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Abstract

The results of a comprehensive study of the thermal stability of the salgLil3hg both accelerating rate (ARC) and differential scanning
(DSC) calorimetry, are presented. Pressure monitoring during ARC experiments permits also the study of endothermic processes. The origins
apparently inconsistent results and conflicting interpretations in previous reports in the literature are explicated. In a confined volfg)e, LiPF
melts reversibly at 467 K with a heat of melting of 2:®@.2 kJ mot?. Reversible decomposition to i) and LiF(s) commences with melting,
but the autogenic development of o) pressure makes the temperature profile of decomposition a function of volume and sample size. The heat
of this reaction at constant volum&[;, as determined by a variety of methods is in the rangs 6&J mol?, and is approximately temperature
independent in range 490-580 K.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction years, calorimetric tools such as differential scanning calorime-
try (DSC) and accelerating rate calorimetry (ARC) were widely
There is no doubt that the recent development and commeused in this field in order to study the thermal stability of Li bat-
cialization of high energy density, rechargeable Li-ion batteriegeries and their component3,4]. The crucial role of LiPEin
is one of the most important successes in modern electrocherthie determination of the thermal behavior of these systems has
istry. These battery systems are conquering the market, arlmben clearly demonstrated. Consequently, there is no doubt that
their range of application continues to expand. In the meanthe thermal behavior of LiRfitself is interesting and important,
time, a huge amount of scientific work is being devoted to thisand thus deserves special attention.
field by thousands of research groups throughout the world, Indeed, the thermal stability of LiRFhas been studied in
because of the complexity of these systems, whose operatiogecent years using various methods and approdbh8% These
involves highly complicated Li intercalation reactions, interfa-included calorimetric measurements at constant vol[§18:9]
cial charge transfer reactions, passivation and corrosion pheonstant pressui®,6], dynamic or isothermal conditions, dif-
nomena, and simultaneous surface and bulk side reactions. fd@rential scanning calorimetry with and without gas removal, in
present, all the commercial Li-ion batteries comprise electrolytelosed or open crucibles, and thermogravimetric analysis (TGA)
solutions based on a LiRFsalt and alkyl carbonate solvents. under nitrogen flow[5]. It was found that LiPE is not sta-
Despite its reactivity with Li-C anodes and,MO, cathodes ble at elevated temperatures and decomposes to LiF agd PF
(M =transition metals such as Mn, Ni, Co, etc.), Lifffas cho-  demonstrating onps] or two [8] endothermic peaks in DSC at
sen as acompromise because its nonagueous solutions are higbbnstant volume, and more that two pe@lsat normal pres-
conductive, and it is less dangerous and poisonous than othsure. Since the thermal decomposition of Lif§-accompanied
possible suitable salts such as LiGl@r LiAsFg [1,2]. Inrecent by the development of RFgas, the onset of these endothermic
processes depends on the test conditions. In an open crucible
under nitrogen flow at atmospheric pressure, the isothermal TGA
* Corresponding author. Fax: +972 3 5351250. measurements show a weight loss related to only one process
E-mail address: aurbach@mail.biu.ac.il (D. Aurbach). at temperatures as low as 343H. In closed crucibles during
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DSC measurements, the onset of the first endothermic process The XRD patterns of the solid product were measured using

is close to 468 K6,8,9]. It appears as a peak and is reversiblethe Advanced D8 diffractometer from Bruker Inc. The patterns

[6,8]. measured at RT showed typical peaks of LlgrRIRd LiF (well-
Though the endothermic decomposition of LR elevated  known XRD) patterns.

temperatures has been intensively explored, the observations

reported in the literature regarding the onset of its decompos, Results and discussion

sition and the dependence of heat flowftin DSC experiments

are not consistent. There is furthermore no one clear and unifiefl;  ARC measurements

explanation for the endothermic behavior observed. Thus, some

[8] have observed a first endothermic onset at 453K in sealed F|g 1shows temperature and pressure Changes (|n t|me) mea-

crucibles, and have suggested that the peak is connected to tgred during ARC experiments with 1.9 g of Ligifeated up to

melting point of the salt. Du Pasquir et {] obtained the first 548 K. The ARC construction and software is designed to study

endothermic peak near 463K but did not discuss it. The seGxothermic processes by temperature changes, but not endother-

ond endothermic peak in their measurements was attributed i@ic processes. Nevertheless, by a thorough examination of the

the melting point of LiPE, but the onset was observed at aboutpressure changes during ARC experiments, and by careful anal-

