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Nanostructured fullerene films of controlled surface topography have been prepared by electrophoretic
deposition from tolueneethanol mixed solvent solutions. Atomic force microscopy (AFM) imaging of

the films revealed that the size of they@rains could

be readily controlled by the time a@ggregation

in bulk solution before deposition and by the strength of the dc electric field applied during the deposition.
The deposition was monitored by piezoelectric microgravimetry with the use of an electrochemical quartz
crystal microbalance. The mass of thg @im increased exponentially with the time of deposition. The
corresponding decrease of the deposition rate with time was presumably due either to the growth of
larger Go aggregates in solution of lower mobility or blocking effect of the electrode surface by insulating
Ceo deposits. In the accessible potential window of 0.1 M (TBA)Rf acetonitrile, cyclic voltammetry

(CV) curves for the & films featured four cathodic peaks corresponding to four one-electron reductions.
Simultaneously recorded multiscan curves of current, resonant frequency change, and dynamic resistance
change versus potential for a potential range covering the first two electroreductions, in which the film
was relatively stable with respect to dissolution, indicated pronounced transformations in the film caused
by the solvent-assisted dynamic equilibria of ions of the supporting electrolyte. However, scanning the
potential beyond the second reduction of the fullerene film resulted in a gradual mass decrease due to
dissolution of the film. The charge-related piezoelectric microgravimetry, X-ray photoelectron spectroscopy
(XPS), and powder X-ray diffraction (XRD) analyses indicated reversible ingress of both @terion

and Pk~ co-ion into the Gy~ film. The experimental control over three-dimensional surface assembling

of fullerene clusters demonstrated in the present study opens up new avenues to design fullerene electrode

materials of high surface area.

1. Introduction

Fullerene films, electrophoretically depositet! from
suspensions of &°12 have recently appeared to be very
promising for constructing electrodes for potentially useful
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applications. For instance, these electrodes can be exploited
in photoelectrochemical devicésas relatively thick and
porous fullerene electrophoretic films efficiently absorb
incident light. Moreover, methanol is readily electrooxidized
at electrodes coated with these films, if they are additionally
decorated with platinum nanoparticktargely developed
surface area is responsible for, favorably, high electrooxi-
dation currents at the resultingd= Pt film electrodes. Hence,
miniaturized electrodes for direct methanol fuel cells can be
constructed.

Properties of thin films of pristine fullerenes depend on
the deposition procedure us&d>That is, different prepara-

(8) Guldi, D. M.; Hungerbuchler, H.; Asmus, K. D. Phys. Chenil995
99, 13487.
(9) Nath, S.; Pal, H.; Palit, D. K.; Sapre, A. V.; Mittal, J. P. Phys.
Chem. B199§ 102 10158.
(10) Kamat, P. V.; Thomas, K. G. INanoscale MaterialsLiz-Marzan,
L. M., Kamat, P. V., Eds.; Kluwer Academic/Plenum Publishers:
Boston, MA, 2003; p 475.
(11) Zhou, S.; Burger, C.; Chu, B.; Sawamura, M.; Nagahama, N.; Toganoh,
M.; Hackler, U. E.; Isobe, H.; Nakamura, Ecience2001, 291, 1944.
(12) Biju, V.; Barazzouk, S.; Thomas, K. G.; George, M. V.; Kamat, P. V.
Langmuir2001, 17, 2930.
(13) Kamat, P. V.; Barazzouk, S.; Thomas, K. G.; Hotchandanl, Bhys.
Chem. B.200Q 104, 4014.

© 2005 American Chemical Society

Published on Web 10/15/2005



5636 Chem. Mater., Vol. 17, No. 23, 2005

tion procedures result in different fullerene crystallite sizes

Kutner et al.

bilization in surface-confined membran@s® Surface to-

and extent of aggregation in the films. Hence, surface pography of the resultingdgfilms varies substantially. That
topography and, in some instances, solvent and electrolyteis, molecularly smooth hexagonally packed filt% are
entrapments was different. Highly organized densely packedprepared on one extreme and highly porous flirhen the

Ceo films rarely find electrochemical applications because

other. However, it appeared that topography of the surface-

counterions can hardly enter the film during electrochemical developed fullerene films could be directly controlled so far

oxidation and reduction, thus precluding efficient charge
exchange with the electrode substrate.

