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Charge transport of lithium-salt-doped polyaniline
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Charge transport properties, including temperature-dependent dc conductivity and thermoelectric power are
reported for Li-salt (LiPE, LiBF,, LiAsFg, LICF;SO;, or LiClIO,) -doped polyanilingPAN) samples. The
experiments of electron paramagnetic resond&R) and X-ray photoelectron spectrosco¥PS) are per-
formed for the systems. The electrical and magnetic properties and the doping mechanism of various Li-salt-
doped PAN samples are compared with those of hydrochloric{t@l) -doped PAN samples. The PAN
materials doped with LiPfhave the highest dc conductivityrf.~1 S/cm, at room temperatyrén the
Li-salt-doped PAN systems studied here. The temperature dependenggadfthe systems follows a quasi-
one-dimensional variable range hopping model, which is similar to that of HCl-doped PAN samples. As the
molar concentration increases from10 *M to ~1M, the system is transformed from an insulating to
conducting(non-metalli¢ state. From EPR experiments, we measure the temperature dependence of magnetic
susceptibility, and obtain the density of states for various Li-salt-doped PANs with different doping levels. We
observe the increase of the density of states as the molar concentration increases. From the analysis of nitrogen
1s peak obtained from XPS experiments, we estimate the doping level of the systems. We compare the
effective doping thickness between HCI-doped PAN samples and Li-salt-doped PAN ones, based upon the
results of XPS argorfAr) ion sputtering experiments. The diffusion rate of"Lor counterions and the
dissociation constants of Li salt in doping solution play an important role for the effective doping and transport
properties of the Li-salt-doped PAN samples.
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[. INTRODUCTION Based upon the protonic acid doping, various dopants and
solvents have been used to increase and to contratthef
Polyaniline (PAN) has been intensively studied for the PAN systems. The intrinsic metallic nature of doped PAN
past decade’.® The conducting form of PAN is obtained by samples including polyacetylene and polypyrrole has been
a protonic acid such as hydrochloric a¢tCl) doping. The  also studied through low temperatulgelow 10 K) o4, and
electronic structure of PAN has been investigated to undereptical dielectric constant as a function of ene?dy How-
stand the transformation from the insulating state to conducever, there have been many controversial issues in the intrin-
tion state>'®!! Epstein et al. reported the insulator-metal sjc metallic nature and details of charge transport
transition of PAN systems as a function of protonation levelnechanismg.

based upon the result of the increase of the Pauli The pAN materials can be used for electrodes of lithium

susceptibility” MacDiarmid and co-workers showed a simi- (| j) jon rechargeable batteriéscorrosion protectioR® and

lar transition from the result of dc CondUCt'V'tmcl)d Where  (t and microwave absorbef& The commercial use of PAN

Tge &t room temperat_uréRT) vgned féom —107 10 ~1 = aterials for batteries has begun with Bridgestone Corpora-

dS/cm as the protonation level increaseBhe protonic acid tion and Seiko Electronic Components dThe electro-
opants such as HCl, HF, jAQ,, HCIO,, H,S0;, HNG, chemical redox reactions using the emeraldine base form of

and HBF, have been used to obtain the conducting form OfPAN (PAN-EB) and the use of PAN as a cathode in a re-

PAN110-2 The effect of moisture on PAN has also been ;
studied®™®~1 Cao et al. reported PAN doped with various chargeable battery has been S.tUd%BAN materials doped
ith Li salts and their composites are promising candidates

functionalized acids such as dodecylbenzenesulfonic aci}ﬂ/ o :
or electrodes of Li ion rechargeable batteries, because they

