelf. XPS characterization of electrodes was per-
formed using the AXIS HS XPS spectrometer from Kratos Analyti- s Li/Lj *) to 0 V (Li/Li *) range. As already discuss&ithe rel-

cal, Inc. (England. The samples were transferred from the glove eyant processes occurring in nonagueous Li salt solutions with plati-
boxes to the spectrometer by a homemade transfer system that ifym electrodes include the following: bulk Li deposition below 0V,
cludes a gate valve and a magnetic manipulator from Norcal, InC,, | i dissolution at~0.55-0.6 V, Li under potential deposition

e ey fPD) 8l ~065.0.7 Y and 05035 \two peaks, stipping o
pner ! : 1zeC su : PD lithium at~0.95-1.0 V and 1.3 {two anodic peaks, corre-

gold mirrors and Pt foils that were polarized to low or high poten- : o :
tials in the various solutions by FTIRexternal reflectance moge sponding to the cathodic L! UPD pe;)kseducﬂon of frace watgr at
and XPS. ~15V, and a corres_pon_dlng anodic process-at8-2.0V, whlch_
gnay be related to oxidation of hydrogen adsorbed to the platinum
éﬁormed by reduction of trace wajeAll the CV peaks of cathodic
processes in the list are superimposed on a cathodic wave, which
é;elates to reduction of both solvent molecules and salt anions at
Q_otentials below 2 W’ This cathodic wave is pronounced only dur-
ing the first cathodic polarization of the electrode, since all the
above-mentioned processésxcept the Li deposition-dissolution
Results and Discussion onesg form insoluble surface species that passivate the electrodes
(e.g, ROCOLi formed by solvent reduction, LiF formed by salt
Graphite electrodes—Figures 1 and 2 compare the first three reduction, and LiIOH formed by trace water reductjéht’
cyclic voltammogramgCVs) of Pt electrodes in LIPFCF,CF,); This description fits the voltammograms related to the LiFAP and
(LiIFAP), LIN(SO,CF,CF3), (LIBETI), and LiPF; solutions, a-c, re-  the LiBETI solutions presented in Fig. 1la and b. The voltammo-

spectively. In Fig. 1, the potential was limited to the OCV3.3V grams related to the LiRFsolutions are differengFig. 19, showing

Impedance spectra were measured using the Autolab model P
STAT20 electrochemical system and a frequency response analyz
(FRA) from Eco Chemie B.V., Inc., driven by a Pentium Il IBM PC.
The amplitude of the ac voltage was 3 mV, and the electrodes wer
measured at a constant base potential after the appropriate equilibr
tion as already describéd.
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3 4 5 6 Figure 3. The first three CVs between OCV and 4.25 V at 30°C with graph-

ite (KS6) working electrode at 1 mV/s scan rafthium as counter and

E/V (vs. LILT) reference electrodis(a) EC:DEC:DMC 1 M LiFAP and(b) EC:DEC:DMC
Figure 2. The first three CVs between OCV and 6 V at 30°C with Pt work- 1 M LiPFe.
ing electrodes at 20 mV/s scan rdtigthium as counter and reference elec-
trodes: (a) EC:DEC:DMC 1 M LiFAP (<10 ppm watey, (b) EC:DEC:DMC
1 M LBETI (<10ppm watey, and (c) EC:DEC:DMC 1 M LiPF; Figure 3 shows low-resolutiofl mV/s) CVs of graphite elec-
(<10 ppm watey. trodes in LIFAP and LiPfsolutions(a, b, respectively These CVs

