ELSEVIER

Available online at www.sciencedirect.com

sc.ence@p.“u@

Carbon 44 (2006) 99-106

CARBON

www.elsevier.com/locate/carbon

Electrochemical and chemical redox doping
of fullerene (Cgo) peapods ™

Ladislav Kavan **, Martin Kalba¢ *°, Markéta Zukalova #, Lothar Dunsch °

& J. Heyrovsky Institute of Physical Chemistry, Academy of Sciences of the Czech Republic, Dolejskova 3, CZ-182 23 Prague 8, Czech Republic
Y I eibniz Institute of Solid State and Materials Research, Helmholtzstr. 20, D-01069 Dresden, Germany

Received 24 April 2005; accepted 2 July 2005
Available online 22 August 2005

Abstract

Different types of redox doping of Cso@SWCNT were monitored by Raman spectroscopy. Chemical doping was carried out by
gaseous potassium, liquid potassium amalgam and gaseous fluorine diluted with argon. Electrochemical doping was investigated by
in situ Raman spectroelectrochemistry in LiClOy4 + acetonitrile solution and in 1-butyl-3-methylimidazolium tetrafluoroborate
(ionic liquid). The peapods exhibit characteristic and complex feedback to chemical as well as to electrochemical doping. In contrast
to chemical p-doping by F,, the Raman scattering of intratubular fullerene is selectively enhanced during electrochemical p-doping.
Similar selective enhancement is traced at chemical n-doping with gaseous potassium. Doping by gaseous potassium causes deep
reduction of intratubular Cg, to ng , which is not fully re-oxidizable upon contact to air. On the other hand, doping with liquid
potassium amalgam causes reduction of intratubular Ce to Cg, or C;,, and complete re-oxidation to neutral fullerene occurs spon-
taneously upon contact to air. In general, the doping chemistry of peapods is significantly dependent on the applied redox potential,
charge-compensating counterions and on the actual doping technique used. A critical review of the current data is provided.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In 1998 Smith et al. [1] discovered that fullerene pea-
pods, Cgo@SWCNT (SWCNT =single wall carbon
nanotube) occur naturally in SWCNTs from laser-
vaporized graphite, albeit in low concentrations, ca. 4—
5.4% (expressed as the filled fraction of total tube
length) [2]. Considerable improvement of the filling
was achieved by deliberately inserting fullerene into
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opened SWCNTSs from the gas phase at elevated tempera-
tures [3-5]. The optimum diameter of SWCNT for
encapsulation of Cgq is between 1.3 and 1.4 nm, which
sets the “graphite-like spacing” (/0.3 nm) between the
Ceo cage and the tube wall. The Cgy, molecules in pea-
pods represent a 1D-crystal with a lattice constant of
(0.95-0.977) nm, which is smaller than the lattice con-
stant in ordinary cubic Cgo crystal (1.00 nm) [6]. The
optimum-sized tubes are produced in high yield via cata-
Iytic laser ablation of graphite. By using this synthetic
protocol, Kataura et al. [6] obtained peapod material
with 85% filling ratio, as determined by X-ray diffrac-
tion. Other analytical methods for determination of
peapods filling comprise Raman spectroscopy [7] and
electron-energy-loss spectroscopy [8], but a simple
extraction of Cgy from acid-mineralized peapod is also
a convenient analytical tool [2].
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Raman spectra of peapods roughly exhibit the super-
position of weak lines of Cgy with strong lines of the
SWCNT [6,7,9-11]. There is no significant overlap of
the Raman features of Cgy (2A,+ 8H,) and SWCNT
in peapods, except for the Hy(8) band, which coincides
with the G-mode of SWCNT. For the excitations
around 2.5 eV, the Raman features of Cgy are resonance
enhanced via the first allowed transitions in Cgg
(hy — tyg, t1y). However, the matching of Raman spectra
of peapods and those of the individual parent compo-
nents is not perfect. The most explicit discrepancy is a
red-shift and splitting of the pentagonal pinch Ag(2)
mode providing a high-frequency satellite line Ay(2)".
This unexpected splitting of a totally symmetric, non-
degenerate mode was interpreted as a result of its cou-
pling to the Cgq translation [12].