(DBSA) and camphorsulfonic acidCSA). The oy, of e ) : -
PAN-CSA prepared inm-cresol solvent is=100 S/cm, and &€ stable in air, have relatively high conductivities, and are

its temperature dependence has an intrinsic metallic natu@@mpatible with polymer electrolytes _
from RT to~200 K8 Monkman and co-workers studied the N this study, we synthesize PAN samples doped with
reaction conditions at low temperature to synthesize th&arious Li salts (LiPk, LiBF,, LiAsFg, LICF;SO;,  or
high-molecular-weight and highly conducting PAN LIiCIO,). Electrical, magnetic, and structural properties of
materialst® The PAN samples doped with 2-acrylamido-2- Li-salt-doped PAN samples are compared with those of HCI-
methyl sulfonated propanoic acitPAN-AMSPA) shows doped emeraldine salt forms of PAIRAN-ES through the
o4(RT) ~400 S/cm reported by Leet al?® The physical temperature dependence of,, and thermoelectric power,
and chemical properties of PAN doped with protonic acidelectron paramagnetic resonan@&PR), and X-ray photo-
vary with the solvents ro-cresol, NMP, CHGJ, etc).?2??  electron spectroscopiXPS) experiments. We discuss the in-
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homogeneous doping of the systems based on EPR and XP T (K)
Ar sputtering experiments. - 290 100 50
II. EXPERIMENT 10°F NE I
: g PAN-ES =10 @ "Lt
_ 10° E . N
The powder of a PAN-EBPANIPOL™, NESTE, Fin- _1 a uq’cul% ",
land was dissolved inN-methylpyrrolidinone(NMP) sol- o F D P i
vent, and its weight ratio was 3% with respect to the solvent.  10° - pan-LiasF, & ‘° iy £

The solution was stirred with spin bars for 24 h and filtered ~ , | \
. . . . e 10
with Watman filter paper three times. The solution was &
PRy PAN-LiPF =

100}

10
T(K)

poured on a slide glass and dried at 50°C in a convectior® 10°

oven under the dynamic vacuum for 15 h to prepare as10°}- .
PAN-EB free-standing film. For the doping solution of the Li 15 - —— PAN-LICF,SO,
salts, ethylene carbonate (EGHZO;, molecular weight ~— PAN-LIBF,

=88.06, density1.32 g/cnd) and dimethyl carbonate 107 & PERLLIED: 1M doping .
[DMC, (CH;0),CO, molecular weight90.08, density 107 L L L L L L
=1.07g/cni] were used as the solvents. The PAN-EB free- 004 008 042 016 020  0.24
standing films were immersed in the Li-salt-doping solution T (K™)

for 72 h, and the doping process was performed in a dry box.
The doped films were dried in vacuum oven at 50 °C for 15 FIG. 1. Temperature dependence «f, of PANs doped with
h and washed with ethyl ether. various Li salts and HCI dopetPAN-ES PAN samples. Inset:
The o4 was measured by using a four-probe method, inTemperature dependence of resistiiy,(T)] at low tempera-
order to eliminate the contact resistance. A CTI-Cryogenic{!"®s:
closed-cycle refrigerator system was used for measuring the
temperature dependence of dc conductiVity(T)] from _ To)|
RT to ~20 K. For low-temperature dc conductivity measure- Tde™ T0EXP ~ T '
ments from 70 K to 3 K, the physical property measurement
system(PPMS Keithley model 7065 Hall effect card were where T0=16/[kBN(EF)L||Lf],N(EF) is the density of
used. A Brucker ESP 300 spectromeéiband was used to  states at the Fermi level, ard, (L,) is the localization
obtain the EPR spectra. The samples were put in an EPRngth in the paralle{perpendiculardirection®**3The slope
tube (Wilmad 707 and pumped with a diffusion vacuum of o4(T), Ty can be interpreted as an effective energy bar-
pump (=107 ° Torr) before sealing the tube to avoid the rier or energy difference between localized states. The results
possible air and moisture effects on the EPR signal obf oq(T) imply that the quasi-1D structure for charge trans-
samples. The magnetic susceptibilities of the system werport maintains for Li-salt-doped PAN systems. Thg val-
estimated from EPR integrated intensities calibrated againstes of the PAN-LiPE, PAN-LiAsFg, PAN-CRKSO;, and
a Li-LiF crystal. The XPS data were measured by using &AN-LiBF, samples are-5400 K, 19 000 K, 21 000 K, and
PHI 5700 spectrometer (A «, 1486.7 eV photons The 46 000 K, respectively. The PAN-LiRFsample is the most
carbon B (CIs) neutral peak at 284.6 eV was used as thehighly conducting sample in the Li-salt-doped PAN samples
reference to correct for the shift caused by surface-chargingtudied here. Assuming thlaHLf:L3 and using the density
effects?®*® The XPS sputtering on the surface of PAN of states]D(Eg)] obtained from EPR experiments, the lo-
samples was performed by using Ar iof3skeV) for 10 min  calization length(L) is estimated to be 23 A, 22 A, and 16 A