reflect the irreversible reduction of solution species at potentials
below 2 V, which form passivating surface filntappearing only
] ) ) ) ~during the first cathodic wayeand the reversible lithium insertion
a pronounced, irreversible cathodic wave in the 2.5-1.5 V (L)Li  and deinsertion processes at potentials below 0.26a%hodi¢ and
range, which can be attributed to reduction of trace HF ang PF above 0.15 anodio, respectively. It is important to note that the
anions*® As seen in Fig. 1c, the electrodes reach passivation in thefirst and subsequent CVs related to the LiFAP solution are very
LiPFs solution as wellthe cathodic wave disappears upon consecu-similar in the Li insertion-deinsertion potential range@.3 V),
tive CV cycling. The similarity in the voltammetric behavior of while the CVs related to the LiRFsolution change upon repeated
LiFAP and LiBETI solutions, which differs from the behavior of the cycling and reach stability only after three to four subsequent cycles.
LiPFg solutions, seems to indicate that the latter is contaminated by Figure 4 presents typical SSCVs measured with graphite elec-
HF, and also that the RFanion may be more cathodically reactive trodes in LiFAP and LiPfsolutions(a, b, respectively Each figure
than the other two anions (FAPand BETI). shows two CVs, as indicated. One CV was measured after stabili-
Figure 2 relates to the anodic branch of the CV of Pt electrodeszation of the electrodéwo to three consecutive CV cycles in the
in the three solutions in the potential range 3-6 V (Li7Li While ~ 0-3 V range, and the other one was measured after a week of
the voltammetric behavior of Pt electrodes in the three solutionsmeasurements that included CV cycling. Both sets of CVs are typi-
differs as far as the fine details are concerned, in general, there aredl of lithiation-delithiation cycles of graphite electrodes, clearly
some important similarities. Some low anodic currents can be meashowing all four stages of Li intercalation into graphite, as already
sured at potentials between 4 and 5 V. At potentials above 5.5V, thaliscussed! However, it is very significant that the CVs related to
anodic (oxidation currents measured intensify. The oxidation pro- the LiFAP solution are nearly identical, while the CVs related to the
cesses behind the anodic currents in Fig. 2 are irreversible andliPFg solutions differ from each other in their anodic branches. The
should be attributed to oxidation of solvent molecules and anionsdifferences in the CVs in Fig. 4b show that in LiP$§olutions, there
based on previous studi¢$?° We attribute the anodic currents at are long-term secondary processes that affect the electrode kinetics.
potentials above 3 V in the CVs related to the LiFAP solutions to the  Figure 5 compares cycling datecapacity vs. cycle number
possible unidentified impurities. curves of graphite electrodes in four solutions containing the fol-
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021 Figure 5. Typical cycle life curvegcapacityvs. cycle number of graphite
electrodes obtained in coin-type cell testing at 30°C. Li metal counter elec-
0.1 4 trodes, EC:DEC:DMC (2:1:2 1 M LiFAP, LiPFs, 0.5M LiPF;
+ 0.5 M LiFAP, and LiBETI solutions as indicated in the figure. The current
0.0 rates for the charge and the discharge processes are as indicated in the figure.
011 electrodes during lithium insertion in LIFAP and LipBolutions,
respectively. The spectra include a high-medium, flat semicircle
021 (more symmetrical with LiPE, and distorted with LiFAP solutions
| and straight, lineaZ” vs. Z behavior at the low frequency. At the
03 Seomv T Inital state very low frequencies, th&” vs. Z lines become very steep. As
63 m —- — After one week of measurements Yy A q = . k A y p. "
o4 already discussed in detafl, the high-medium frequency semi-
- 0.00 005 0.10 015 0.20 025 0.30 C|rcles_ in these spectra rela_te_to the surface films, which cover the
. graphite electrodes and their interface with the bulk carbon phase.
E/V (vs.LiLl') The most important process related to the high-medium frequency

Figure 4. SSCVs between 0.3 and 0 V with graphit€S6) as the working
electrode at the scan rate of W¥/s (lithium as counter and reference elec-
trodes: (8) EC:DEC:.DMC 1 M LiFAP, (b) EC:DEC:DMC 1 M LiPFg,
(—) the SSCV of pristine electrodes, and (— —) the SSCV measured
after 1 week of measurementsycling experiments at different rates at
30°0).