Redox doping of peapods provides useful informa-
tion about their electronic structure. In general, n-/p-
doping increases the concentration of electrons and
holes, respectively, and thus modifies the population
of electronic states near the Fermi level of SWCNT
(pod). In the simplest model, p-doping just extracts elec-
trons from the valence band, and n-doping just pumps
electrons into the conduction band, which causes the
corresponding shifts of the Fermi level of SWCNT
(pod). When the p-/n-doping progresses, the optical
transitions between van Hove singularities (vHs) are
erased. This causes a bleaching of the tube-related
Raman scattering, since it is strongly resonance
enhanced via the optical transitions between particular
vHs.

This model assumes all doping-driven changes of
electron density to occur on the SWCNT (pod), i.e.
the Cg( (pea) remains neutral. This approximation seems
to be applicable for mild p-doping with FeCl; vapor
[13]. Pichler et al. [13] estimated that, even at the satura-
tion-doping with FeCls, the Fermi level is shifted by ca.
0.9 eV into the valence band. This is equivalent to a
charge transfer of 0.05 h*/C-atom [13]. For typical pods
(such as metallic (10,10) and semiconducting (11,9)
SWCNTs) this would cause a quenching of the first
optical transition between vHs in metallic tubes (E}))
and first two transitions in semiconducting tubes
(ES,, E5,), but the third transition, E5; is unaffected.
Consequently, the Raman scattering is intact, if it is
enhanced through the ES; transition (for blue-green
lasers), but is bleached for the red lasers. Qualitatively
similar effects are assumed during mild n-doping with
potassium vapor [11,13]. Since, however, potassium is
a very strong reductant, progressive doping with K-
vapor may even quench the third transition, £3;. Heavy
K-doping causes the reduction of Cgg peas up to ng
[11,13,14] and their transformation into metallic poly-
mer (CS;), [11,13]. EELS further evidences the existence
of free-charge-carrier plasmons at ca. 1.3-1.45¢eV in K-
doped peapods [15].

Chemical redox doping of nanocarbons in general,
and peapods in particular, has two principal limitations.
First, the palette of chemical oxidants/reductants (elec-
tron acceptors/donors, A/D) is restricted only to a small
number of molecules, which are able of acting as net e~/
h* donors, without causing irreversible chemical modifi-
cations of the nanocarbon surface:

A 4 Ce@SWCNT — A~ + [Ce@SWCNT]" (la)
D + Cg@SWCNT — D + [Ceo@SWCNT]™ (1b)

(In the case of peapods, only K and FeCl; were used up
to now [11,13,14]). Second, the amount of extra charge
e /h™ transferred to nanocarbons is poorly controlled
during the contact of gaseous reactant (A/D) with the
solid sample. Chemical doping can, in principle, be
tuned by varying the time of interaction with gaseous
reactant (A/D) [13], but the actual doping level (concen-
tration of the counterion (A~/D™)) and its homogeneity
in the bulk substrate is out of control.

These problems are elegantly minimized, if the redox
doping is carried out electrochemically. In this case, the
e /h* charge transfer occurs via an electrical contact of
the nanocarbons to an inert electrode (Pt, Au, Hg, ITO)
and the A~/D" species are just electrolyte counterions.
The doping is, actually, like a double-layer charging,
which is fast and homogeneous over the whole electro-
chemical interface, and the transferred charge is easily
quantified by the electrode capacitance. Second, the pal-
ette of counterions, A~/D " is quite rich, from solvated
ions occurring in classical electrolyte solutions [9,10,14]
to “naked” ions in ionic liquids [16]. (For chemical dop-
ing, the counterions, A~ or D' cannot be varied that
simply, as they are generated by the reaction itself, cf.
Egs. (1a) and (1b)). The benefit of broad selection of
counterions is highlighted in studies aimed at diameter-
and counterion-sensitive doping [17].