513K. Gavritchev et a[6] attributed the first endothermic peak ysis of the temperature behavior, it is possible to use ARC for

at about~468 K in LiPFs/DSC measurements to the decompo-the study of endothermic processes as well.

sition of LiPFg, and not to any phase transition. In experiments  Typical results from these ARC measurements are presented

with sealed crucibles, they did not find an additional endothermyy Fig. 1a and bFig. 1b enlarges the results related to the

below 513 K. However, it was show6] that the decomposi- 450-490K temperature range. The arrowFiy. 1b shows

tion of LiPFs, when it occurs, is suppressed by the autogeniGin unusual temperature drop of 2@ during a waiting and

development of P§pressure. searching stage, between 460 and 465 K. There were no signif-
The present work aims at providing a better and more comizant pressure changes in this range. The normal temperature

plete picture of the thermal behavior of LifFand to explain  decrease in all the other steps was only by 0.65-1C25 his

relevant calorimetric responses. To this purpose, we used tWgphnormal phenomenon can be explained only by an endothermic

separate tools: process (melting), which was also observed by DSC measure-

ments, as discussed below. In the following steps, the decompo-
1. DSC measurements of hermetically sealed crucibles loaded

with different amounts of LiP§:

2. ARC measurements of LiRRvith a special arrangement in &5 1=
which the pressure developed is rigorously measured, in addi- s 1130
tion to the temperature changes. 1110

o

2. Experimental E‘: 0] Temperstre T8 g

400 1 T Erl
An accelerating rate calorimeter from Arthur D Little Inc., 150 2

Model 2000, and a differential scanning calorimeter from Met- 3501 L

tler Toledo Inc., Model DSC 822, were used. Fressure,

Inthe ARC tests about 2 g of salt were loaded into the titanium a0l o 200 400 600 250 1000 1900 1 40010
flask (8.2 mlvolume) in an argon filled glove box (VAC Inc.) and

were transferred to the ARC under a purified Ar atmosphere. The (a) time (min)

salt was heated from 313 to 548 and 623 K, respectively; @ 5

increments at the rate ofZ min~Lin the search for self-heating a4 e

at a sensitivity threshold of 0.0Z min~L. The controller was 485 §

programmed to wait 15 min for the sample and the calorimeter 4, I\"

temperatures to equilibrate, and then to search during 20 min for Temperature 170

a temperature increase of 0.G2min~1. After the ARC exper- 4 — g

iments, the reaction vessel (a titanium flask) was cooled with ‘f 470 ] 4

liquid nitrogen until the pressure was slightly above the atmo- 465 ~el ] @

spheric pressure. The gas was then released through a specially 460 k[‘«—l/ T 40@.

designed high-pressure valve. frovnnd /t
DSC tests were conducted in high pressure, gold-plated stain- 455 — pE——

less steel crucibles 34 in volume, over a temperature range 450 | I ‘ ‘ : ErRas 10

of from 303 to 623 and 673 K, respectively. The crucibles were 750 800 850 900 950 1000

filled with 1~7 mg of the salt, and then sealed in a glove box time (min)

under an argon atmosphere. The heating/cooling rates were 0Ofg. 1. (a) Typical ARC response during heating process of &.iftij The chart
1,2,5,8, 10, 20 and 30 K mit#. emphasizes the behavior in the temperature range 450-490 K.
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550 This means that for the ARC vessels’ volume, which is
1180 8.2cn?, the limit of the molar volume of the RFgas that

can be formed (i.e., due to the full decomposition of the salt)
is equal to 8.2/0.0125 =656 émol~1. The highest value of

the second virial coefficienB at 600K, based on the Hand-
book of American Institute of Physi¢$0] for a heavy gas such

as Xe, is 19.6 cthmol~1. If we presume that the coefficieBt

at 513K taken for heavy gases is, for example, 48nmal—?,
which should be considered as an exaggeration for our case, we
Cooling stage T40 obtain:

B 40

— = — =0.061. 4

470 ‘ . - 0 Vm 656 @)