lowing Li salts (1 M solutions: LiFAP, LiPFs, LIiBETI, and

LiIFAP-LiPFg 1:1, as indicated. Both charge and discharge responses
are presente@solid and dashed lines, as indicated, Li deinsertion-

insertion processes, respectivelit is very significant that in the

impedance is Li-ion migration through the surface fithand the
Li-ion transfer across the film-carbon interface, coupled with the
relevant capacitanceselated to the surface films and the double
layer?. It should be noted that in some cases the time constants
related to the surface films and the interfacial charge transfer are
well separated, and hence, the impedance spectra show two high-
medium frequency semicircles. In other cases, as in the present sys-
tems, the time constants are not separated. Therefore, the time con-
stants related to the surface films appear as single flat semicircles. At

400

Cl4

LiIFAP solutions, the highest capacity and the best stability are
achieved, while in the other solutions the capacity fading upon cy-
cling is much more pronounced. In addition, comparing the charge
and discharge curves related to the four systems, in LIFAP solutions
the electrodes reach stability much faster than in the other solutions
This finding correlates with the results presented in Fig. 3 and 4.
Figure 6 shows cycling data of graphite electrodes at 60°C. In
these experiments, the electrodes were cycled more than a hundre
Li insertion-deinsertion cycles at 30°C before the temperature was
raised to 60°C. It should be noted that the electrodes cycled in the
LiPFg solution failed at 60°C. The electrode in the LIBETI solution
also shows a continuous capacity fading at 60°C. In the LiFAP so-
lutions, the graphite electrode could be cycled 50 times at high
capacity before the capacity deteriorated. The most stable behavic
of graphite electrodes at elevated temperatures was obtained in st
lutions containing both LiIFAP and LiRF as seen in the figure. In

9
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fact, graphite electrodes could be charged-discharged at high Cap)aﬁgure 6. Typical cycle life (capacityvs. cycle number of graphite elec-

ity and low capacity fading even at 80°C in LiFAP-LipBolutions,

trodes obtained in coin-type cell at 60°C after about 120 cycles at 30°C. Li

while in the other solutions mentioned previously, the electrodes failmetal counter electrodes, EC:DEC:DM@:1:2 1 M LiFAP, 0.5 M LiPF,

at such a high temperature.

+ 0.5 M LiFAP, 1 M LiBETI and 1 M LiPF (insery solutions(as indicated

Figures 7 and 8 show families of Nyquist plots measured atin the figurg. The rates for the charge and the discharge processes are also

different equilibrium potentialgindicated with stabilized graphite

indicated in the figure.



Journal of The Electrochemical Society50 (4) A445-A454 (2003

A449

41_@__’
—— 300 mV —— 300mV ! a
—-280mV | fem 300V & 20 ——250mV | @ 60 — -
s 230mV miz 205 mV ceee230mV | 190 A
2 5mH, 50
—e— 220mV : 5mHz L oomv mHz _/4§<~\// <\
—e—210mV 50 160 MY - —-210mv 50 1Bomv—y// & /i) A—smbz
] et/ 45 / |
5 mHz o A /
b 160 mV /// A |
250 mV 190 mV R 150 mV v
140 5mHz 0] St == 5mHz 77/ 0smy
/
230 mv y / /.f"/ /150 my
m AN
NE 120 (@) -~ 5mHz o // /7 140 mV /
& =30 ®) )/ A— S/
g o0 2N 34 3 38 40 42 4 3
: : —
N Z'iQ.om? [ — 205 mv
80 20 1 N 21.5mHz — | —— 200mv |
3:7 2186mHz Jo*¢ | ..o.- 190 mV
= —~e— 180 MV
60 y < 210mV & —e — 160 MV ‘
4 3™ 04 173Hz e 150 mV
w012 J N\ 93 mHz —e— 140 mﬂ
w0 173Hz —
s A7 g
201 8 0 — T T T T T T T
- 05 10 15 20 25 30 35 40 45 50 56 60 10 20 30 40 50 60
. iz
- B 2
o Z '/ Q.eom? Z'1Q.om
0 10 20 30 40 50 60 70 80 90 100
Z' Qem?
100 mvV &
70 {| — 130mv v 100 30mv @
5 mHz
— - 120mV 90 SmHz, 30my,
g0 |- tsmv | JOIV S : % 5mAZT
—— 110mV 80 :
50 70 40
~ o
§ P 60 5
g 50 cd 30
= Iy 90 my
N30 40 N SMHINY [rebSmV
® 2 asmzs M yelomy
20 30 @ BT 5mHz
0 20 10 g = S gs n&v
~ 7, mHz
0 A 019 Hz
0 S . PLY A AR 0 . T T
0 25 50 76 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 10 20 30 40 S50 60 70 80 90 100
i 2 2
Z'1Qem’ Z'/ Qem? Z'/Qem Z'/Qem