The charging of peapods is most easily monitored by
cyclic voltammetry [10,16]. There is no evidence for Far-
adaic processes of intratubular Cgy, even at potentials,
when the triply charged fulleride anions would be
formed from the free Cgy molecule [9,10,16]. Instead,
the voltammetric current, / was found to be simply pro-
portional to the scan rate, v [10,16] as it is expected for
purely capacitive process:

d d

I:d—?:mcd—lt]:mCU (2)
where m is the mass of active electrode material, Q is the
voltammetric charge, C is specific capacitance (in F/g)
and dU/dt is the scan rate, v. The number of extra
charges (electrons/holes), Af introduced by charging be-
tween the open circuit potential, Ugcp and certain dop-
ing potential, U, is

Af:%/uu cdu (3)

ocCp
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where Mc is atomic weight of carbon, and F is Faraday
constant. Eq. (3) can be simplified if C is potential-
independent in a certain region of AU = (U — Upcp):
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For the typical value of C =40 F/g (see below), and
AU=1V, Eq. (4) yields Af=0.005h"/C-atom. This
would provide comparable driving force for p-doping
as the redox reaction with FeCls;, considering just
the standard redox potential of Fe’'/Fe’'equal to
0.771 V. We may note, however, that our Af value is
smaller by a factor of 10 than the value, estimated by
Pichler et al. [13] for chemical doping with FeCls
(0.05 h™/C-atom; 0.9 eV Fermi level shift). The differ-
ence might be rationalized, if we assume higher tempera-
ture needed for FeCl; doping. In fact, FeCls is known to
disproportionate in vacuum at elevated temperature:

2 FeCl; < 2FeCl, + Cl, (5)

which would provide the redox potential of Cl,/Cl™
equal to 1.36 V. However, the temperature reported by
Pichler et al. [13] for peapods doping was 300 K only.
This is, presumably, a printing error in the source Ref.
[13], as the FeCl; doping requires vaporization of FeCls
at temperatures around 573 K [18,19]. Hence, small
amount of Cl, can be present in the reaction mixture
at this temperature, which would provide rational for
stronger p-doping reported by Pichler et al. [13].

Obviously, the (electro)chemical doping of peapods is
a complex process interfacing net charge transfer with
the doping-specific chemistry of peapods. We have re-
cently presented a first study combining electrochemical
and K-vapor doping of peapods [14]. Comparison of
both doping techniques allowed unexpected localization
of potassium inside and outside the doped peapods [14].
This conclusion was recently confirmed by direct TEM
observation [20]. The present paper upgrades this study
by a first investigation of the reaction of peapods with
potassium dissolved in mercury (K-amalgam) and by
the comparison of amalgam- and vapor-doping tech-
niques. In addition, data are presented for chemical p-
doping with diluted F,. A clear motivation for detailed
studies of doping is the existence of many open ques-
tions, persisting notoriously even at the level of the par-
ent SWCNT [21]. Concerted application of chemical and
electrochemical doping is important to establish the
common trends and to improve our understanding of
the doping-induced effects in Raman spectra [21].

2. Experimental

The sample of Coo@SWCNT peapods (filling ratio
85%) [6] was available from our previous works
[10,14,16]. A piece of peapod buckypaper was outgassed

at 450 K/107> Pa (the residual gas was He). Potassium
(from BDH) was purified by repeated distillation in vac-
uum. Subsequently, the potassium vapor was contacted
at 450 K with the outgassed peapod buckypaper for
40 h. The reaction took place in an all-glass ampoule
interconnected to a Raman optical cell, which was
equipped with a Pyrex glass window. The rest of K
was finally distilled off at 470 K/10~> Pa into the cooled
opposite end of the ampoule. Potassium amalgam was
prepared under vacuum by dissolving potassium metal
(BDH) in polarographic grade mercury and filtered
twice through a glass capillary. The final concentration
of K in the amalgam was 1.3 at%, as determined by
acidimetric titration. All operations were carried out in
sealed all-glass vacuum apparatus, which was intercon-
nected to the Raman optical cell via magnetically break-
able joint. The doping was realized by dipping of the
peapod buckypaper into the amalgam. At room temper-
ature, no significant changes of the Raman spectrum
were traced, even after days of contact. Significant
changes were observed only at higher temperatures of
100-150 °C. Chemical p-doping was carried out with
F,/Ar mixture (5/95% v/v) at room temperature for
2.5h.