Other methods of preparation of the fullerene films include
vapor sublimatiort®2° molecular-beam epitaxd};??solution
casting (drop coating, or solvent evaporatigh¥f? abrasive
attachment?3'electrochemical oxidation of soluble fullerene
anions?233 LangmuirBlodgetf*37 or Langmuir-Shder®
transfer of Langmuir films, formation of self-assembled
monolayers? 47 layer-by-layer assembhif, % and immo-
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only by electrophoretic deposition. In this deposition,q C
film is prepared from a suspension otdaggregates. In
general, fullerenes are fairly well soluble in organic solvents
of low polarity?* and form clusters in solvents of high
polarity 8263 For electrophoretic deposition, therefore, first,
Cso Nanoclusters are allowed to grow in bulk solution of
mixed polar and nonpolar solvents, due to strong mutual
hydrophobic interactionsto a predefined size. Moreover,
this aggregation, performed under carefully adjusted condi-
tions, may lead to formation of spherical fractako,C
structure$? Next, a constant electric field is applied. In
effect, fullerene aggregates gain a partial negative charge,
migrate to the target positive electrode, and deposit onto its
surface. It appeared that the stronger the electric field applied,
the lower the porosity of the resulting fillnwe show here
that the time allowed for § aggregation in bulk solution
before deposition can also be effectively used to control
surface topography of the film.

The present work aims at optimizing the conditions for
bulk electrophoretic deposition ofs6films with respect to
the solution composition, aggregation time in bulk solution,
and strength of the constant electric field applied. The film
deposition was monitored by piezoelectric microgravimetry
with the use of an electrochemical quartz crystal microbal-
ance (EQCM). The deposited films were imaged with atomic
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force microscopy (AFM) in order to determine their surface :

. . Electrochemical Quartz
roughness and size of thegdCsurface structures. With Crystal Microbalance Power Supply
simultaneous measurement of multiscan cyclic voltammetry EQCM 5710
(CV) curves and changes of both resonant frequency and b Input  Output + - P—————\
dynamic resistance of the film-coated quartz resonator, the
electrochemical behavior of the films composed @f"C
(n = 1, 2) anions and, particularly, transformations in the
films accompanied by solvent-assisted ingress and egress o 4®'¥
ions of the supporting electrolyte was investigated. Moreover,
X-ray photoelectron spectroscopy (XPS) and powder X-ray =

diffraction (XRD) analyses performed were helpful to address i
elemental composition and structure aspects, respectively, P
of the freshly prepared, electroreduced and back-electrooxi- e "-‘%ﬁ;‘;“

dized Go films. As demonstrated herein, experimental control (positive)
over three-dimensional surface assembling of fullerene Suspension of Ceg In
clusters was possible by the present electrophoretic technique toleneethang (110.9),

2. Experimental Section
. . Figure 1. Schematic view of the experimental setup for electrophoretic
0,
2.1. Chemicals.Ceo (99.5% purity) was from M. E. R. Corp. deposition of a @ film on a Pt/quartz electrode and simultaneous

(Tucson, AZ). Toluene (pro analysis) of Chempur (Piekary Slaskie, monitoring of the film growth by use of electrochemical quartz crystal
Poland) and acetonitrile=99.5% purity, HO < 0.001) of Fluka microbalance.

were deaerated before measurements with a solvent-saturated argon

purge. Line ethanol, containing rectified ethyl alcohol (96.3 wt %) The XPS spectra were recorded with an Escalab-210 spectrometer
and diethyl ether (3.7 wt %), was from Linegal Chemicals Co., of VG Scientific (East Grinstead, U.K.) by use of AloK(hw =

Ltd. (Warsaw, Poland). Tetrautyl)ammonium hexafluorophos-  1486.6 eV) X-ray radiation. The pressure in the spectrometer
phate, (TBA)PE, (puriss, electrochemical grade99.0%) was from chamber was-5 x 107° mbar. High-resolution scans were recorded
Fluka. Methylene chloride (pro analysis) was from Chempur with the 20 eV analyzer pass energy at a 0.05 eV increment for
(Piekary Slaskie, Poland). All chemicals were used as received. the C 1s core level spectrum and a 0.1 eV increment for the N 1s,

2.2. Apparatus.For electrophoretic deposition, a two-electrode F 1s, and P 2p core level spectra. The analyzer axis was normal to
system was used, which consisted of a1l cn? Pt tab and Pt the surface. The spectra were analyzed by the Avantage data system
film electrode serving as the auxiliary (negative) and working software of Thermo Electron (East Grinstead, U.K.) using a Gauss-
(grounded) electrode, respectively. The Pt film electrodes were to-Lorentz constant ratio of 0.3. The spectra were corrected for
cathodically sputtered onto the 14-mm diameter quartz resonators.background by the Shirley methézl.