Figure 7. A family of Nyquist plots obtained from graphite, KS6 electrodes Figure 8. Same as Fig. 7 in EC:DEC:DM:1:2 1 M LiPF; solutions.
at different equilibrium potentials in EC:DEC:DM@:1:2 1 M LiFAP so-
lutions at 30°C. These series of experiments were carried out after the elec-

trodes were cycledCV) in the potential range of interest, during which its . . . . . .
surface chemistry was established. Some frequencies are also marked nde Li or Li-C surface chemistry is dominated by solvent redugtion
the spectra. The relevant potentials are indicated. Based on information from Merck KGaA, it is clear that LiFAP

solutions contain much less HF than LiP$olutions, and therefore,

the surface films formed on lithiated graphite in the former solutions

. . - . should contain less LiF, and hence should be less resistive than the
the low freguenmes,ﬂthe straighf vs. Z lines (see '.:'g' ! anc_i)8 .__surface films formed on graphite electrodes in the LiB&lutions.
beh_a_ve as Warburg®-type _elements, anc_j refle_ct sghd-statg d.'ﬁus'onTherefore, the impedance spectra in Fig. 7 and 8 that reflect a higher
of Liions in the bulk graphite. The chemical diffusion coefficient of g, \t5ce resistance of the graphite electrodes in the LiFAP solutions
Li ions in graphite as a function of potential and intercalation level may indicate some involvement of the FARnion in the surface

can be calculated f_rom this part of the |_mpedanc’e spétfieat the chemistry of the graphite electrodes in a way that stabilizes the
very low frequencies, the steep, straighit vs. Z plots show a = gjectrode-solution interface, as is evident from the high performance
nearly capacitive behavior, thus reflecting the accumulation ofos) j graphite electrodes in the LIFAP solutions, but also increases
lithium in the g_raphlte_ via phas_e transitions between Li |nterca_lat|on he impedance of the surface films. Therefore, it was very important
stages. The differential capacity of the electrode as a function OT{O explore the surface chemistry of lithiated graphite electrodes in
potential can be calculated from this domain of the impedance specpeqe solutions in order to understand the effect of LIFAP on the
tra (i.e, curves similar to the CVs presented in Fig. 4 can be ob-gjecirode’s behavior. XPS and FTIR spectroscopy were used for that
tained from the EIS at very low frequenci®&slt is very significant purpose.

that the diameters of the semicircle in the Nyquist plots related 10"y sy died the surface chemistry of both graphite electrodes af-
the LIFAP solution(Fig. 7) are higher than those of the semicircles o cvcling in solutions and Pt electrodes polarized cathodically in
in Fig. 8 (LiPFs solutions, i.e., the surface impedance of graphite goytions to low potentials. Based on previous studies, similar sur-
electrodes in LIFAP solutions is higher than that measured indiPF face films are formed on Li, Li-C, and noble metal electrodes polar-
SO|uti0nS. The impedance Of bOth Li and I|th|ated graphite iS Usua”yized to low potentia|s in Li Sa|(n0naqueo@sso|uti0n32_5v26 How-
higher in LiPRs/alkyl carbonate solutions than that measured in ever, the identification of surface species formed on noble metals is
alkyl carbonate solutions with salts such as LiAsH.ICIO,, the easiestdue to the high resolution of the spectra obtajnedd it
LIC(SO,CRy)5, etc!™?* This is because surface films formed on opens the door to understanding the surface chemistry of the much
lithium and lithiated graphite electrodes in LiP§olutions containa  more complicated composite, graphite electrodes.

