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Interlayer interactions in LiC 4. Compressibility and thermal expansion
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Interlayer interactions in the prototype stage-1 graphite intercalation compourdatéGrobed by neutron
diffraction measurements afaxis compressibilityc. at 300 K andc-axis thermal expansioa, in the interval
300-700 K. We find a constamt,=1.43+0.02x 10" 2 cm?/dyn for hydrostatic pressures 23 kbar, about
half that of graphite. In contrasty,= 59x 10 ®/K, twice that of graphite. Estimates of effectiweaxis
Grineisen parameters show that the interlayer potential in; i$Gn fact considerably more anharmonic than
that of graphite. Measurements @f on high temperature stage-1 solid solutions suggest even greater anhar-
monicity when 30% of the Li sites are vacaf60163-182@6)02020-9

Graphite is the prototype layer solid. The interlayer vancalculatiort® predicted the correct trend of elastic constants
der Waals bonding is well represented by a Lennard-Jonefor different alkali metals but the absolute values were not
potential® from which one expects, and observes, importantell reproduced, the predicte@s; for LiC ¢ being nearly
anharmonic effects associated with the steep repulsij®  twice the largest phonon-derived value.
term: large c-axis thermal expansion, departures from Here we address the anharmonicity of the interlayer po-
Hooke'’s law at modest-axis compressions, etc. Intercala- t€ntial in LiC¢ by measuring the isothermedaxis compress-
tion with alkali metals introduces new contributions, namely,iPility and thermal expansion using neutron diffraction.
the electrostatic interaction between oppositely charged cat-C 6 Was prepared from highly oriented pyrolytic graphite

bon and metal layers and carbon-metal core repulsion, arfy Immersion in molten Li at 250 °€! Compressibility was

also modifies the van der Waals contribution by dilating thed€términed from the variation imwith hydrostatic pressure,

lattice. The net effect is an increase in interlayer force con!SiNg @ cell described in the literatfePieces of LiG and

stants,c-axis sound velocities, longitudinal (0P phonon ggd(sjlﬁ)lzd6|_r|n?r|13$ c\JAi/:rrr?etC;rta;[g dﬂi Alforﬁ?nelﬁ;r&geﬁaﬁg?::?\ﬁd Al
energies etc,i.e., a general stiffening of the potential. On P 9

s . as a pressure gaugehe remaining volume being filled with
the other hand, little is known about the effect of intercala--, oo FC-75, which remains fluid up to 50 kbar at 300 K

tion on its shape, that is, the extent to which anharmom%md does not react with Li or Lig. Pressure was applied

properties are altered. _ _ _with a hydraulic press. Samples for thermal expansion were
LiCgis one of the most thoroughly studied alkali-graphite g cjosed in welded stainless steel foil envelopes in an Ar-

compounds;” and it plays an important role in understand- fijleq glove box and measured in a convectively heated fur-

ing the performance of carbon-based anodes in rechargealfd@ce with temperature control and measurement by two

Li-ion batteries> Upon intercalation, some fraction of the Li separate thermocouples. Both experiments were carried out

2s valence electron density becomes delocalized on the cabn the H4S triple-axis neutron spectrometer at the

bon layers, and the intralayer Coulomb repulsion between LBrookhaven High Flux Beam Reactor, using typical collima-

“ions” competes with the attractive interaction between op-tion of 20'-20'-20'-20’, graphite(002) monochromator X

positely charged Li and C layers, the former becoming the= 2.37 A) and (004 analyzer yielding typical longitudinal

density-limiting factor. The Li “cations” form a commensu- resolution of 0.01 A'%. Lattice constants versdsor P were

rate 3ax \/3a superlattice in the gallery where= 2.46  derived from Gaussian fits to two reflectiofggaphite(002

A is the graphite in-plane lattice constant. Thw@xis stack- and(004), LiC ¢ (001), and(002)] to account for zero error in

ing sequence i®aAc, ..., whereA and a represent car- diffraction angle. Counting statistics were large enough to

bon and Li layers, respectively. Thus all the interlayer C-Censure standard deviations in fitted positions of no greater

and Li-Li neighbor pairs are eclipsed, in contrast to the situthan + 0.003 A. A typical example is shown in the inset to

ation in graphite ABAB stacking in which only half the Fig. 1.

C-C pairs are eclipsed, the other half being staggered. Pressure versus hydraulic load was determined from the
The elastic and thermal properties of graphite have beemeasured graphite parameter and an empirical relation

extensively studied experimentallg.g., x-ray °and inelas-  from pressure-dependent x-ray diffractidn:

tic neutron scatterify and very well understood

theoretically* Results on the intercalation compounds are clco=[({'1Lo)P+1]" Y, (1)

more limited. Phonon spectra have been exploited to esti-

mate adiabatic elastic constants, in particulag from the  wherec, is the lattice constant at zero pressure (3.357 A

low-Q slope dw/dQ of longitudinal (OQ) modes. Values ¢ (= 360 kbaj, and ¢’ (= 10) are thec-axis compliance

for LiC¢ vary considerably: 8.4 7.1 and 5.8'2 all in  (i.e., the inverse of the-axis compressibilityand its dimen-

units of 16dyn/cm?. A Thomas-Fermi density-functional sionless pressure derivative, respectively. We note in passing
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that of graphite. An upper bound on the pressure dependence
0.00+ 2.0x10° of k. was obtained by fitting the same data to a polynomial:

1.0x10* In(c/cy)=Ko— KéP— KéP2/2, 2

0.0

-0.014

where k. represents the pressure derivative. From the stan-

1.66 1.68 1.70 1.72 1.74 1.76

In (c/cy)

-0.027 dard deviation we estimate k.<5.4x10 ¥ cm?%
dyn/kbar, or in terms of Eq1), {' < 2.6, much less than the
-0.031 value 10 for graphite. We conclude that the interlayer poten-

- - - - tial in LiC ¢ remains quite parabolic up to a 3% reduction in
0 5 10 15 20 25 interlayer spacing.
Pressure (kbar) The thermal variation o€ for LiC ¢ is shown in Fig. 2,
along with a linear fit which gives an averagg over the
FIG. 1. Pressure dependence of (nermalized LiC ¢ c-axis  range 320—-680 K of 5910 /K, more than a factor of 2
lattice constant from (Q0) neutron diffraction(squares Extrapo-  larger than that of graphite (2010’6/K at comparable
latedc, = 3.701 A. The solid line is a linear fit. Inset: typiddl0)  temperaturéy. Taken at face value, this suggests that 4.iC
profile (dotg and a Gaussian fisolid curve at 3.81 kbar. is more anharmonic than graphite. Also plotted in Fig. 2 are
data for Li,Cg (x=0.89 and 0.69'? These are two-phase
mixtures of stage-1 Lig and stage-2 LiG, at low tempera-
ture, transforming to single-phase “dilute stage 1" at high
temperature. This provides a convenient approach for study-
ing the dependence of various properties on in-plane
density? Just below the transition the parameter actually
contracts with increasing, a consequence of Li leaving the
fully occupied stage-1 gallerigand entering the empty gal-
feries in stage R Linear behavior is recovered above the
transition, givinga, = 76 and 110x10 /K for stage 1
with 11% and 31% vacant Li sites, respectively, i.e., even

The _normallzed Iatthe C(_)nstautco of .L'CG IS plotted_as more strongly anharmonic behavior with decreasing Li den-
a function of pressure in Fig. 1. A maximum contraction ofSity

3% is achieved at our pressure limit of 23 kbar, set by the Anharmonicity in structural energies is quantified by the

collapse of the Al cell to the.pomt at which it crushes theGr'Uneisen parameter, a direct measure of the nonparabolic
sample and degrades tleeaxis mosaic. As noted above, gotential'

graphite has already become noticeably nonlinear at this d
gree of contraction, whereas the Lj@ata in Fig. 1 are very dlnwi(q)

well fit by a constant compressibilityx.=1.43 +0.02 y=—2 f &(q) —oydd /2 f ei(q)dg, )

X 10 12 cm?/dyn. Since G in LiC g is essentially zero due ' '

to the eclipsed stacking,to a good approximation wherew;(q) is theith phonon frequencye;(q) is the Ein-
Cg3=1/k,=6.97+0.09x 10" dyn/cm?, 90% larger than stein specific-heat function, is the phonon wave vector, and

that ¢ for highly oriented pyrolitic graphitdHOPG agrees
with a linear compliance based on (0Ophonons’ namely,
3.58+0.1x 10" dyn/cn?. The nonlinearity in graphite be-
comes significant when/cy < 0.97, well below our maxi-
mum pressure. This is observed in a raw plot of §N&rsus

anharmonic than Lig since its{’ must be the more positive.
This turns out to be misleading, as discussed later.
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% FIG. 2. Temperature dependencecddr pure
< stage-1 LiCgs with x=1(+), 0.89(X), and
o 0.69(*). Solid lines are linear fits, which for the
E 372 1 latter two are restricted to temperatures above the
E Liig60/Ce phase transitions ending at 450 and 500 K, re-
é ' spectively. Note the strong increase dt/dT
§ 371 b with increasing Li vacancy concentration.
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TABLE |. Comparison ofc-axis elastic parameters, thermal expansion coefficients, and interlayer Gru
eisen parameters for graphite and stage-1 intercalation compdDgid&lues for graphite derived from LA
phonons and diffraction vs pressure are in good agreefsenttexk, the entries folM C4 are based on LA
phonon dispersion. The last column is the inverse of the intercalate mass per unit area.

