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Lithium intercalation compounds ofx- and B-perylene are investigated by photoelectron
spectroscopy. Spectroscopic data together with a Born-Haber cycle provide information on the
formation enthalpy of those materials. This approach allows understanding the amount of charge
transferred from the alkali metal atoms to theystem, and illuminates the role of molecular versus
solid-state properties in the formation of the intercalation compounds. In the bulkpefylene
material, molecular dimerization survives upon intercalation which reduces the Madelung energy of
the intercalation compound but increases the electron-accepting capability of the organic system and
facilitates the ionization of lithium atoms in the molecular solid environment. The lower ionization
potential results in a larger charge transfabout two electrons per moleculén «-perylene
compared to the monomeric systegiperylene. ©2004 American Institute of Physics.

[DOI: 10.1063/1.1768153

I. INTRODUCTION phous and polycrystalline polyaromatic hydrocarbon

Lithium-ion batteries based on carbanelectronic sys- material; ® CSO’? carbon nanotubésand gra_lp_hité,and even
.more under high pressufeln the promising polfpara-

tems provide high volumetric and gravimetric energy densi- . . .
ties, high capacities, and rechargeablity.The reason for phenyleng-based and polyacenic semiconductor materials

using lithium cations is their high charge/radius ratio com-obtained from heat treatment of polymers, intercalation lev-

. . ’11 .. .
pared to the other alkali metals which provides fast ionic!S @s high as LiC, are reachedf Finite-size polyaro-
conduction into solid electrodes and through the electrolytdnatic hydrocarbons are model systems for infinite graphene

2-15
separating the two electrodes. In such batteries, upon charéheeté .
ing, Li* ions are transported from the positive electrode via N the search for improved carbon-based energy storage

the electrolyte to the carbon-basédr organi¢ electrode materials, the amount of intercalated lithium is not the only
where they are intercalated to form charge-transfer comParameter to be considered. Other key parameteré attee
pounds. Since the charge state of the lithium atoms is nddmount of charge transfer per carbon atom from the Li atom
changed in this process, it is the relative stability of the twot0 the carbon material which is related to the capacity of the
Li-intercalated electrode materials which determines theelectrode, andii) the energy gain per electron transferred
maximal possible amount of energy to be stored and th&hich determines how strong the Li ions are bound to the
electrochemical potential difference between the two elecelectrode. The product of both determines the energy gain
trode materials. per carbon atom, i.e., the stability of the intercalated elec-
Electrochemical intercalation is not the only way to in- trode material. In contrast to the high amount of Li atoms
tercalate lithium into an organic material. The carbon mateintercalated into carbon-based filths|the amount of charge
rial can also be exposed to a vapor of Li atoms. Electrons artsansfer is usually hard to address. From photoelectron spec-
transferred from the metal atoms to the organic material. Th&oscopy on graphite intercalation compoun@lCs) and
lithium cations thus neutralizing the doping charges. In thegarly theoretical modeling, the Li atom was believed to be
process, the free energy of the reaction is not used to produdenic.*®*” More recent quantum-chemical calculations sug-
electrical energy but directly transformed into heat. Thegest a lower degree of charge transfer for theseglagd
chemical intercalation method used in this work providesLiCg compoundg®®The modeling of complexes of lithium
parameters needed to describe the carbon-based electrodesimd organic moleculé$™® or even on dimers of
Li-ion batteries. molecule$®?! provided insight into lithium atom bonding
Up to now, the major criterion used to find organic elec-configurations and positions with respect to the molecule.
trode materials for Li batteries is the amount of lithium thatOften it is found that charge transfer from lithium atoms to
can be intercalated in the material. High levels of Li concenthe molecules is not completé; 141819
tration of up to about Lig; can be achieved in both, amor- Electron binding energies and formation enthalpies of

0021-9606/2004/121(5)/2239/7/$22.00 2239 © 2004 American Institute of Physics
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a) perylene (C,oH;,) sion from the g phase at about 410 K ip a nitrogen .
O atmosphere at a pressure of about 1 bar. This temperature is
close to that reported for the bulk phase transifidithe
Height Height transition occurs within a few seconds, starting from the
-70 -40 edges of the film, as monitored visually by a slight change of
color and reflection behavior. Directly prepared and
% 2l a-perylene films made by conversion had similar electronic
0nm 0nm properties, both in the pristine and intercalated case, as re-
vealed by photoelectron spectroscopy. The spectra shown in
this publication are obtained from directly prepared films.
The intercalation with Li atoms is performed situ by
2 0 1 2 exposing the organic films to a vapor of lithium from heated,
out-gassed SAES getter sourCeBy the efficient use of cryo
b) B-perylene/Au C) a-perylene/Au