high concentration of LiF formed by the reactions of both trace HF  Figure 9 compares XPS spectra of Pt electrodes polarized to low
and Pk anions on the active surfact<?4 Surface films comprising  potentials in LiFAP, LiPk, and LiBETI solutions, as indicated. The
LiF are highly resistive to Li-ion migration, much more than the most pronounced element on the electrode’s surface treated in the
surface films comprising organic or inorganic Li carbonates, which LiPFg solutions is fluorine, which belongs to Lifa typical peak at

are formed by the reduction of the alkyl carbonaiiescases where ~ ~685-686 e\#’). The carbon spectrum of the electrode treated in
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Figure 10. FTIR spectralgrazing angle reflectance mgdmeasuredx situ
from high reflective gold electrodes after being polarized cathodically to 300
mV vs. Li/Li * for 3 h in LiPF; and LiFAP electrolyte solutionéndicated.

LiBeti

LiPF,

94 202 290 288 286 284 282 280 (e.q, ROCOLi + HF — ROCOH + LiF), as already
described® have a very strong impact on the electrodes surface

Intensity (CPS) x 10°

Intensity (CPS) x 10° ——=>

5 B8B83 8833 ,cndaB8RRER

ots TN LBet chemistry in a way that makes LiF a major surface species in the
passivating surface films.
LPF Figure 10 shows FTIR spectra obtained from gold mirrors
: (coated on glagswhich were polarized cathodically to 300 mV

-

(Li/Li ) in LiFAP and LiPF; solutions(ex sity external reflectance
mode.%! It is very significant that the spectra of Fig. 10 differ con-

siderably from each other. Spectrum 10a, related to the LiFAP solu-

540 538 536 534 532 tion, is typical of a mixture of ROCELi specied e.g, the major EC
Binding Energy (V) reduction product, (CkDCO,Li) ,],%! and Li,CO; are marked. The
analysis of spectrum 10a is based on previous intensive
o LiBet work 15:16:24-26.3031gpectrum 10b, related to the LipBolution, is
more complicated than spectrum 10a. It contains pronoumggd
64 peaks in the 2850-2970 crhrange, some G= O (carbony) peaks
62 in the 1800-1600 cm' range,d .y, peaks at~1450-1400 cm?, a
60 peak at~1300 cmi! that can be attributed to organic carbonate
410 405 400 395 300 groups?,’2 and a pronounced peak at850cm®, which should

be attributed to vpr bands?! Based on previous
studiest1516:24-26.30.313%nactrym 10b belongs to a mixture of
Figure 9. XPS spectra measured from Pt electrodes after cathodic poIarizaRocozLi species(e.g, 1670 and 1301 cimt carbonyl peaksand
tion to 10 mVvs. Li/Li * for 3 h in LiFAP, LiBETI, and LiPF solutions as ROLI speciege.g, the 2970-2850 ci v peaks, the 1460 cnt
indicated. 3.y peaks, and the 1150-1000 chw o peaks, which are typical

alkyl carbonate reduction products?*?® and also to LiPF, and
Li\POF, species, which are reduction products of;Pénd PRO.

the LiFAP solution contains a broad peak-aR87-285 eV, which  The latter species is a hydrolysis product of thg RRion. It is clear
may relate to alkoxy specié$.lt is very significant that the carbon from the spectra of Fig. 10 that in LIFAP solutions, the surface films
spectrum of this electrode does not contain carbonate peaks at higlermed on noble metals polarized to low potentials are dominated by
binding energies¥290 e\?’). In contrast, the carbon spectra of the organic and inorganic carbonates, while in LiR®lutions, the sur-

Pt electrodes treated in both LIFAP on LiBETI solutions contain face films on noble metals are dominated by salt reduction products
carbonate carbons that reflect the formation of surface films origi-and alkoxy species. The results from the FTIR measurements corre-
nating from reduction of solvent moleculéalkyl carbonates are late well with the XPS data presented in Fig. 9. Spectral studies of
reduced to ROCGQLi specied?*?§. The lithium and fluorine peaks ~graphite electrodes treated in these solutions were in line with the
in the spectra of the electrodes treated in LIFAP and BETI are muchesults presented in Fig. 9 and 10. It is clear from these spectral
smaller than those peaks in the spectrum related to theslsBl-  Studies that replacement of LipbBy LiFAP in alkyl carbonate so-
tion, while the oxygen peak in the spectra related to the formerlutions changes the surface chemistry of the lithiated graphite elec-
solutions is pronouncedly higher compared with the O 1s spectrunirodes.