1230 1280 1330 1380 1430
time (min) In our case, the molar volumes of thefRFas produced are

relatively high, and thereby, the second term in &).is rela-
Fig. 2. In each step of the ARC measurements, an equilibrium pressure is meﬁve|y small. Hence, the real gas equation of state converges to
sured,T, Pvs. . that of an ideal gas.
N _ _ _ _ The number of moles of the gas (including both Ar ang)Rf
sition of LiPFs is accompanied by gas evolution: the vessel's volume of 8.2 chat 548 K and at 137 psi (9.32 atm)

LiPFs (liquid) < LiF (solid) + PFs (gas) ) (Fig-2)is equalto:
PV 9.32x 0.0082

The heat of the endothermic processes cannot be calculatéd™ z7 = 9082 < 548 1.7mmol, (%)
by ARC measurements. 1u1

The pressure changes in the cooling stage is presented Y1€reR =0.082 L atmmot = K™=, _
Fig. 2. The nitial pressure of Arinthe bomb s 1 atm, and the salt vol-

The significant pressure growth that starts above 473K is, dfme is:V= 7 = 753 = 0.67cnt wherep=2.838 cnt is the
course, related to the salt decomposition anglfBfnation (Eq.  density of LiPk [11]. _ _
(1)). The pressure measured at 548 K was 137 psi. The amount Therefore the amount of Ar (moles) in the bomb is:
of salt decomposed could be calculated by the measurements PV 1 x (0.0082— 0.00067)
of pressure, provided that the equation of the state of the gas fé = 7 = 0.082 < 298 = 0.31 mmol. (6)
known (e.qg., for a perfect gaBY =nRT, wheren is the number

of gas moles). Real gases of course deviate from the perfect gas The prissulgehredugtion <|jue thhe coolri]ng of the vesTieI frt‘)om 542
law. The compression fact@r(Z= PVw/RT) can be used in the t0 483 K should have been less than what was actually observed.

1.7 mmol of gas occupying a volume of 8.2 ¢rasults at 483 K:
nRT  0.0017x 0.082x 483

+120

(1sd) sunssaud

490 1

framework of a virial equation of state:

B c P= = = 8.21 atm= 1207 psi.
PV = RT (1++2+--->, @) 14 0.0082 P

Vm V4 @)
whereB andC are the second and the third virial coefficients, )
andVp, is the molar volume. The compression factocan be However, the measured pressure at 483K was only 41 psi.
defined as the ratio: This difference is due to the reverse reaction 1. On the other

hand, the pressure actually measured at 483K is too high for a
=_m (2a)  case where all the BFfeacts with LiF to form LiPE. At 483K,
12 the partial pressure expected for the argon in the reaction vessel
should not be higher than that for 0.31 mmol of gas:

Vi
7 m

whereV{ is the molar volume of a perfect gas.
i i RT  0.00031x 0.082x 483
Based on this equation, the measured pressure values can Pez n _ X X — 1.49 atm= 22 psi.

used for calculatinm,, and hencey, if V is known. In general, vV 0.0082

C/ V2 « B/ Vm, and hence the third term in the equation above, (8)

can be neglected. The virial coefficients depend of course on the

temperature. We should note that the above evaluations can suffer the fol-

In our case, the number of LigFnoles in the sample, and lowing errors:
hence the maximal moles of Pgas formed, are:

19 1. The titanium bomb expands upon heating and hence its vol-
m .

nipry = — = —— = 125mmol, (3) ume is also temperature dependent.
M 152 2. The masses of the solid LiF and liquid LiP&lso occupy
wherem =1.9¢ is the weight of the sample, ani= 152 the some volume. We do not have information on the specific

molecular mass of LiP§ density of liquid LiPfe.
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In any event, taking into account the specific density of solid 35
LiPFs and LiF (2.838 and 2.635 g crA, respectively) and the
thermal expansion of Tiy =8.6x 106K, the errors in the = %7 o
above calculations are estimated to be less th&t. 8 o5 | .
Hence, the difference of 19 psi between what was measured £ *
and the partial pressure of argon is due to the remaining PF 3 207 \ *
that did not react with LiF to re-form LiR§ This residual gas S 5] N
corresponds in amount to the LiF that we found by XRD anal- E Lt
ysis showed the presence of the ] in the solid mixture S 104 t
remaining after the heating and cooling cycle of LiPFhis % Lot *
finding correlates with the conclusions from the DSC measure- 1+
ments (see next section) that show that the &#d LiF formed 0