The electrode diameter of the 5- and 10-MHz resonator was 5 and  The XRD patterns were recorded with a Siemens D5000 powder
6 mm, respectively. A dc voltage was applied to the electrodes by diffractometer of Bruker AXS GmbH (Karlsruhe, Germany) with
using a stabilized power supply type 1ZS-5/71 of INCO (Warsaw, a sealed-off Cu tube, which providedKX-ray radiation ofi =
Poland). Simultaneously with electrophoretic deposition g C  0.154 184 nm. A scintillation detector, standard setting of the optics
films, piezoelectric microgravimetric experiments were performed with a Ni filter, and a laboratory-made flow-through camera
by use of an electrochemical quartz crystal microbalance type allowing for in situ measurements under inert gas atmosphere were
EQCM 5710 of the Institute of Physical Chemistry (Warsaw, used. The fullerene film samples, deposited onto Pt/quartz resonators
Poland) under EQCM 5710-S2 software control. This microbalance for EQCM, were transferred to the camera in about 1 min after
allowed simultaneous measurement of changes of current, resonanbeing taken away from the argon-filled electrochemical cell. The
frequency, and dynamic resistance of a 10-MHz quartz resonator.camera was fed with helium (N5.0) of a constant flow rate of 20
Ceo fine powder was dissolved in toluene in an ultrasonic bath type mL min~t. Asymmetric geometry was adopted for the measure-
UM-0.5 of Techpan (Warsaw, Poland). An Autolab computerized ments in order to maximize the X-ray beam intensity scattered by
electrochemistry system of Eco Chemie (Utrecht, The Netherlands) the examined fullerene film. In this geometry, the angle of the
was used for CV measurements. This system was equipped with aincident beam was set constant &t The preliminary test mea-
PGSTAT20 potentiostat and controlled by the GPES 4.9 software surements were performed for a number of incident beam angles
of Eco Chemie. A glass three-electrode conically tapered electro- in order to avoid any parasitic reflection that might originate from
chemical cell was used with Pt/quartz, Pt tab, and Ag wire serving either the quartz support or the platinum film electrode. Because
as the working, auxiliary, and pseudoreference electrode, respec-of low intensity of the diffracted X-ray radiation, patterns for the
tively. fullerene films were acquired for ca. 24 h.

High-resolution topographical analysis of surfaces of the elec-  2.3. ProceduresAn experimental setup for bulk electrophoresis
trophoretically deposited & films was performed in air by AFM is depicted in Figure 1. The Pt electrodes were polarized with 50
with a scanning probe microscopy (SPM) instrument, viz., TMX V dc unless stated otherwise. This voltage appeared to be the most
2000 Discoverer microscope of TopoMetrix (Santa Clara CA). suitable for relatively slow and, therefore, easy to control deposition
Topography of the films was examined in both the noncontact and of the Gy films. Distance between the two Pt electrodes was kept
constant force modes. The silicon probes and two stanxtayd constant at 4 mm throughout all the measurements. Before
scanners of the 2% 25 um? and 70x 70 um? range (all from deposition of G films, the Pt/quartz resonators were cleaned by
TopoMetrix) were applied. Several images of various areas and soaking in a tolueneacetonitrile (1:1 v/v) solution for at least 2 h
magnifications were collected for each film in order to gain better and then rinsed with ethanol. Appropriate weight portion ofsa C
understanding of surface topography developed under different
deposition conditions. (65) Shirley, A. D.Phys. Re. B 1972 5, 4709.
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fine powder was dissolved under sonication in deaerated toluene
to yield a 0.1 mM G solution. As opposed to earlier investigations
where mixed solvent solutions of acetonitrile and toluene were used
for Ceo aggregation, resulting in rapid formation of the;C
suspensiofi;* here the G suspension was prepared by mixing a
sample of the 0.1 M g toluene solution with deaerated line ethanol
at the toluene-to-ethanol ratio of 1:10 (v/v). This ratio was used
throughout all the present investigations because it afforded
relatively slow aggregation and, therefore, was most suitable for
its convenient control. The time that elapsed between mixing the
solutions and application of the dc voltage was kept constant at 1
min unless stated otherwise. The total time of each deposition did
not exceed 15 min. During this time, the fullerene film was

deposited and the frequency change was measured. After ca. 12
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min of deposition, the frequency change became negligibly small, Figure 2. (Curve 1) Mean frequency change with time for electrophoretic

indicating that deposition was seized despite the fact that the

deposition of G films on 5-MHz Pt/quartz electrodes from a mixed solvent

olution of a toluene-to-ethanol ratio of 1:10 (v/v) (solid curve; vertical

fullerene suspension in solution was not much depleted, as 0pPOS€G,4rs stand for standard deviations) and exponential fit (dashed curve). (Curve

to earlier studie$*

2) Time dependence of the mass change of the electrodes, recalculated from

The Gy films, electrophoretically deposited onto Pt/quartz datain curve 1 by use of the Sauerbrey equation.

electrodes, and the deaerated 0.1 M (TBA)REetonitrile solution
were subsequently used for simultaneous CV and piezoelectric
microgravimetric investigations.