related to the LiP§ solution. We do not show the results of peak ~ As explained previously, in LiRfsolutions, the high reactivity
convolutions and more rigorous peak analysis, because such a treatf the P anion and the trace HF plays a major role. In LiFAP
ment has already been described in détadnd in fact, the surface  solutions, the formation of surface carbonates dominates the elec-
chemistry reflected from the spectra in Fig. 9 is well known and trode surface chemistry, since there is no high HF contamination
understood!?4262829The main message of the spectral studies that removes them from the surface in secondary reactions. The
summarized in Fig. 9 is that in LiFAP solutions the surface chemis-difference in the surface chemistry in LiIFAP and LiP$olutions

try is dominated by solvent reduction. This is in contrast to the casemay explain the difference in the behavior of graphite electrodes in
of LiPFg solutions in which direct reduction of trace HF and a pos- the two solutions, as presented in Fig. 1-8. However, the spectral
sible secondary reaction of HF with solvent reduction productsstudies could not provide any information about the possible in-

Binding Energy (eV)
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Figure 11. First four consecutive CVs (_)f I__il\/g()4 electrodes between 3.7 Figure 12. Left column: SSCVs of LiMgO, electrodes between 3.7 and

and 4.25 V at a scan rate of 1 mV(Bthium as counter and reference 4 75y at a scan rate of 40V/s (lithium as counter and reference electrodes

eIegtrode}; (@) EC:DEC:DMC(2:1:2) 1 M LiFAP and (b) EC:DEC:DMC 1 in EC:DEC:DMC 1 M LiPF; solutions(a) before and(b) after 1 week of

M LiPF. measurementgycling tests at different regiopnand in EC:DEC:DMC 1 M
LiFAP solutions(c) before and(d) after 1 week of measurements at 30°C.
Right column: the corresponding electrode capacitim#\h/g) calculated
from the CVs plottedrss. potential (Li/Li").

volvement of the FAP anion in the electrode surface chemistry and

in the buildup of surface films, as would be expected from the im-

pedance studies discussgdg. 7 and 8. Hence, the question about tjvely). In the right column, the capacitys. potential is calculated

the possible reactivity of LIFAP on the electrode surfaces remainstrom the CVs. The CVs in this figure reflect the highly reversible

unanswered. behavior of the LiMpO, electrodes in both solutions. The two Li

insertion-deinsertion processes occurring a#.0V and 4.12

(Li/Li ) via first-order phase transitions are clearly seen. In addi-

and LiPF; solutions(a and b, respectivelyThe CVs of Fig. 11 were tion, upon cycling at 30°C, a capacity fad!ng IS measured in both
measured at a relatively high potential scan rate for solid-state>0!utions. However, there are two major differences in the electro-
diffusion-controlled systems. Nevertheless, they show the expecteghemical behavior of the LiIMIO, electrodes in the two solutions,
two sets of peaks of Li insertion-deinsertion processes of these elec@s clearly demonstrated in Fig. 12) (the electrodes’ capacity is
trodes, which occur via phase transiticg'he two sets of CVs in  higher in the LiFAP solutions andi() the electrodes’ kinetics are
Fig. 11 show two major differences: more sluggish in the LiIFAP solutions, as is evident from the broader
1. The four consecutive CVs related to the LiFAP solution are peaks in Fig. 12c and d. Hence, the slow-scan-rate voltammetric
very similar to each other. Stabilization occurs in the second cyclebehavior presented in Fig. 12 correlates well with the data in Fig. 11.
In contrast, there are pronounced differences in the first three con- Figure 13 presents cycling data of LiMD, electrodes at 30°C
secutive CVs related to the LigBolutions. (repeated galvanostatic delithiation-lithiation cycles at C/10 yates
2. The hysteresis in the two pairs of CV peaks for the LiFAP In general, some capacity fading was observed for these electrodes
solution (e.g, the potential difference between the correspondingupon cycling, as is usually found for LiM@, electrodes® The
anodic and cathodic peak potentjais much higher than that seen capacity obtained in the LiFAP solutions is higher than that obtained
in the CVs related to the LiRFsolution. This difference in hyster-  with LiPFs solutions.
esis relates to a difference in the kinetics of the electrodes in the two Figures 14 and 15 show Nyquist plots measured with stabilized
solutions. LiMn,O, composite electrodes during delithiation at several equi-
Figure 12 shows SSCV§]10 wV/s) of composite LiMRO, elec- librium potentials(indicated in LiFAP and LiPF; solutions, respec-
trodes in LiIFAP and LiPE solutions(a, b and c, d, respectively tively. In general, the impedance spectra of these electrodes in both
before and after 1 week of measurements at 30°C, which includedolutions reflect the serial nature of Li insertion-deinsertion pro-
different modes of charge-discharge cyclifeg ¢ and b, d, respec- cesses into LiMpO, electrodes, as already demonstrated and dis-