Spectroelectrochemical experiments employed a Pt-
supported thin-film of peapods, which was fabricated
by evaporation of the sonicated ethanolic slurry. The
working electrode was outgassed overnight at 90 °C in
vacuum (107! Pa) and then mounted in a spectroelec-
trochemical cell in a glove box under nitrogen. The cell
was equipped with Pt-counter and Ag-wire pseudo-
reference electrodes. The pseudo-reference potential
was calibrated after adding small amount of ferrocene
at the end of each spectroelectrochemical test. Hence,
all potentials were referred to the ferrocene reference
electrode, Fc/Fc". The electrolyte solution was either
0.2M LiClO4 in dry acetonitrile (Aldrich) or ionic
liquid, viz, 1-butyl-3-methylimidazolium tetrafluorobo-
rate (Fluka). The ionic liquid was purified and dried
as described elsewhere [16]. The mass of peapod sample
on top of Pt-support was assayed from the capacitive
charge measured by cyclic voltammetry (Eq. (2)). (For
a typical cyclic voltammogram of Cg@SWCNT in ace-
tonitrile or in ionic liquid media see Ref. [9] or [16],
respectively). The capacitance (C ~ 40 F/g) was deter-
mined for a peapod film of known mass, m; the film
was weighed by quartz crystal microbalance as de-
scribed elsewhere [22,23]. Electrochemical doping was
carried out potentiostatically (PG 300 (HEKA) poten-
tiostat). The working potential was —1.8 V (n-doping)
or 1.1 V (p-doping). The Raman spectra were measured
on a T-64000 spectrometer (Instruments, SA) interfaced
to an Olympus BH2 microscope; the laser power
impinging on the sample or cell window was between
1 and 5mW. Spectra were excited by Ar' laser at
2.41 and 2.54 eV (Innova 305, Coherent). The Raman
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spectrometer was calibrated before each set of measure-
ments by using for reference the F;, line of Si at
520.2 cm ™.

3. Results and discussion
3.1. Raman spectra of n-doped Cso@SWCNT

Fig. 1 surveys the n-doping induced changes of the
Raman spectra of Cqo@SWCNT at the 2.41 eV excita-
tion. (The spectra at 2.54 eV excitation (not shown) were
qualitatively similar). The main effect, common to all of
the used doping techniques, is a dramatic intensity
quenching of the tube-related modes, i.e. the RBM
and G-bands. The quenching arises from doping-in-
duced changes of the population of electronic states near
the Fermi level of peapods. Fig. 1 evidences that wider
tubes (RBMs around 160 cm™') are more significantly
doping-quenched compared to narrower tubes (RBMs
around 175 cm™"). This is due to smaller ES, separation
for wide tubes, which translates into smaller driving
force required for efficient doping of wider tubes
[10,23]. The drop of Raman intensities at 2.41-2.54 eV
excitation (cf. Fig. 1 and Ref. [10]) indicates blocking
of the ES, transition, i.e. the Fermi level is shifted by
more than 0.9 eV [13]. This seems to be plausible for
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K-vapor and K-amalgam doping. However, electro-
chemical charging at —1.8 V vs. F¢/Fc ' hardly provides
more than ca. 0.01 e7/C-atom (Eq. (4)), i.e. the Fermi
level shift would not be sufficient in terms of the rigid
band model [13]. Generally, the complex dependence
of the Fermi level on applied potential [24], electrochem-
ically-induced perturbations of the energy levels [25],
variations in work functions of individual tubes and sol-
vation of ions [26] should be taken into account for dee-
per discussion of the intensity/potential profiles. Table 1
surveys the frequencies of significant Raman lines,
which demonstrate doping-induced changes. They com-
prise the A, and H, modes of intratubular Cg and the
tangential displacement modes of the nanotube pod:
G" and G~ for displacement along the tube axis (LO
phonon mode) and along the circumferential direction
(TO phonon mode), respectively.