pumps, a pressurel X 10~ *®mbar is maintained during and
FIG. 1. (a) Sketch of the perylene molecule. TM-SFM height () in between the exposures. Ultr‘_"‘VIOId[UPS _and x-ray
B-perylene andc) a-perylene films. (XPS photoelectron spectroscopies are carried out as de-
scribed elsewheréThe elemental composition of the films is
derived from the intensity of the core-level lines using the
isolated lithium-molecule complexes do not usually matchyj/C cross-section ratio obtained in previous workhe
those of the intercalated molecular sdlfdThe main reason amount of oxygen in the film was below the XPS detection
is that electronic polarization effects have to be taken intQimit, at all intercalation stages. Spectra are plotted with re-
account for a proper description of solid-state equivalentsspect to the vacuum levek(,), obtained by adding the work
One of the major difficulties lies in determining the Made- function to the binding energy defined versus the Fermi level
lung energy’’ which stabilizes the formed intercalation com- (E_).
pound, as an infinite sum of polarization-screened electro-  The morphology of the pristine films is studied in air by
static interactions. A|temative|y, the role of intermoleculartapping_mode Scanning force miCI’OSCObW-SFM) in a
polarization for the stabilization of charge-transfer salts carNanoscope llla systerDigital Instruments, Santa Barbara,
be studied experimentally using valence- and core-level phoca) after warming up the samples to room temperature, at
toelectron spectroscopy. atmospheric nitrogen pressure. Both the height and phase
In this paper, we report on a study of Li compounds ofsjgnal are recorded with a scan rate of 0.7 lines/s and a
polycrystalline films ofa-perylene by photoelectron spec- |ateral resolution of 512 pixels. Surface profiles were quan-
troscopy and compare to experimental data of polycrystallingified using thenanoscopEsoftware. Noncontact “golden”
B-perylene; Cqo,? and graphité®**in order to investigate sjlicon cantilevers with a tip height of 10—2em and a typi-

the role of polarization in the stability of organic charge- ¢a| curvature radius of less than 10 nm are used.
transfer salts. Perylene was chosen for a specific reason: de-

pending on the preparation conditiohghe nonlinear five-
ring aromatic molecule pery|ene é&le’ see F|g 1 I1l. DATA EVALUATION USING A BORN-HABER CYCLE

condenses into either one of two monoclinic structural forms Following the basic idea outlined by Schnagttal,?

5,26
(space grouf2, /a), calleda- and g-perylene’®**In the h photoelectron spectroscopy data are used to estimate the for-

crystal, molecules form physical dimers, in contrast to t Cmation enthalpyAHP of the intercalation compounds from a
monomericgB-crystalline form. The closer distance betweenB

the 1 diacent molecules in the di ffects the Dol orn-Haber cyclé®?’=?°In the cycle, the starting point is
the two adjacent molecules in the dimers aflects the polary,. jimiym metal (with a cohesive energy of 1.6 eV per
ization energieqalso called intermolecular relaxation en-

ergy) which act to screen positiveP(") and negative p-) atont®) and the perylene crystdvan der Waals cohesive
lecul&}a\" f 1.4 eVRef. 31];
charges. P* of a-perylene is 0.3 eV larger than for o 9y Pl motecy &¢on (per) of about 1.4 eV(Ref. 31];

‘ o the end of the process leads to the intercalated material, e.g.,
B-perylene> Thus, the influence of the polarization energy .o Li* (per)” compound, where the Li@ electron has

can be studied using two structural modifications of the samg o fully transferred. For the pristine perylene, such as for

material, limiting the number of parameters changed. Coo, E‘C’gﬁ\’(per) is largely regained during the condensation

step[E‘c’g}?’(Li-per)]. If the crystal structure of the pristine

and intercalated material is similar, they should almost can-

Polycrystallinea- and g-perylene films with a thickness cel each other, and van der Waals bonding energies can be
of 20-50 nm are prepared in ultrahigh vacuupressure neglected.
during evaporatiort5x 10 ®mbar) by condensation of a Within the Born-Haber cycle, a mixture of Li atoms and
perylene vapor on a cold polycrystalline gold substrate. Folperylene molecules is condensed in a solid. After the charge
lowing established procedures, the gold substrates are held @ansfer, the organic molecules in the solid are negatively
different temperatures to obtaip-perylene (170 K) and  charged, which costs BAYper) for each molecule. Note
a-perylene (230 K).° During the spectroscopic measure- that the following sign convention is adopted: A positive
ments, the samples are kept at those temperatures. Alternelectron affinity corresponds to an energy stabilization upon
tively, films of a-perylene could be made situ by conver-  negative charging. ER'%per) corresponds to tHadiabatig