Cso SUspension was allowed to grow at open circuit, that is,
the electrodes were not polarized with external dc voltage

In our early electrophoretic deposition experiments, quartz crystal &nd, Consequerjtly, agffilm was not depositgt_ﬂ. The_n dc
resonators with vapor-deposited gold-over-chromium or gold-over- Voltage was switched on and, in effect, a positive spike was

titanium film electrodes were used. Unfortunately, the gold films

reproducibly formed in théf vst transient. This spike was

readily peeled off from surfaces of the quartz wafers after high dc followed by a shallow minimum, after which a small flat

voltage was applied, thus precluding any further piezoelectric
microgravimetric experiments.

For AFM imaging, the G films were deposited by electro-
phoresis onto the surfaces of highly oriented pyrolytic graphite
(HOPG) disks. A 1x 1 cn¥ platinum tab and 4 mm in diameter

HOPG disk served as the auxiliary (negative) and working E
(grounded) electrode, respectively. The electrodes were separated

by 4 mm. A dedicated PTFE holder for the HOPG disk was used
for this deposition. Samples, allowed to aggregate in solution for 4
min (referred to as short-time aggregation) and 12 min (long-time

maximum was developed at ca. 75 s. Next, after a total of

ca. 120 s, a 6 film commenced to deposit while the solution

became progressively more turbid due to the growth of larger
Cso aggregates. The film deposition was manifested by the
decrease of the resonant frequency with time (curve 1 in
igure 2). With the use of the Sauerbrey equation

. —2f; Am

= 1
A(.“QPQ)]J2 @

aggregation), were prepared by subsequent 2-min electrophoretic

deposition at 50 or 100 V dc voltage applied.

For the XPS and powder XRD analyses, fresfs fims were
prepared by electrophoretic deposition onto the surfaces of the
5-MHz Pt/quartz crystal resonators, similar to the films deposited
for the EQCM studies. After deposition, the films were thoroughly
rinsed with argon-deaerated acetonitrile and stored in an argon
atmosphere before analysis.

All experiments were performed at ambient temperature22
1) °C.

3. Results and Discussion

First, by piezoelectric microgravimetry, we investigated
electrophoretic deposition of¢gfilms. Then the resulting
films were imaged by AFM and their electrochemical
properties were examined by performing simultaneously CV
and piezoelectric microgravimetric experiments. Finally, the
XPS compositional and XRD structural analyses were
performed.

3.1. Electrophoretic Deposition of Go Films. Electro-
phoretic deposition of & films was investigated by piezo-
electric microgravimetry. Curve 1 in Figure 2 shows
dependence of the resonant frequency changeon time
for the deposition averaged over results obtained for five
different 5 MHz Pt/quartz resonators. For the initial 15 s
after mixing of 0.1 mM G toluene solution and line ethanol,

(whereAfis the resonant frequency changemis the mass
change of a quartz resonatag = 2.947 x 10 dyn cni?

is the shear modulus of quartzgg = 2.648 g cm?® is the
quartz densityA is the acoustically active area of a quartz
resonator, andh is the fundamental frequency of the quartz
resonator), this frequency change was recalculated into the
mass change (curve 2 in Figure 2). This mass change
increased exponentially with time. The decaying portion of
the Af vst curve was exponentially fitted\f = A; exp(t/t;)

+ Afo, with the parameteraf, = —500.151 93 HzA; =
983.409 24 Hz, and; = —164.520 27 s and correlation
coefficientR? = 0.997. Unlike many-day aggregation leading
to formation of G fractal nanoclusters in solutidf,the
present exponential dependence of mass deposition on time
implies that films composed of nonfractaddStructures were
deposited. The total mean mass of these films deposited after
12 min was about 1.7#g. The estimated thickness and
coverage of a monolayer film of hexagonally packeg C
pseudospheres are about 0.87 nm and k487 g cnT?

and 0.87 nm, respectively. Hence, estimated mean thickness
of the film obtained here did not exceedd~ 53 nm and
electrode coverage was~ 1.2 x 10-8 mol cm 2, indicating

that the films were composed of ca. 61 equivalent mono-
layers. Noticeably, this mean thickness, determined by
microgravimetry, is almost an order of magnitude lower than
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field in solution®? Hence, the migration rate of the aggregates

in solution in the vicinity of the deposited aggregates was
decreased. Therefore, the aggregates coated progressively the
bare surface in the course of deposition and then welded
together to form larger domains.