3.1.1. Fullerene Cgp-related Raman lines: n-doping
When the pristine sample (Fig. 1, spectrum A) is trea-
ted with K-amalgam at 423 K for 40 h (spectrum C), the
A4(2) peak softens by 29 cm ™! and looses its high-
frequency satellite, A,(2)’. This softening is equivalent
to a transfer of 4-5 electrons per cage [14]. For the
K-vapor doped sample (spectrum D) the A,(2) mode
softens by 35cm ™' and looses the satellite, too. The
latter frequency shift is consistent with earlier works
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Fig. 1. Raman spectra of Cqoq@SWCNT (peapods) excited at 2.41 eV. [A] Pristine sample measured in air, [B] sample treated with K-amalgam at
423 K for 40 h, measured in air, [C] as sample B, but measured without contact to air in situ, [D] sample treated with K-vapor at 450 K for 40 h,
measured in situ, [E] sample treated electrochemically at —1.8 V vs. F¢/Fc* in 0.2 M LiCIO, + acetonitrile, measured in situ. Acetonitrile bands are
labeled by asterisk. [F] sample treated electrochemically at —1.8 V vs. F¢/Fc' in 1-butyl-3-methylimidazolium tetrafluoroborate, measured in situ.
Intensities were normalized by using the F;, mode of silicon. Spectra are offset for clarity, but the intensity scale is identical for all spectra in the
respective window, except the curve D (last right panel), which is zoomed by a factor of 10 in the intensity scale.
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Table 1
Frequencies of the major Raman lines of Cgo@SWCNT, exhibiting pronounced sensitivity towards doping (in cm ™", excitation at 2.41 eV)
Ay(1) Ay(2) Ay(2) H,(1) H,(2) G* G~

Pristine sample 488 1463 1473 271 430 1590 1565
n-doped by K-amalgam, 40 h, 423 K 490 1434 - 270 429 1596 -
ditto exposed to air 489 1462 1473 269 430 1591 1568
n-doped by K-vapor, 40 h, 450 K 496 1428 - 284 423 1552 1510
ditto exposed to air 490 1440 - 276 429 1590 1565
n-doped electrochem. in acetonitrile sol. - 1462 - - - 1588 1568
n-doped electrochem. in ionic liquid - - - - - 1596 -
p-doped by 5 vol%, F», room temp. 488 1463 - 269 - 1594 1573
p-doped electrochem. in acetonitrile sol. 490 1464 - 275 432 1609 1586
p-doped electrochem. in ionic liquid 489 1465 - 275 432 1608 1585

No value (-) means that the band was not found in the spectrum. For details about the sample preparation and doping treatment, see Section 2.
Electrochemical n-doping or p-doping was carried out at —1.8 V F¢/Fct or 1.1V vs. Fc/Fc', respectively.

[11,13,14] reporting on intratubular Cg, or (C%)),
[11,13]. We should also note the remarkably enhanced
intensity of the Raman scattering from intratubular
fulleride in the K-vapor doped sample (curve D). There
is another striking difference between K-vapor and K-
amalgam doping, if we inspect the doped materials after
their exposure to ambient air. The K-vapor doped sam-
ple (curve D) is not fully recoverable to the state of neu-
tral Cgp in air and water, but part of the intratubular
fullerene still survives in the Cga state (cf. Ref. [14]).
On the other hand, the K-amalgam doped sample (curve
C) spontaneously recovers to the undoped state upon
short (min) contact to ambient air. The characteristic
Ay(2)/A4(2)" doublet of neutral peapod is thus restored,
albeit with smaller intensity (spectrum B).