500 520 540 560 580

by thermal decomposition of LiRFat elevated temperatures @ T

in closed vessels (as is the case for the ARC and DSC mea-
surements reported herein), did not, when cooled, recombine in
entirety to form the original amount of LiRFThis is presum-
ably because upon cooling, the first-formed L§RE a liquid
that covers the remaining LiF crystallites. For these to react, 31
the PFls must diffuse through the layer of LiRRvhose thick- o
ness increases as the reverse reaction proceeds. A time mucr% 2|
longer than that available during cooling in these measurements £
is needed for all the Rfto recombine with the coated LiF.
During heating in the ARC experiments, we measured the
equilibrium pressure at the end of the searching time, and at 0.51
each temperature range, we waited for a time sufficient to allow 0 ; .
the compounds in the reaction vessel to equilibrate (Fig. 2). We 0.0017 0.0018 0.0019 0.002
also showed that in these experiments we could use the approxi- ( VT (K)
mations of a perfect gas for the pressure values that we measurgy. 3. The equilibrium pressure of Pfhat s formed by thermal decomposition
If LiPFg and LiF are assumed to be pure phases in the tenf LiPFs, [LiPFs () <> LiF (s)+PF (g)], as a function of temperature related
perature ranges measured (i.e., there is no unreactgaPF 1o the ARC measurementsfig. 2: (a)Peq. vs.T; (b) In (Pprs) vs. 1/T.
LiF in the molten LiPF), then the pressure of the Phea-
sured at different temperatures (total pressure measured minsample, the LiP§ melting temperature in the second cycle is
the partial pressure of argon) would reflect the equilibrium conslightly below that in the first cycle.
stant of the decomposition reaction at each temperaty®e (K The melting heat of LiPEFmeasured in the temperature inter-
Ppes versusT is plotted inFig. 3a and InP(P§) versus 1/7is  val 443-473K is 2.02 0.18 kJ mot L.
plotted inFig. 3b (for ARC experiments with 1.9 g of LiRF In order to understand the nature of the endothermic process
heated up to 623 K). The relatively good linear correlation thusneasured by DSC at 468 K, we conducted experiments in which
obtained, allows the calculation of an approximate heat of read-iPFg was heated in closed quartz ampoules, whose temperature
tion at constant volume (Ad/using a non-calorimetric method was monitors. We observed visual changes in the morphology of
by using the integral form of the van't Hoff isochoric equa- the heated samples during the heating process. At temperature
tion, INK=—AU/RT — const. AU, — nearly invariant in the closeto 467 K, we could clearly observe morphological changes
temperature range measured (503-578 K) — was found to keat looked like liquid layers that were formed and covered the
64.9+0.3kJmotle. This value is close to that reported by solid crystals of the salt. We could also observe gas formation
Gavritchev et al[6] asAH (69 kJ mot™?) for the same reaction and some bubbling. Thereby, we concluded that the endother-
(Eg. (1)) in the same temperature range, carried out under cormic process at 467 K is melting of LiBFwhich is followed by
stant pressure conditions. The differenegf — AUy, is very  its decomposition from the liquid state, thus forming solid LiF
close toRT (n=1), whereT is the average temperature in the crystals (clearly visible inthese experiments) ang,lE heating

1 4

relevant temperature range. proceeds. In any complete heating-cooling cycle, the total heat
of crystallization was always less than the heat of melting. How-
3.2. DSC measurements ever, the ratio of the two is a function of the mass of the sample

(seeFig. 6a). Thus, as noted in the discussion of the ARC results,
Figs. 4 and Present typical DSC heating/cooling curves for the reformation of LiPE, which decomposed to BF LiF upon
several samples of LiRFof different weight, including curves heating, is never fully completed upon cooling. From the ratio
for second and third consecutive heating/cooling cycles (Fig. 5)of the heat of crystallization to that of melting in the same cycle
These curves show well-defined melting/crystallization peakene can calculate the fraction of the original LiPkhich has
at467.4+ 0.4 K (endothermic) and 460:20.4 K (exothermic), been reformed as well as the amount of residual LiF in the that
respectively (Tables 1 and 2). In multiple cycles on the samexperiment. From the datalfig. 6a, it may be seen that in these
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Fig. 4. DSC curves of LiP§samples at heating rate/cooling rate of 1K mlinweighing 1-1.074 mg, 2—-2.676 mg, 3-3.645mg, 4-5.862 mg, 5-13.875mg,
6—26.700 mg: (a) heating; (b) cooling; (c) lower curve—11.577 mg, upper curve—11.078 mg at heating rate of 1 and 20, respectively.