Il. EXPERIMENT
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electron affinity in the intercalated solid that is larger than
the affinity of a free molecule E&Yper) because of the
addition of the polarization enerdy~. The electrons on the
molecules come from the ionization of the lithium atoms
[ionization potential IPP'Y(Li)]. The IP*°MLi) of a free Li
atom is 5.4 e\F but it is reduced at the site of the Li atom in
the solid by a polarization energyIP due to the screening
from neighboring molecules: fP9(Li) = 1P%Li) — 8IP.?
The value of the polarization energylP can be extracted
from the Li(1s) binding energy of the Li-intercalated
perylene solid. Note that this is possible for two reasons:
First, the polarization energ§IP for a positive charge in the
2s orbital is likely to be very similar to the polarization
energy of a core hole in the Li€} orbital, since both are
localized compared to the perylene-lithium distance. Second,
photoionization of the Li(%) level of a Li" ion is accompa-
nied by a fast electron backtransfer from the organic system

Normalized Intensity (a.u.)

to the Li(2s) level. Hence, the photoelectron emission ex- 292 290 288 286
periment characterizes the singly charged Li atdike it Binding energy (eV)
appears in the Li(per)” compound$rather than the doubly
5,22 FIG. 2. C(1s) XPS spectra of Li compounds @ and a-perylene at vari-

ionized Li atom: ous intercalation levels.
In the Born-Haber cycle, finally, the electrostatic inter-

actions in the Li (per)” solid are “turned on,” which gives

rise to a considerable stabilization energy, the Madelung en-

ergy M.Z The total enthalpy gain per moleculeH® for the

. TS ) X Clearly, differences in the photoelectron spectra of the two
chemical or electrochemical intercalation process is

films are then not related to the macroscopic morphology but
AHO=E_{(Li) + IPE°MLi) — 5IP— EAS'Yper)— M. rather to differences in the local aggregation state.

(1) Intercalation ofa-perylene films results in the formation
of stoichiometric compounds L(iperylene) withtx=2, 4, and
6 (all £0.2), similar to B crystalline and amorphous perylene
films.> Similar stoichiometries are obtained in a large number

An explicit, albeit difficult calculation oM and the es-
timate of EA°'Yper) can essentially be avoided by using
data obtained by photoelectron spectrosche sum ofV

and EA° equals the electron affinity of a molecule in the ©f €xperiments. . _
intercalated solid, which is accessible via inverse photoemis- 1 n€ C(1s) core-level spectra of pristine and intercalated

sion spectroscop}3* Alternatively, the affinity of the inter- @ @nd3-perylene films are shown in Fig. 2. Between pris-
calated system is estimated by the low-binding energy onsdi€ @- andj-perylene, the difference in the CgLcore-level
E% of the new valence peaks that appear in the UPS spe@-'n,d'n? energtjles%lsl, sllprynl(ljar th th ?Ifc')fe:;’en\se'Ir(;.thet.thr(?;hi)ld
trum upon intercalatio® This approximation is reasonable lonization potential, » OFabout U.5 €V, Indicaling tha

b )
as long as thésingle-particlg electronic gap in the interca- P is the same for both electr_onlc Ieyels. At lowfor both
lated system is vanishingly small, such as in,Gnd ¢ and B-perylene, the C(4) line shifts strongly towards

graphite®*35 This situation is assumed for the Li-perylene lower binding energy upon intercalation. The evolution of
systems® the position of the peak maxima as a functionxois dis-
The formation enthalpy per molecueH® of the inter- played in the upper part of Fig. 3. For tifiecrystalline form

calated compounds is estimated by the final expression &t low x, the shift amounts to about 0.6 eV and ends at an
intercalation levelbelow two Li atoms per moleculdat x

AH%=E (L) +1P*°MLi) — SIP—E5 . (20 ~1.5). At higher levels X=2), the C(%) peak of the Li-
Similar estimates can be done for several charges trang”_ltercalatedﬂ crystal turns back to higher binding energies,

ferred. In this case, the corresponding affinity and Madelungf{"hile for a-perylene, the C(8) line continues to shift, 1.0

values for the second, third, etc.. electron must be consic€Y [N total, up to a levebf at leasttwo Li atoms per mol-
ered. ecule. Two observations are pinpointed.