The hysteresis in re-oxidation of K-vapor doped pea-
pods was previously interpreted as a result of partial
localization of K™ in the interior of peapod [14], where
it can be even traced by TEM [20]. Also empty SWCNT
can accommodate potassium inside the tubes [21]. The
intratubular K™ in peapods can promote the polymeri-
zation of Cgo [11,13], since this reaction is driven by
the counterion [27]. In any case, the intratubular fulle-
ride of a formal composition of K4Cgq is air-stable
[14]. On the other hand, the absence of polymerization
and rapid re-oxidation of K-amalgam-doped peapods
(curves B and C) points to the exclusive location of
K" outside the n-doped peapod. Two arguments may
elucidate the difference: (i) The standard redox potential
of K"/K is by ca. 1 V more negative than the corre-
sponding redox potential of K-amalgam (—2.934V
against —1.975 V) [28]. (ii) Because of the high-surface
tension, the amalgam cannot penetrate into nanosized
pores of the peapods. This provides rational for sluggish
amalgam doping at room temperature (see Section 2), as
the K™ ions must, eventually, be located inside the voids
between the n-doped peapods in a bundle. The layer of
K™ ions at the outer surface of peapod, must compen-
sate not only the charge at SWCNT pod, but also at
the intratubular fulleride anions, Cf, or Cj;. The elec-

tron transfer between SWCNT and Cgo should be fast
and efficient enough at these conditions [10,29].

The radial breathing A4(1) mode hardens by 2 cm lin
K-amalgam doped peapods and 8cm™' in K-vapor
doped peapods (Table 1 and Fig. 1A, C and D). Analo-
gous blue shift is apparent also for the Hy(1) mode. This
line exhibits marked intensity increase, both in K-amal-
gam and especially in the K-vapor doped samples
(Fig. 1C and D). These results are in qualitative accord
with the data reported by Pichler et al. [11,13]. The
remarkable enhancement of the Hy(1) mode is unique,
and is not reproduced for the remaining Hgy(2) to
Hg(7) modes (the Hy(8) mode cannot be analyzed as it
is overlapped by the G-band).

Electrochemical reduction at —1.8 V vs. F¢/Fc™ pro-
vides still less efficient charge transfer than the amalgam
doping. In contrast to chemical doping with potassium,
all the Raman bands of intratubular Cg, are attenuated
and are hardly detectable. In some spectra, we can only
trace a weak band of Ay(2), which shows no frequency
shift compared to that in pristine peapod. Hence, the
electrolyte cations compensate the negative charge on
SWCNT wall, which is not coupled to pronounced
charging of intratubular Cgq. However, interpretation
of the strong quenching of intensities upon cathodic n-
doping is still unclear.

3.1.2. G-band: n-doping

The frequency and intensity of SWCNT-related G-
band are sensitive to doping, but there is a serious
controversy in the literature how to interpret the exper-
imental data [21]. The confusion comes from the fact
that, depending on the doping method, SWCNT may
or may not show monotonous changes of G-band fre-
quency upon progressive n-doping [23,30-34]. The ob-
served frequency shifts do not seem to be elucidated in
terms of any available theory of SWCNT nor graphene
at the moment [21]. The simplest model would predict
that extra electrons in the n-band of n-doped graphene
cause expansion of graphene (C-C bonds) and thus
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downshift of the G-band frequency. For p-doping of
graphene, a mirror effect is expected, i.e. C—C contrac-
tion and G-frequency upshift, albeit this trend may
not be theoretically monotonous, too [21,35].

Our data in Fig. 1 and Table 1 are phenomenologi-
cally consistent with the concept of non-monotonous
G-band shifts. Of particular interest is the blue-shifted,
single Lorentzian G-band upon K-amalgam doping
(Fig. 1, curve C). This situation is reminiscent of the
final stage of Interval III doping of SWCNT with Cs-
vapor [21]. The K-amalgam allows selective charge
transfer towards a material exhibiting solely this anom-
alous n-doping response. Our spectrum (Fig. 1, curve C)
was traced for the end-product of amalgam doping,
which does not change after days of contact of both
reactants at 150 °C. This is an explicit advantage of
amalgam doping over vapor doping, since the Interval
III is rather short in time during continuous vapor dop-
ing [21].