experiments only 13-50% of the original Lip#was reformed, Fig. 7 demonstrates that the greater the sample mass, the
depending on the size of the samptéy. 6b presents the data higher the peak temperature of the endothermic decomposi-
in terms of the mass of residual LiF as a function of mass of thé¢ion. A rationalization of this finding will be presented below.
original LiPFs sample. It should however be noted at this point that the sample mass
Upon the first heating at the lower rate, the endothermidhat Gavritchev et al[6] used, corresponds te20 mg in our
decomposition process is not separated from melting and thests. It is clear fronfrig. 6that a decomposition peak of 20 mg
shape of the curves and peak depends on the mass of the sam{dl82.mol) LiPFs in a sealed crucible, such as we used, is at
(Figs. 4a and 5)Fig. 4c shows typical DSC curves at higher temperature higher than 513 K. Gavritchev ef@lworked with
heating rates. sealed crucibles inthe range 298-513 K. Itis clear therefore why
they did not observe a decomposition peak, and detected only the
reversible melting/crystallization peak near 463 K, which they

1 ‘—/*-\“4_“ misidentified.
g A e gir% Heatin Upon repeated cycling of the same sample at the heating
= J— 18t g rate 1 Kmirm! the melting and the decomposition peaks are
g"” M separated and the decomposition peaks in the subsequent heating
3 —wi\/—; 3rd cycles become progressively narrower and more symmetrical
2 'T—‘w———— 2nd | Gooling (Fig. 5).
Ej W 1st } Distinguished separation between the melting and the decom-

, . , . position peaks upon the first heating was observed at high heat-

440 480 520 560 600 ing ratesFig. 4c shows DSC curves of LiRBamples at heating

T(K) rates of 1 and 20 K mint. The masses of the samples are very

Fig. 5. The first, second and third DSC consecutive heating and cooling curveslOS€ as indicated iﬁ_ig. 4c. As th_e rate increases from 1 up to
of a LiPFs sample, weighing 3.645 mg. 20 Kmin~1, the melting peak shifts to higher temperatures by
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Table 1

Parameters related to the LiPfelting and decomposition, appearing in the DSC curves at heating rate of 1 min

No. Weight Weight Melting peak Melting peak AU, of melting Decomposition peak AU, of decomposition
(mg) (. mol) onset (K) temperature (K) (kI mol1) temperature (K) (kImol 1)