@

under 107 Torr. for PAN-LiPFs, PAN-LiAsFs, and PAN-LiBF,;, respec-
tively. This suggests that the PAN-LiBFSample is a rela-
ll. EXPERIMENTAL RESULTS tively more localized state than the PAN-Lif&ample. It is
o ) noted thatoy(T) varies with Li-salt dopants used, although
A. dc conductivity and thermoelectric power the systems are doped in the sanMé toncentration of dop-

Figure 1 comparesy(T) for PAN-ES and Li-salt-doped ant. The inset of Fig. 1 represents the temperature-dependent
PAN samples. They(RT) of PAN-ES and PAN doped with  resistivity [ ps(T)] at low temperatures. We observed that
LiPFs (PAN-LiPF) is ~10 S/cm and~1 S/cm, respectively. pqc 90oe€s to infinity as temperature decreases due to disorder.
The o(RT) and its temperature dependence of Li-salt-This implies that the systems are not typical metals.
doped PAN samples vary with the kind of dopants used as Figure 2 shows the variations ef;(RT) of PAN-ES,
shown in Fig. 1. PAN-LiPF has the highestr4(RT) in Li- PAN-LiPFs, and PAN-LiBF, samples as a function of molar
salt-doped PAN systems studied here. A quasi-oneconcentration. For PAN-LiRfFsamples, we observe the in-
dimensional1D) variable range hoppin/RH) model pro- ~ crease ofoy(RT) from ~10 ° S/cm to ~1 S/cm as the
vides the best fitting foroy(T) of PAN-ES and Li-salt- molar concentration increases from M to 1M. The
doped PAN systems. The quasi-1D VRH model emphasizingr¢(RT) of PAN-LIBF, samples varies~ 10" ° S/cm to
the nearest-neighboring interchain hopping has been used te10 * S/cm as the molar concentration increases from
account for the macroscopic dc charge transport of PAN-ES0 *M to 1M. This transformation from insulating state to
samples’! which is described as conducting (non-metalli¢ state of PAN-LiPEk samples is
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FIG. 2. The variation ofrg(RT) of PAN samples doped with FIG. 4. xXT vs T for various Li salt doped PAN samples. Inset:

HCI, LiEFG, and LiBF,;, as gfunction of molar concentration. The the density of stateD (E)] of PAN-ES and various Li salt doped
dotted lines are for eye-guide. The downward arrows represent thg samples.

onset of the transition.
tion of charge transport characteristics of the quasi-1D

similar to that of PAN-ES samples. However, for VRH.*

PAN-LiPFs and PAN-LiBF, samples, the onset of the trans-

formation appears at 10 2M, and~10 M, respectively,

while that of PAN-ES samples appears-at0 M, as the Figure 4 compares temperature dependence of the mag-

downward arrows shown in Fig. 2. The results indicate thanetic susceptibility (y) of various Li-salt-doped PAN

the transformation from insulating state to conducting statesamples obtained from EPR experiments. Assuming that to-

of PAN systems easily occurs in the protonation doping protal magnetic susceptibilityy) is composed of the Paulyf,

cess, rather than in the Li-salt-doping process. For Li-saltwhich is independent of temperatyrend Curie §©=C/T

doped PAN samples, the onset of that transformation varieghere C is the Curie constaptcomponents, linear fitting

with dopants used. of xT against the temperature provide”.® The slope
The temperature dependence of thermoelectric powefx”) for the PAN-LiPR sample is larger than that for