Upon K-vapor doping, we can trace strongly red-
shifted G-band with Fano-broadening (Fig. 1, curve
D) which reflects the high-electron concentration in
the =m-band. We detect a distinct new band at
1250 cm ™!, which is a characteristic signature of heavy
doping [21,30], albeit of still unclear origin [21]. Obvi-
ously, our data match those of Chen et al. [21] for Cs/
SWCNT system. On the other hand, our data are in con-
flict with those of Pichler et al. [13] for K/peapod sys-
tem, reporting upshift of the G-line to 1605 cm ™. The
discrepancy can be rationalized, assuming that the Pich-
ler et al.’s data do not address the final stage of K-vapor
doping, i.e. the used maximum reaction time (24 h) [13]
does not seem to be sufficient for complete vapor dop-
ing. This is also supported by the fact that our RBM
intensity drops to zero after 40 h of reaction (Fig. 1,
curve D; cf. also Ref. [21]), whereas the RBM is still
clearly traced after 24-h K-doping [13].

Cathodic doping in acetonitrile electrolyte solution
(Fig. 1, curve E) causes the “normal” monotonous
downshift of G-band, without any intermediate harden-
ing between the open circuit potential to ca. —1.8 V (cf.
also Ref. [9,10]). This matches the behavior of empty
SWCNT in the same electrolyte solution [23]. However,
more detailed analysis shows that this behavior is not
generally valid for all electrochemical media. Explicitly
in ionic liquids (Fig. 1, curve F), we observe just the
opposite effect: the upshift of G-mode by 6cm™' at
—1.8 V and single Lorentzian shape similar to that after
K-amalgam doping. If we sweep the potential from open
circuit to about —2.4 'V, the G-band hardens monoto-
nously by ca. 10-15cm™!, both in Cg peapods and
empty SWCNT [16]. Eventually, non-monotonous shifts
in SWCNTs were also traced for certain other electro-
lyte solutions [21]. The doping-induced response in ionic
liquid is similar to that upon K-amalgam doping or
early stages of K- or Cs-vapor doping [13,21]. This

would point to the conclusion that the absence of sol-
vent in ionic liquid mimics the conditions of chemical
doping.

3.2. Raman spectra of p-doped Csy@SWCNT

Fig. 2 surveys the p-doping driven changes of the
Raman spectra of Cgoq@SWCNT at the 2.54 eV excita-
tion. (The spectra at 2.41 eV excitation (not shown) were
qualitatively similar). As expected [10-13], the blue laser
(2.54 eV) gives the optimum resonance with the Cg
optical transitions in pristine peapods (cf. curves A in
Figs. 1 and 2). Analogously, we trace dramatic attenua-
tion of RBM and G-mode intensities as for n-doping
(Section 3.1). As in the case of n-doping (Section 3.1)
we may note the preferential quenching of RBM of
wider tubes (at ca. 160 cm™') for all doping techniques
used (cf. Figs. 1 and 2).

The most striking effect in electrochemically p-doped
peapods is the massive growth of Raman intensities of
intratubular Cgg, (curves C, D and Refs. [10,14,16)).
This peculiar effect, called “anodic Raman enhance-
ment” is unique for electrochemical oxidation of Cg
peapods, both in acetonitrile electrolyte solutions and
in ionic liquids [16], but it is absent in C;y peapods
[10]. We have previously suggested an interpretation
based on hybridization of the m-orbitals of Cgy with
nearly free-electrons of SWCNT [10]; the key arguments
followed from the mutual positions of ¢, orbital of Cg
against the Fermi level of SWCNT [10,29]. This hypoth-
esis inherently assumes that the anodic enhancement is
solely of electronic origin, i.e. the changes in population
of states near the Fermi level are responsible for the cor-
responding changes in Raman intensities. This depen-
dence should be invariant of the method of doping
(dopant). Contrary to this interpretation the chemical
p-doping of peapods, promoted by FeCls, did not repro-
duce any “anodic enhancement” [13]. Actually, Pichler
et al. [13] reported on similar or even smaller intensities
of Ay(2) and Hg(7) upon progressive interaction of pea-
pods with FeCls vapor.