(i) A chemical shift of the C(&) core level correlates to
the amount of charge transferred from Li atoms to the
IV. RESULTS AND DISCUSSION system. Since the shift of the C$}line is linear with the
intercalation levelx up to a level ofx=2, the amount of
charge transferred is two electrons per molecule in
The TM-SFM images of th@- and e-perylene films are  a-perylene at this level, if one assumes a complete charge
shown in Figs. (b) and Xc), respectively. Both films have transfer at lowesk. This is not achievable fo8-perylene, as
an identical morphology. The grain size has a rather narrovindicated by the smaller shift.
distribution with diameters between about 150 and 250 nm. (i) At high x, the intercalatedr- and B-perylene films
The grains might correspond to single-domain crystalliteshave different electronic properties. This suggests that dimer-

A. Experimental results
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C (1s)

288.5] ¢ PPe"
288.0

287.51

-
e

60.5+

Binding energy (eV)
Intensity (a.u.)

60.0- p-per ;
59.5- '

59.0- “apor

0123456 ——
Li-atoms per molecule 8 6 4 2
Binding energy (eV)

FIG. 3. The C(5) and Li(1s) binding energies of Li compounds @f and

a-perylene at various intercalation levets FIG. 4. UPS valence spectra of pristine and Li-intercalated, polycrystalline
B- (from Ref. § anda-perylene films on gold substrates. The position of the
spectrometer Fermi levelEg) is indicated by a vertical mark for each

ization in the bulk ofa-perylene is maintained at high inter- SPectrum. Features andB appear upon intercalation.
calation levels.

At intercalation levelx<2, two new features appear in
the UPS spectrgA and B in Fig. 4) for both «- and
B-perylene, at the low-binding energy side of the former : )
highest occupied molecular orbitdHOMO). Since the calatedw (featureA) andp materlal(featureB), respecuvely.
amount of oxygen in the films is negligible, electronic states The L|('1s).core-level spegtra of the |nt.elrcalated films
related to oxygen containing species should be ruled out. Th@"® §hown n F,'g' > The eyolupon of thg posltlon of the peak
similarity in the shape of the spectra for the two maxima with increasing is d_|splay¢d n Fig. 3. Fg{lst)he
Li (perylene) systems, at~ 1.5, indicate that both interca- dimeric system, fox<2, the Li(1s) binding energyEg
lated films are rather similar in the surface region probed b

featureA and of E§ = 3.7 eV for featureB represent the low-
est electron binding energiesyat 2 in the bulk of the inter-

)pf 59.4-59.8 eV is close to the value f@ perylene and
UPS (of less then about 10 A The peak derived from the Stage-1 GIC. At higher level=2, the peak position shifts
former HOMO splits into two features with binding energies with x towards lower binding energy, up to 1 eV lower than

close to those of the HOMO of the pristimeand 8 form, of
about 5.2 and 5.5 e¥/This provides an evidence that the first

and possibly the second molecular layers contain both the Li (1s)
monomeric and dimeric forms. Pe&kandB are split by the X
same amount. These two spectral features originate from the . 0
same electronic state—the partially filled lowest unoccupied s
molecular orbita(LUMO) stabilized by the Li counterion— 8¢ x4 ~1. 5
but experience a different polarization energy: for A (cre- =
ation of the photohole on the site of a dimé higher than g ; 2.0
that for B (hole on a monomér E

At x=2, the valence spectra are similar in shape but the 3 ~3.0
spectrum of the intercalated original film appears shifted N 4.0
by 0.4-0.6 eV towards lower binding energies. For high in- E '
tercalation levels, only either the monomeric or the dimeric 5] 6.0
structure is present in the surface region of the film, confirm- <
ing the interpretation obtained from the Gjlspectra about overlayer
a presence of a dimeric structure in Li-intercalated
a-perylene films ak=2. Such a behavior can only occur, if,

after diffusion of lithium ions from the surface to the bulk,
the bulk stays eithew or B crystalline, and serves as a tem-
plate for the structural reorganization of the surface at higher
x. That is, the appearance of double features at¥ol® a  pig. 5. Li(1s) XPS spectra of Li compounds g8 (from Ref. § and
surface phenomenon, and the onset valudsiof 2.7 eV for  a-perylene at various intercalation levels

62 60 58 56
Binding energy (eV)
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TABLE I. Formation enthalpies of Li-intercalation compounds qf Cgraphite,a- and B-perylene derived
from experimentally obtained values for the L#)1binding energiesEL*® , the binding energy of the least
bound electronE] . The Madelung energy can be obtained from the electron affinity of the pristine material,
EA>d andE} . The spread ilE};, corresponds to the positions of two features in tigspstem and to a broad

structure in stage-1 GIC.