(S of PAN-LiPFs (1M) is shown in Fig. 3. The thermoelec- the othgr Li-salt-doped PAN. samples as shqwn in Fig. 4.

tric power of the PAN-LIPE sample linearly increases as 1€ x" is due to free conduction electrons, while tife has

the temperature increases above 150 K. The sign of thermd€ nature of localized spins. Therefore, the PAN-LPF

electric power of the PAN-LiPEsample is positive above sample is the highest conducting state in the Li-salt-doped
150 K, which implies the hole transport of the system PAN samples studied here, which is in accordance with the

The negative thermoelectric power and the nonlinearity a{?sfltssf‘édC(T)‘f -Il:_’ZT\IITESgt OdeI'_g' 4|P[jesenéspt,:i| densnly of
low temperature¢<150 K) are mainly due to the contribu- > 2 eq4D(Ee)] o “E5 anhd Li-salt-dope Samples.

B. Electron paramagnetic resonancg EPR)

S (uV/K)
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T T
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T
200
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Using the relationxp=,u§D(EF), where ug is the Bohr
magneton, the density of states of PAN-LRF
PAN-LiAsFg, PAN-LiBF,, and PAN-LICIQ, samples is es-
timated to be 0.75, 0.28, 0.26, and 0.046 stée®s/two
rings), respectively. We observe that tB{E) varies with
the dopants used as shown in the inset of Fig. 4. The rela-
tively low D(Eg) of Li-salt-doped PAN samples compared
to that of conventional PAN-ES samples suggests that Li-
salt-doped PAN samples are in the inhomogeneously doped
state.

The variation of theD(Eg) as a function of molar con-
centration for PAN-LiPE and PAN-LiBF, samples is shown
in Fig. 5. D(Eg) is calculated by using the relatiop®
=,u,§D(EF). D(Eg) increases as the doping level increases.
The sudden increase of the(Eg) for PAN-LiPF; and
PAN-LiBF, samples is observed at10 M and~ 10 M,
respectively, as the downward arrows shown in Fig. 5. These

FIG. 3. Temperature dependence of thermoelectric power ofesults agree with the transformation from insulating state to
PAN-LiPFg samples.

conducting state observed iry(RT).
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FIG. 5. The variation of the density of stattB(Eg)] as a
function of molar concentration for PAN-LiRFand PAN-LiBF,

samples. The dotted lines are for eye-guide.

Figure 6 shows the doping level dependence ofythéor
the PAN-LiPRy and PAN-LiBF, samples. They" of the
PAN-LiPF; and PAN-LiBF, samples increases as the doping
level increases. The relatively small® of Li-salt-doped
PAN systems compared to that of PAN-E§"E 12X 10 °
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ments. In order to account for this discrepancy due to the
inhomogeneous doping, we assume that

y= ymaﬁxf{ E_) - 3

Hereymay is the maximum doping level, which is related to
the molar concentration and dissociation constant of the dop-
ant, x is the diffusion distanceD is the diffusion constant,
andr is the minimum doping time for the saturation. The Eq.
(3) is based on the assumption that the amount of the dopant
decreases toward the inside of the sample. From ysnd