1 1.074 7.07 467.46 467.92 2.26 535.70 50.54

2 1.453 9.56 467.23 468.07 2.15 520.00 54.88

3 2.676 17.61 467.01 467.36 2.32 562.50 61.75

4 2.386 15.70 466.21 466.57 2.12 564.30 46.05

5 3.645 23.98 466.84 467.48 2.35 570.40 65.07

6 3.696 24.32 466.51 466.90 1.97 574.30 57.39

7 5.862 38.57 467.06 467.78 1.62 557.42 54.91

Average 466.90+0.33 467.44:0.42 2.02£0.18 55.79+ 4.80

ca. 7 K, while the shift of decomposition peak is ca. 24 K. Com-unknown, as are the solubility of Band LiF in liquid LiPFs.
paring DSC curves obtained at different heating rates (Fig. 4a&he latter solubility is probably very small, in keeping with its
and c) shows that the first endothermic peak does not relate tigh melting point (1143 K). The endothermicity measured upon
the consequent endothermic decomposition. The melting heat biating above 473 K reflects not only the net heat of decompo-
LiPFs measured in the temperature range 445-503 K at heatingjtion of LiPFg in the liquid phase (and the specific heats of the
rate 20 Kmim 1 is 1.8 kI mot L. This result correlates with the components). It also includes the outcome of secondary thermal
average value measured at a heating rate of 1 Kiinat was  processes such as the exothermic formation of a crystalline LiF
estimated without deconvolution between the melting and theolid phase (possibly viaan amorphous stage), and the separation
decomposition peaks (Table 1). of PFs bubbles into the gas phase. These may be accompanied
The cooling curves show the exotherm peaks resulting frony supersaturation phenomena. It is therefore not surprising that
the reformation of LiPEfrom PFs and LiF. These are much more the first cycle DSC heating curves frequently show poor repro-
symmetric in shape than the respective endotherm peaks upaiucibility. A specific example is curve 1 Fig. 4a, exemplifying
heating, both in the case of sample cycled once (Fig. 4b) and ithe finding for a very small sample (1.074mg). Two poorly
the case of repeated cycling (Fig. 5). As for the endotherms, sesolved peaks appear. The existence of a second peak cannot
also for the exotherms, their onset and peak temperature are furiwe attributed to the further decomposition ofsRB PF; + F»,
tion of the mass of the original LiRFsamples (Figs. 4b and 8); since the equilibrium constant for this reaction at this tempera-
the larger the sample, the higher the temperatures. For each sature is negligible (~10°%) [10]. Rather it is suggested that in
ple the quantity of heat absorbed upon decomposition of §.iPFthe case of such a small sample, disconnected micro droplets are
was significantly larger than that released during lilP&for-  formed upon LiPE melting, and these suffer different secondary
mation upon cooling, and the rat@-eformatiod QdecompositioniS behavior.
dependent on the mass of the sample. This is in keeping with the In a sealed DSC crucible of given volume the larger the kiPF
conclusion presented above regards incomplete reformation gimple, the smaller the fraction which must decompose to reach
LiPFg upon cooling. In fact the extent of reformation calculatedequilibrium pressure of RFand repress further net decompo-
for any sample fron®reformatiod QdecompositiorcOrresponds tothe - sition at that temperature. To continue, and eventually attain
extent calculated fron@crystaliizatiod Omelting: This is shown in  substantially complete decomposition as per @, the tem-
Fig. 6a. perature must be progressively raised. This explains the shift of
The rationalization of the above findings is of necessity qualthe endotherm peak covering complete decomposition to higher
itative since quantitative data for key phenomena, such as thhemperatures as the mass of the sample is increased (Fig. 4a).
equilibrium constant for Eq1) as a function of temperature, are Similarly, upon cooling the greater BPlpressure leads to the

Table 2
Parameters related to the LiPfeformation and crystallization, appearing in the DSC curves at heating/cooling rate of 1K min
No. Weight  Weight  Reformation Reformation peak AU, of reformation  Crystalization Crystalization peak AU, of
(mg) (nmol)  peak onset (K) temperature (K) (kJ mol—1) peak onset (K) temperature (K) crystallization (mJ)
1 1.074 7.07 496.00 479.98 68.55 460.73 459.70 2.14
2 1.453 9.56 503.26 487.00 49.62 461.06 460.14 6.36
3 2.676 17.61 525.96 513.89 69.41 461.49 460.89 14.14
4 2.386 15.70 522.47 510.52 63.91 460.40 459.61 16.00
5 3.645 23.98 542.79 532.81 66.91 461.45 461.04 25.04
6 3.696 24.32 541.95 532.90 59.03 460.45 460.09 22.46
7 5.862 38.57 573.59 557.42 45.18 460.76 460.41 30.00

Average 60.37+7.80 460.90:0.36 460.24-0.43
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Fig. 8. The dependence of the onset of the reverse reaction LiE +HEPFg
25 on the samples’ mass in DSC measurements.
‘g‘ .
= 207 The secondary thermal phenomena are thus smoother, and the
g observed exotherm peaks in later cycles are more symmetric
g 151 . and reproducible (Fig. 5). Somewhat similar effects lead to the
B . relative symmetric shapes of the exothermic peaks upon cooling.
'ﬁ 101 . The incomplete reformation of LiRFupon cooling in the
é . DSC experiments is rationalized on the basis of the necessity
o 7 of PFs to diffuse to the surface of the LiF crystallites through
- a growing layer of LiPE liquid, as discussed in detail for the
°3 10 20 30 40 50 ARC results. Support for this postulate was adduced by a DSC
(b) mass of sample (umol) experimenton a 3.90 mg (25.a8nol) sample of LiPgin which