LiMn,O, (spinel) electrodes—Figure 11 shows four consecu-
tive CVs measured with composite LiMQ, electrodes in LiFAP
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Figure 15. Same as Fig. 14, in EC:DEC:DM@:1:2 1 M LiPFg solutions.

cussed in detafl® At the high-medium frequencies, two flat semi-
circles, which may be well separatéas in Fig. 15, LiPE solutiong

or superimposedLiFAP solutions, Fig. 1% reflect Li migration
through surface layerghe high-frequency semicirdlend interfa-

cial charge transfeithe medium semicircle At the low frequencies,

a “Warburg”-type elementlinearZ” vs. Z behavioj in the spectra
reflect the solid-state diffusion of Li ions into the bulk LiMd,
particles. Finally, at the very low frequencies, the Nyquist plots be-
have as very steepy’ vs. Z straight lines that reflect the electrodes’
capacitive behavior, namely, accumulation of charge due to delithi-
ated Li or lithiation. A comparison between the families of spectra in
Fig. 14 and 15 clearly demonstrates that the electrode impedance in
LiMn,0O, is higher in LiFAP solutions, and the resolution of the
spectra related to LIFAP solutions in the high-to-medium frequen-
cies is lower. This means that the surface chemistry of the electrodes
in both solutions is different, and hence, deserves special study. The
higher impedance of the electrodes in the LiFAP solutions correlates
well with their more sluggish kinetics, as reflected by the voltam-
metric studiegFig. 11 and 12 The surface chemistry that can be
developed in the various solutions was studied mainly with platinum
electrodes polarized to high potential, becauseekesitustudy of

tions at 30°C. The electrodes were preliminarily equilibrated at different cOmposite LiMRO, electrodes by XPS or FTIR spectroscopy is

potentials(as indicatefifor at least 2-5 h before the EIS measurements.

highly problematic, especially when the focus is on the effects of the
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Figure 16. XPS data obtained from Pt electrodes polarized anodically to 4.5
V (for 3 h) in LiFAP, LiBETI, and LiPF; solutions as indicated.

LiPFg solutions, as indicated. The spectrum of the pristine electrode
salt(e.g, it may be very difficult to wash out residual salt from the reflects the PVdF binder and possible surface groups on the carbon
porous composite electrodes, which reduces the reliability of theadditives. The other two spectra are somewhat richer in peaks and
measurements may indeed reflect possible precipitation of organic species on the

Figure 16 compares XPS spectra of platinum electrodes polarelectrode surface. The spectra related to LIFAP and 4 #ffutions
ized to 4.5 V (Li/lLi*) in LiFAP, LiPFs, and LIiBETI solutions.  are also different. However, it is impossible to use these spectra for
Although we did not study the electrochemical behavior of any identification of surface films. Their importance lies in the fact
LiMn,O, electrodes in LIBETI solutions, it was interesting to ex- that they reflect the difference in the surface chemistry of the elec-
plore the surface chemistry developed at high potentials in the lattetrodes, which is due only to the different electrolyte used. The dif-
solutions as an example of HF-free situations. It is significant thatference in surface chemistry explains the difference in the electro-
the electrode treated in the LipBolution developed surface LiF, chemical behavior of the electrodes in the LIFAP and LiPF
while the electrode treated in the LiFAP solution does not show asolutions. It is clear that in the LiRFsolution, surface LiF is
LiF peak but rather peaks of other F-containing species that probformed. In contrast to graphite electrodes where there is a constant
ably originate from soméyet unidentifiedl reactions of the FAP driving force toward the formation of LiF, in the case of the cathode