(3), we can obtain the theoretical Pauli susceptibiligy in

the case of inhomogeneous doping by using the following
equation,

o 4 (dz
Xm(Y):aJO X (Y)dx+xq

4 [dz Y—VYo
—afo Xo 1+tan|—( Ay

whered is the thickness of the sample and is the Pauli
susceptibility wheny is 0. The X; obtained from the

dX+ X1 (4)

emu/mol 2 ring$ is expected from the inhomogeneous dop-computer simulation using E@4) is presented by the solid

ing in Li salts doped PAN systems. We can deschbeas a

step function,

xP(y)=(1/2) xo

Y—Yo
1+tan)‘( Ay ”

fitting curve in Fig. 5. We usedyy=14%, xo
=13%X10 ® emufmol 2 rings, Ay=4.8%, andy;=1.0
X 10~® emu(mol 2 rings for the best fitting. The analysis of
Fig. 6 suggests that the transformation from insulating state
to conducting state can be explained by the diffusion of Li
salts through PAN samples.

Figure qa) shows temperature dependence of EPR line-

wherexo=ugD(Ef), y is the doping levelAy is the sharp-  width [AH,,(T)] of PAN-LiPF; samples with different
ness of the step, ane’(yo) = xo.>** From the comparison  doping levels. The\H,, , of conducting PAN-LiPE samples

of the EPR signal intensity aganist the standard sample, thgith 1M and 10 'M concentrations linearly increases as
free spin exists per 20 rings for the PAN-LiPBample temperature increases. However, for the insulating
(1M), and per 50 rings for the PAN-LiBFsample (M).  PAN-LiPF; samples with 210 ?M and 8x10 M con-
These values are smaller than the results of XPS expertentrations, th&H,, , decreases as temperature increases in-

dicating motional narrowing. As the molar concentration in-

3.0x10° — : creases, the values of thAH,, at each temperature
B PAN-LiPF decrease. The line narrowing is due to the increase of the
25x10° @ PAN-LIBF. number of mobile spins i.e., the increase of polarons with
_ F— fitting cur:,e increasing the doping level. Figurébf presents temperature
@ 2.0x10° - dependence of thg values. Theg value of the PAN-LIPk
£ - and PAN-LiBF, samples are~2.00292 and~2.00317, re-
N 1.5x10° - spectively, which are almost independent of temperature
E I from 100 K to RT. It is noted that the principlg value in
E 1.0x10° - mr-electron radicals from the free-spin value is 2.0023. The
) ol deviation ofg value is associated with spin-orbit interaction
e between the ground-state and excited-state raditals.
0.0}
P T S S \ C. X-ray photoelectron spectroscopy(XPS)

0 10 20 30 40
Doping Level (%)

FIG. 6. x" (scattered markeysand xf, (solid line) vs doping
level for PAN-LiPF;, and PAN-LiBF, samples. The fitting curve is

based on Eq(4).

50

Figure 8 presents nitrogen 1s ()IXPS core level spec-
tra of PAN-ES and Li-salt-doped PAN samples at RT. The
N 1s XPS peak line is decomposed into three peak lines as

shown in Fig. 8. The FWHM{full width at half maximum
of imine nitrogen (~N=) and amine nitrogen--N—)
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peaks is maintained consta(tt.65 e\). The lines due to Li-salt-doped PANs as shown in Fig. 8. The area ratit6f
imine nitrogen and amine nitrogen are centered at 398.1  peak centered at 401:®.2 eV indicates the doping level of
eV and 399.30.1 eV, respectivel§?*°3'The energy split-  the Li-salt-doped PAN systems. The percent of area ratio of
ting between the imine nitrogen peak and the amine nitrogethe N* component of the PAN-LiPFsamples is~35%,
peak is 1.2 eV. The error in the XPS curve flttlng#ﬁ% which is similar to that~32%) of PAN-ES Samp|es_ How-
The percent of the area ratio of ‘Npeak of PAN-LIPE  eyer, the area ratio of the Ncomponent of other Li-salt-
sample is~35%, which is relatively larger than that of other doped PAN samples except the PAN-LiPgamples is less

. than 20%. The results suggest that the doping level varies
[ with the kind of Li-salt dopants used, although the systems
N —} are doped in the same\L concentration of dopant. The dif-
35.0 % (N*) fusion rate of Li" or counterions into the PAN-EB film and
e o the degree of dissociation of a Li salt in the doping solution
play an important role for the effective doping level.