_ _ _ _ the cooling after heating to 623 K, was extended over 48 h at
Fig. 6. (a) The extent of the reverse LiPFeformation as a function of the 473 K, permitting ample time for the reverse reaction. In this case
samples’ mass in DSC experiment$) crystallization heat/melting heatA{ . ! .
crystallization heat/heat of reformation reactior) melting heat/heat of  itwas foundthat LiPEwas reformed to the extent of 95%, rather
decomposition reaction. (b) The LiF mass that remained after cooling as a fun¢han the ca. 47% found for the usual experimental conditions.
tion of the samples mass (calculated from the DSC measurements). Only in the cases of samples 1-4 (Fig. 4a) do the DSC (heat-

ing) curves clearly show that complete decomposition of the

onset of the exotherm (LiRfFeformation) at a higher tempera- LiPFs has taken place by 623K. From the size of the sam-
ture, the larger the sample of LiBRvhich has been decomposed ple in these cases the number of moles of PFoduced is
(Figs. 4b and 8). available. Assuming the ideal gas law as on approximation,

Since the reformation of LiRfupon cooling is incomplete, the pressure of BAn the sealed crucible at the temperature of
in repeated cycling of the same sample the LiF crystallitePnset of the reverse reaction (reformation of LgfP&pon cool-
remaining from the previous cycle act as seed for the crysing (Figs. 4b and 8) was calculated for each of the five samples.
tallization of LiF (and possibly as catalyst for release of PF The data are plotted ifig. 9. Extrapolation of the curve to lower
gas) formed by LiPE decomposition in the subsequent cycle. pressure indicates that at agressure of 0-1 atm the refor-
mation of LiPF should set in below 423 K, below the melting
point of LiPF;. Consequently it is now clear why Gavritchev
et al. [6] in their experiments involving removal of (most of)
570 1 gaseous products of decomposition of LgPfound upon cool-
580 . ing only one exotherm of LiPFreformation (from residual RF
in the crucible) at or below-421 K, and did not see a separate
exotherm for LiPF crystallization[6].
540 - From the DSC data, one arrives at an absolute value of ca.
55.8-+ 4.8 kJ mot X for the internal energy change (AYfor the

580

‘e

550 1

decomposition peak (K)

30

° decomposition of LiPE, and of ca. 60.4 7.8 kJ mot! for its

520 . reformation reaction, in the liquid phase (Table 2). The mass

510 of LiPFg, which was formed by the reformation reaction upon
0 10 20 30 40 50

cooling (mef), is equal tomnyes = Qcrlgm, WhereQcr is the crystal-
lization heat angn, the specific melting heat. The specific heat of
Fig. 7. The dependence of the endothermic decomposition peak's position di€ reformation reaction (g) was estimated agjet = Qref/mret,

the sample mass in DSC experiments. whereQes is the heat of the reformation reactianlU, of LiPFg

mass of sample (umol)
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80 LiF(s) and Pk (g), under conditions of constant volume. The
onset of melting is fixed at 466:20.3K, heat of melting is
2.0+ 0.2kJmotL, Upon cooling crystallization occurs and on
60+ a exotherm peak onset is observed at 460(®4 K.

Decomposition commences with melting, but in DSC mea-
surements, because of the limiting crucible volume and the
40+ pressure of P4 produced during decomposition, an increase
in the mass of the LiPfFsample leads to a shift to higher tem-
perature of the peak of the endotherm of decomposition, and of

calculated PF pressure (atm)

20 its completion. In the reverse direction, upon cooling, the larger
the sample of LiPFdecomposed, the higher the temperature of
4 onset of reformation of LiP& () from LiF(s) and PEk(g). At
0 = : : : rates of cooling even as low as 06 min~1, this reformation
400 450 500 550 600 reaction is not completed, and the larger the original sample, the
onset of reverse reaction (K) more LiF remains after cooling to ambient temperature.
Fig. 9. The calculated RFpressure vs. the onset temperature of the reverse The heat of the endothermic LiBR|) decomposition at
reaction. constant volume, calculated from the ARC pressure mea-
surements (by a non-calorimetric method using integral form
S 9 of the van't Hoff isochoric equation), is 64490.3 kJ motL.
'c‘g The change in the internal energy for the decomposition and
S 801 the reformation reactions measured in the DSC experiments
L= is 55.8+ 4.8 kJ mot 1/60.4+ 7.8 kI mot L, respectively (which
S§E o o 3 allowing for the inherent differences in the techniques and for
2 2 4l = . N the approximations in the calculation, is in reasonable agreement
£ 5 . . . with the value derived from ARC). Both ARC and DSC exper-
§ S 50 o . iments indicate thaA U, for LiPFg decomposition/formation is
o 2 o ¢ approximately temperature invariant in the temperature range
T 401 measured (490-580 K).
2 a0 . . . . .
::3 470 490 510 530 550 570 590 References
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