anion. materials, LiIF may be formed in thin layers by decomposition of the
Figure 17a shows FTIR spectfexternal reflectance mogef Pt salt to LiF and PE on the cathode and/or by acid-base reactions
electrodes polarized to 4.5 V in LiFAP and LipPBolutions(indi- between LiMBO, and HF. A sufficiently thin LiF layer may not

cated. The two spectra are definitely different from each other andimpede Li-ion transport to the active mass, yet may inhibit to some
contain typical pronounced peaks of organic species at aroungxtent the reaction of solvent molecules on the cathode material.
2920-2850 cm®  (vgy),  1800-1600cm!  (ve_o), and However, other reactions between the active mass and species such
1450-1350 cm? (8..). The peaks at-885-850 cm? may be at- as trace HF, which are unavoidably present in LiBBlutions, may
tributed to species with P-F bonds. These spectra may reflect polyhave a detrimental effect on the electrode’s overall capacity. In
merization of the solvent molecule to derivatives of polyethylene LiFAP solutions, solvent reactions such as polymerization may take
oxide and polycarbonates, as already sugge€t&iyure 17b(bot- place, and hence, form resistive surface filnedatively high imped-

tom) shows FTIR spectra of much lower resolution, obtained by ance, Fig. 14 However, these surface films which impede Li-ion
diffuse reflectance mode, from powders scraped from a pristineransport may better protect the active mass from detrimental inter-
LiMn,O, electrode, and LiMsO, electrodes cycled in LIFAP and actions with solution species. Thereby, the kinetics of Ljkn
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cathodes are more sluggish in LiIFAP solutions, but their capacity is
higher.

Conclusion 5.
) . ) ) . A. Yamada and S. C. Chung, Electrochem. Soc148 A960 (2001).
LiFAP solutions in mixtures of commonly used alkyl carbonates 7.

(2]

such as EC-DMC-DEC were found to be superior to LjR¥¥
LiN(SO,CF,CF;), solutions for Li-ion batteries. Both Li graphite
anodes and LiMsO, cathodes perform better in LiFAP solutions

than in the other solutions in terms of higher capacity and lower1o0.

capacity fading upon cycling. It was also found that both graphite

and LiMn,O, electrodes are stabilized faster upon repeatedll'
lithiation-delithiation cycling in LIFAP solutions than in LiRFso- 12.

lutions. The impedance of both graphite and L@ electrodes is
higher in LIFAP solutions than in LiRf=olutions, which makes the

kinetics in the former solutions more sluggish. The difference in the 4

behavior of graphite and LiMi©, electrodes in LIFAP and LiRF

solutions is due to their different surface chemistry in these solu-15.

tions. In LiPF; solutions, both unavoidably present HF and thg PF 4
anion, its decomposition product, PFare highly reactive on the

electrode surfaces. Consequently, both LjKdp and graphite elec- 1;-

trodes are covered by surface films comprising LiF as a major sur

face species. Formation of LiF films may inhibit precipitation of g

surface species originating from solvent reduction products. In the

case of LiIFAP solutions, the surface chemistry of graphite and21.
22.

In the absence of HF contamination, the carbonate species formegﬁ:

LiMn,0O, electrodes is dominated by reactions of solvent molecules

by solvent reduction on lithiated graphite electrodes remain stable,

and thus form robust passivating surface films. We suggest that thes.

absence of HF and the relatively higher stability and lower reactivity
of the FAP™ anion compared with RFprevent detrimental solution-

electrode interactions and allow the development of surface films7.

originating from solvent reactions, that well protect the electrode’s
active mass.
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