(@) PAN-LiPF,
29%(=N—)

62.1 %[_

| ) I ' Figures 9a)—9(d) compare the N ¢ XPS core-level spec-
PAN-LIAsF, 77.3% [_ _] . L

(b) e N tra for PAN-LiPR; samples with different molar concentra-

84%(=N—) 19.3% (N*) tions. The percent of area ratio of the" Ncomponent in-

creases with increasing molar concentration as shown in
Fig. 9e). These results qualitatively agree with the behavior
82-9%[ I ] of the transformation from insulating state to conducting

—H= state observed inry(RT) and theD (Eg) as shown in Figs. 2

(c) PAN-LiBF,

Intensity (Arb. Unit)

29%(=N—) and 5.
(d) PAN-LiCIO, 57.3 % [_ L _J IV. DISCUSSION
34.0% (=N —) 8.7% (N*) Figure 10 shows the variation afy(RT) as a function

of doping time. The o4 (RT) of the PAN-LiPF and
PAN-LiBF, samples is saturated afterl0 h, while that of
PAN-ES is saturated after30 min, as shown in Fig. 10.
These results imply that the doping of PAN samples by using
FIG. 8. Nitrogen 1s(N1s XPS core level spectra fofa)  Li salts is relatively difficult compared to that of using pro-
PAN-LiPF;, (b) PAN-LiAsF;, (0) PAN-LiBF,, and (d) tonic acid such as HCI. The size of "Liion is relatively
PAN-LiCIO, samples. larger than proton to dope PAN samples homogeneously. We

L s
402 405

399
Binding Energy (eV)
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FIG. 9. N1s XPS core level spectra of PAN-Lif$amples with
different molar concentrationga) 1M, (b) 0.1M, (c) 0.019M, (d)
0.0027M, ande) the variation of the percent of the area ratio of N
peak as a function of molar concentration for PAN-LiFfamples.
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The diffusion coefficientD is the function of the relaxation
time (7) considered as the minimum doping time for satura-
tion and the sample thicknesls which is described as

d/2)?
D=(4T) : (6)

The 7 of the PAN-ES samples is30 min, while that of the
PAN-LiPFs and the PAN-LiBR samples is~10 h. There-
fore, theD of the PAN-ES samples~9x 10 1% cn/s) is
larger than the PAN-LiPFand the PAN-LiBR samples
(~4x10  cné/s). From Eq.(5), the ion concentratiorG
of the PAN-LiPF and the PAN-LiBER samples more rapidly
decreases than PAN-ES samples as the diffusion distance
increases. The atomic mass and radius of the proton, the Li
ion, and the counterions are important factors for the diffu-
sion coefficient, which determines the effective doping level.
The Li* ion is heavier and larger than the proton and is the
inhomogeneous doping ion for organic systems. The solva-
tion effect is expected from the EC and DMC solvents.
These cause the inhomogeneous doping in Li-salt-doped
PAN samples. For polyacetylene, Li salts were used as dop-
ants to apply the material for the electrodes of Li ion re-
chargeable batteri€€*° When polyacetylene was electro-
chemically doped with Li salts, the inhomogeneous doping
was pointed out by El-Khodary and Bernf@r.