To investigate this peculiarity further, we have chosen
a very strong oxidant (F;). Preliminary experiments
showed that pure F, reacts rapidly with peapods, caus-
ing their chemical fluorination, and a complete disap-
pearance of the tube-specific Raman modes (e.g.
RBM). On the other hand, fluorine diluted with inert
gas (Ar,N,) to concentration of ca. 5-20 vol% does
not cause complete destruction of the sample, while we
may trace also the peapod-specific Raman scattering.

Curve B in Fig. 2 confirms that there is no “anodic
enhancement”, but monotonous drop of all Raman
bands of peas and pods upon progressive fluorination
(except the D-band, which grew as a result of increased
disorder). We assume that the so far used oxidants,
F,, FeCl; (or Cl,, see Eq. (5)) actually do not act as
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Fig. 2. Raman spectra of Co@SWCNT (peapods) excited at 2.54 eV. [A] pristine sample measured in air, [B] sample treated with 5% F,/Ar (v/v) at
room temperature for 2.5 h, [C] sample treated electrochemically at 1.1 V vs. F¢/Fc™ in 0.2 M LiClO, + acetonitrile, measured in situ. Acetonitrile
bands are labeled by asterisk. [D] sample treated electrochemically at 1.1 V vs. F¢/Fc" in 1-butyl-3-methylimidazolium tetrafluoroborate, measured
in situ. Spectra are offset for clarity, but the intensity scale is identical for all spectra in the respective window. Intensities were normalized by using

the F;, mode of silicon.

net h™ donors (Eq. (1a)), but they may cause irrever-
sible chemical changes of the peapods. (The n-doping
with potassium metal is, presumably, less disturbed
by chemical reactions, cf. Section 3.1 and Eq. (1b)).
Obviously, electrochemistry is the ideal technique for
clean p-/n-doping, since parasitic chemical side reac-
tions are minimized or excluded in the electrochemical
environment.

The p-doping induced changes of G-band are less
complicated than the changes after n-doping (Section
3.1.2.). We always observe intensity attenuation along
with monotonous frequency upshift (Fig. 2). The same
behavior is traced for anodic p-doping of peapods and
empty SWCNT both in classical electrolyte solutions
[10,23] and in ionic liquids [16]. This behavior also
matches the expected contraction of graphene C-C
bond induced by p-doping [21].

4. Conclusions

Parallel application of chemical and electrochemical
doping reveals various peculiarities in the Raman spec-
tra of p-/n-doped Cgo@SWCNT. The data collected in
this work, along with those reported previously in the
literature, evidence a complex nature of doping. This
is highlighted by explicit dependence of the Raman res-
ponse, both of the pea and pod subunits, on the chosen

doping technique and on the sample environment in
electrochemical experiments. These effects demonstrate
that the simple model of tuning of electronic states of
peapods can hardly explain the complicated feedback
of Cso@SWCNT to redox doping.

Reaction of peapods with potassium amalgam pro-
duces a material, exhibiting the anomalous n-doping re-
sponse with blue-shifted G-band and the charging state
of intratubular Cgy being 4-5 electrons per cage. This
doping is fully recoverable upon short contact of the
samples to ambient air. The charge-compensation by
unsolvated K™ counterions, which are located solely
at the outer surface of peapod is similar to the case of
electric double layer in ionic liquid. On the other hand,
gaseous potassium causes deep reduction of peas to ng
and the K™ counterions also penetrate into the interior
of peapod. A complete reaction with K-vapor requires
equilibration time exceeding 24 h.

A significant enhancement of Raman scattering of
intratubular fullerene is traced in electrochemically p-
doped peapods, independently of the electrochemical
medium used. However, this peculiar anodic Raman
enhancement is not reproduced for chemically p-doped
peapods with diluted F,. We suggest that the absence
of an enhancement is due to irreversible chemical mod-
ification of peapods. The p-doping of peapods causes
monotonous G-band upshift for all the p-doping
techniques employed, and resembles the p-doping of
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graphene. This simple picture contrasts with a compli-
cated behavior of G-band in n-doped peapods.
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