Ca3 a. 1/areal mass
10* dyne/cn? 107 8/K Ye 102 g1

Graphite 3.79] 24+ 4 [17] 0.58+0.09 -

CsG 5.83+0.12[2] 28+6 [17] 0.9£0.2 0.36
RbCq 4.84[2] 30+7 [17] 0.80+0.2 0.56
KCg 4.85+0.14[2] 45+ 8 [17] 1.2+0.2 1.20
LiCg 6.97+0.09 (this work) 59 (this work) 1.80+0.02 (this work) 5.13
Li gsCs - 76[12] - 5.76
Li 06Cs - 110[12] - 7.43

V is the volume. In the simplest casgs ay\V/«1Cy where Within error bars, the overall anharmonicity reflected by

ay is the volume thermal expansion arg the isothermal v, scales linearly with the inverse of the intercalate areal
compressibility. For parabolic potentials thés areV inde-  mass, consistent with the notion that the lightest “layers”
pendenta, = 0 and hencey = 0. Girifalco has pointed out undergo the most violent thermal excursions and hence
the need for caution when applying the simple form to solidssample the nonparabolic part of the potential to the largest
with distinctly different kinds of bonds, viz., the strong extent. As noted above and elsewhErepaterial variations
intraball ~versus weak. interball . bo.nds in - solid i . are dominated by variations i, ; in particular, appli-
Ceo-'° Similarly, we require an effective interlayer Gru  cation of Eq.(4) shows that the thermal energies for the
eisen parametey, for layer compounds, involving the con- gijjyte stage-1 solid solutions are not very different from that
tribution to Cy from the interlayer modes alone, which we o ic - the main effect of Li vacancies being an increase in

estimate from the thermal energy of the Iongitudinalthe energy of the optical branch whifg ., is dominated by

;
phonons. the acoustic modes in this range of temperature. Thus we
expecty, for the dilute solid solutions to be even larger than
Eern{ T) = Co ﬂ ﬁ“; do (4) for LiC 4. C33 data would be required to prove this, for ex-
er 7) dw et@®sT—1"

ample, by measuring (QQ phonons at high temperature on
samples withk<<1. It would also be of interest to explore the

wheredg/de is obtained from (0D) phonon dispersion fit-  thermal and elastic properties for 1, i.e., the high-pressure
ted to a shell model using force constants from Ref. 2. We,,55¢ LiG,.18

emphasize thay. as defined herein is useful only for com- * T4pje | gives a summary of the various determinations of
paring f[he anharmonlqtles qf interlayer potentials in two-C33 for LiC. As noted above, values derived from long-
dimensional systems; in particulay,’s cannot be compared \yayelength phonon dispersion are adiabatic and are related
with the isotropicy’s of cubic systems. _ to the isothermal value according tocr/ks=Cp/

For. LiCg the temperature derivative &, gives a heat Cy=1+yaT whereCp and C, are the constant pressure
capacity 0.138 meV/K at 300 K for a cell volume jnq constant volume heat capacities, respectively. Using the
V=\/3/4a%c, wherea andc are 2.46 and 3.70 A, respec- y. and a, values from Table I, the adiabafig; deduced
tively. Combined with the measureg, and«., we findy.  from LA phonons should be 3.2% greater than the
= 1.80 for LiCq, more than a factor of 3 larger than that of gjffraction-based value obtained from Fig. 1. TBe; deter-
graphite (0.58 obtained in the same way. In Table | we mined by Rossat-Mignoet al!* agrees with our prediction
collect Cg3, a¢, and y. values for graphite, Lig, and  well. The significant discrepancies among other numbers in
MCg compounds K = Cs, Rb, and K (Refs. 2 and 1V Table Il remain unexplained.
along withea for Li,Cg with x=0.89 and 0.69. The inverse |t has been shown from a numerical calculation based on

of the intercalate areal mass is also included in Table I. Théne band structure that the electron density in 4.i€ highly
stiffness constant & is the second derivative of the inter-

layer potential on the repulsive side and carries limited in- _ _ . .
formation regarding the overall shape of the potential. Thusm e;’:i:i:r']tsc;% of LiC ¢ obtained from diffraction and phonon
it does not exhibit any systematic behavior for the different '

materials. On the other hand, is larger in the compounds

. . . . . . . . C33
than in graphlte, indicating more anharmonic potentials in 0™ dyne/cn? Method
the former. It increases as the intercalant mass decreases, due
to larger amplitude thermal motions of lighter cations at the6.97+0.09 Diffraction (this work)
same temperature. The exceptionally largg in Li,Cg 8.9 LA phonon[2]
(x=0.89 and 0.69follows the same trend, the Li's being 7.1 LA phonon[11]
effectively “lighter” as they become decoupled due to thes g LA phonon[12]

vacant sites.
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nonhomogeneous and anisotropic}3C NMR measure-
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culation of the total energy of Lig based on the electron

ments revealed a Knight shift corresponding to an effectivedensity in Ref. 19 is in progress.

0.74e~ charge transfer from Li to graphfttand a recent
simulation also predicted a value of 8:62! Therefore, the
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cussions, and P. Wochner and D. B. McWhan for assistance

concept of complete ionization is not very accurate in thisyith the pressure cell. This work was supported by the
particular system. This could be the main reason that thgjughes Aircraft Co. and by the Department of Energy,

Thomas-Fermi density-functional calculatigbased on the
assumption of complete charge transf@ef. 13 predicted

DEFC02-86ER45254. The Brookhaven HFBR is supported
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a Cy3 twice as large as the experimental result. Further cal76CH00016.
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