Figure 11 compares the normalized area of fluorise 1

assume that the process of Li-salt diffusion in PAN systemdF 15) core-level spectra of Li-salt-doped PAN samples and
is the one-dimensional diffusion case, as follows:

2

cz(alﬁ)exp(1

4Dt

Here C, D, and « are the ion concentration, the diffusion
constant, and the normalization constant, respectifefne
x andt are the diffusion distance and time, respectivéiy?°

(5

chlorine 2o (Cl 2p) level spectra of PAN-ES sample as a
function of sputtering time. The surface of the samples was
etched by the sputtering of Ar ion beam with the energy of 3
keV for 10 min. The normalized area of the B XPS peak

of the PAN-LiPF and PAN-LiBF, samples is rapidly re-
duced after~1 min, while that of the ClI p XPS peak of
PAN-ES samples slowly increases and saturates as the sput-
tering time increases. The results indicate that the amount of

I v T =
~ 10"} (a) .
- = 1M PAN-ES
» P
= =
o ® o
10° | H E
ra|
i ’ . . ,
00 Do s . T1'.° h '8 20 FIG. 10. The variation ofry. (RT) as a func-
. . ° p.'n 9 . m ? ( °.'" r . . tion of doping time for(a) PAN-ES and(b)
107 (D) g | T -..... PAN-LiPFg and PAN-LiBF, samples.
-
- 107} ) 1M PAN-LiPF, .
£ 1072 - *
0 |- T e _
e - -
o OF . 1M PAN-LIBF,
o 10°° | ..’ ® -
o :
10° |- b -
a ‘e \ : \ , , , .
10-10 0 10 20 30 40 50 60 70 80

Doping Time (hour)
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L L Based on thery,, EPR, and XPS results, we suggest that

10 @ - enneend o - the same doping process with the protonic acid doping in
/Uﬁj”ﬁ oo PAN systems can be applied to Li-salt-doped PAN samples.
B E,Erfj PANES However, the PAN-EB film is less uniformly doped when Li
o051 . salts are used as dopant. This analysis is supported by the

relatively lower o4(RT) and its wide variation (10°
I T e ~1S/cm) depending on the kind of Li salts used.

10} g (b) . V. CONCLUSION
PAN-LiPF, Electrical, magnetic, and structural properties of various
'\"""r'-rl-l-l ] Li-salt-doped PAN samples are studied. Tdg(T) of the

systems follows the quasi-1D VRH model, which is similar
L e to that of PAN-ES samples. We observe that the samples
with higheroy. have highe” and the density of states. The

Normalized Area (Arb. Unit.)
o
3]

10 @ (c) T o4c, its temperature dependence, and the density of states of
] Li-salt-doped PANs vary with the dopants used. From
A PAN-LIBF, o4dRT), the density of states, and the percent of the area
05 .‘.1____ T ratio of the positive nitrogen as the functions of molar con-
AL ) centrations, we observe the transformation insulating state to

: : B ——— conducting(non-metalli¢ state of the PAN-LiPf sample.
0 2 4 6 8 10 . .
Sputtering Time (min) The molar concentration of the onset of the transformation
for PAN-ES, PAN-LiPF, and PAN-LIBF, samples is
FIG. 11. The variation of the nomalized area of the counter ions~10 3M, ~102M, ~10 'M, respectively. We propose
(Cl2p and FE) XPS peak ofia) PAN-ES, (b) PAN-LiPF,;, and(c)  that the doping process in Li-salt-doped PAN systems is
PAN-LiBF, samples. similar to that of protonic-acid-doped PAN system, i.e., the
formation of polarons. However, Li-salt-doped PAN samples
Li* and counterions decreases toward the inside of th@€ inhomogeneously doped systems based on the results of
PAN-LIPF, and PAN-LiBF, samples. The relatively low EPR.XPS Arion sputtering, and time-dependegy experi-
area ratio of the Cl @ XPS peak on the surface of PAN-ES ments. The diffusion rate of the dopants into PAN-EB film
samples in Fig. 1(8) is due to the volatile property of HCI or samples pla_ys an.important role fo_r the effective doping level
the washing process with ethyl etf8The results imply that and the doping thickness for the Li-salt-doped PAN systems.
a relatively large amount of dopants or counterions exists on
the surface of the PAN-LiRfand PAN-LiBF, samples, and
the distribution of Li and counter ions is not uniform The authors wish to acknowledge the financial support of
through the sample. the KOSEF-CRM(2000 and the BK-21.
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