—AH°
—AH?® per charge
SIP  |psolid per charge and carbon
EL(S  EfF EATM (L) (L) M  and molecule  atom —AH°
ev) (V) (V) (V) (V) (V) (eV) (eV) (Whlkg)
Ceo 61.8& 51 38 27 27 16  08-13 0.013  36=10
-5.6 -2.1 —-0.022 (first
charge
Graphite 59.4 2.8 4.6 0.8 109+ 43
LiCq -3.3 (for 0.5
charges
per Li
atom
B-perylene  60.2 3.7 43 1.1 1.0 0.050 17430
(x=2) (for 1.5
charges
a-perylene 59.2 2.7 2.5 5.3 0.1 0.2 1.0 0.050 22830
(x=2) (for 2
chargeg

@Using the experimental values from Ref. 22.
PReference 37.

‘Reference 16, using the work function from Ref. 24.
dreference 5.

*References 38 and 39.

for intercalateds-perylene. Fox=2 in a-perylene, holes at bility of the organic system and facilitates the ionization of
the Li sites are better screened than in the monomerilithium atoms in the molecular solid environment. As a re-
B-perylene system, as indicated by the 1 eV energy shift oult, AH® per transferred charge and molecule is also of the
the Li(1s) line. Correspondingly, ionizing a Li atom in same magnitudé—0.8 to —1.3 eV).

an a-perylene environment is easier than inBgperylene The magnitude oM (for the first transferred chargean
crystal. be evaluated from the experimental value&gfand EA.

M = E§ — EA® (according to the assumptions discussed in
B. The role of electronic polarization Sec. Il). Using EA°"(Cqp)=3.5eV M is 1.6-2.1 eV for

) . 0 LiCgp. Note that this is only slightly smaller than the un-
Table | displays the formation enthalyH" calculated s reened valué2.3 eV) calculated for a Li ion at the tetra-

from Eq. (3) for the following intercalated systems: s phegra site of the g fcc lattice?? For the Li compound of
for x=1 [using literature e'xperlment'al electron SpeCtrOSCOpya-perylene,M amounts to only about 0.2 eV, much smaller
data for the compound with a nominal level &1 (Refs.  yhan the value obtained for Lig. This is unexpected be-
22, and 37 and assuming full charge transfethe stage-1 . ;56 the unscreenddl is inversely proportional to the lat-
graphite intercalation compound L§C(binding energies

tice constarft and the Li-perylene solid has a smaller aver-
from Refs. 16 and 24for a charge transfer of 0.5 electrons age distance between positive and negative ions than the

. 19 .
per Li atom,” and for the Li(per) systems. For the last ¢ ierite. The low value oM suggests the efficient screening
systems, the charge transfer is different, as indicated by thgf electrostatic interactions in the-perylene solid.

C(1s) chemical shift. For the calculations afH®, we use

the amount of 1.5 charges forJ(j3-per) and 2 charges for o
Li,(a-per). C. Degree of charge transfer and limitations

Measured electron binding energig§ are rather similar In the electrode capacity

for graphite anda-perylene, but 0.4-0.9 and 2.4-2.9 eV According to Table |, for both Li{«-per) and
higher in theB-perylene and g compounds, respectively. Li,(3-per), the formation enthalpyAH® per charge and
The value ofdIP is also different for these four materials. In molecule is about-1.0 eV. For perylene, the LUMO is not
particular, at the tetrahedral site within the fcc lattice @f C degenerate. The next unoccupied orbitalUMO+1) is
(Ref. 22 it is much lower than that in the solids of the planar about 1.3 eV higher in enerd§.This amount of energy is too
molecules and graphite. It can be recognized that the differlarge to add a third charge, in agreement with the observation
ence indIP is opposite to that iEf . The sum §IP+EE) in ~ from the chemical shift of the C@& core-level line in
Eqg. (1) is rather similar in all of these systems. In other a-perylene, which stops at about=2. In this system, the
words, this means that a higher polarizability reduces th@mount of total electron transfer to thesystem seems to be
Madelung energy but increases the electron-accepting capbmited by the spacing of unoccupied electronic levels. A
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negative formation enthalpy per mass of 220 Wh/kg is trode materials should therefore also include the
obtained. This value is more than double of that in theconsideration of the polarization energies in the sohtich
stage-1 lithium graphite intercalation compound (§)iGf can be influenced by the choice of the aggregation Jstate
the charge transfer would be only about 0.5 charge per Li
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