For deposition at 50 V dc, an average aggregate diameter
was 600-700 nm, for both the short- (Figure 3a) and long-
time (Figure 3b) aggregation. However, individual clusters

) . . - L were resolved best in aggregates obtained during long-time
Figure 3. Atomic force microscopic images, at 5050 um? magnification, ggreg 9 9

of Ceo films electrophoretically deposited on the highly oriented pyrolytic @dgregation at 50 V dc (Figure 3b), pointing to aggregation
graphi_tc_e electrodez for k()a)l shortt_-timel(24-m_in) aggregegionffc;lllow%dbbyzz-min in solution rather than on the surface. Moreover, height of
e D e e vy (e a0regates was similar for both short- and long-time
2-min deposition at 100 V dc from mixed solvent solutions of a toluene- 2dgregation and close to 44650 nm. Furthermore, the
to-ethanol ratio of 1:10 (v/v). (Insets) Fragments of the same films are shown mean height of surface domains, considered as the film
under higher 2.5¢ 2.5 um? magnification. thickness, was similar for short- and long-time aggregation
and close to 500 nm, indicating that the films were built of
mono- rather than multiaggregate layers. However, the mean
surface coverage differed markedly. That is, it was close to
50% and 75% for short- and long-time aggregation, respec-
tively. Presumably, the cluster concentration in solution was
controlled by the aggregation time, but the size of the
aggregates deposited on the electrode was controlled by the
magnitude of dc voltage applied (see below). Therefore, the
size of the aggregates deposited at 50 V dc was similar but

This rate decrease with time might be caused by at least twoSurface coverage varied for different time intervals of
effects. One might arise from the growth in solution of the aggregation. ) .
fullerene aggregates of larger sizes with time and, hence, The AFM topographical analysis also allowed us to
decrease of their mobility. Consequently, ability of their detérmine the number of domains per examined area. It
deposition might decrease. Apparently small and large @Ppeared that for 50 V dc there were 54 and 3 domains in
aggregates were initially and finally deposited, respectively. the 20x 20 um? area imaged and 210 and 13 domains in
The other effect (see section 3.2) might be due to the the 50x 50 um? area for short- and long-time aggregation,
insulating properties of the depositedo@im and, hence, respectlvgly. These numbers indirectly reflept the extent of
surface blocking effect. While being quite well redox- the domain coalescence. The AFM technique allows for
conductive (see section 3.3), the,@ilm is electronically counting the number of separate objects seen on the |ma_1ged
insulating. Therefore, the effective dc electric field causing Surface. Inthe case of coalescence, the resulting larger objects
migration of the fullerene aggregates in solution toward the &€ counted as one object. From our results, it followed that
electrode surface might be decreased due to the ohmicthere were 608700 nm diameter domains separated one
potential loss across this highly resistive fif&. from the_other for_short-t_lm_e aggregation. qu long-time
3.2. Surface Topography of the Electrophoretically aggregation, domains of similar size were obtained b_ut they
Deposited Gy Films. The AFM imaging of surfaces of the ~ Were welded. Therefore, the number of these domains was
Ceo films prepared by electrophoresis on the HOPG elec- lower.
trodes at short and long aggregation times as well as at 50 For deposition at 100 V dc and short-time aggregation
and 100 V dc applied provided information on the shape (Figure 3c), the aggregate size was much larger than that
and size of the deposited fullerene nanostructures and surfac@btained at 50 V and close to 702500 nm. Apparently,
coverage, as well as the film thickness and roughness.  higher electric field forced larger aggregates, formed in
Importantly, spherical deposits (Figure 3) with the 200  solution, to migrate to the electrode surface. This migration,
250 nm diameter microscopically distinguishablg €usters resulting in an almost pinhole-free continuous film of surface
were obtained under all deposition conditions applied. This coverage close to 95%, was much more efficient than that
cluster diameter was larger than that of clusters obtained inat 50 V dc. However, the film thickness was 50000 nm,
earlier electrophoretic depositiohs, presumably because as if the aggregates were orientated flat on the surface.
time allowed for the cluster formation in bulk solution in Importantly, surface roughness of the film&, = Asp/
the present studies was longer. All the clusters coalesced toA;p, represented by the ratio of area in three-dimensional
form larger aggregates. It could be that these aggregates werapaceAsp, to that projected into two-dimensional spabgs,
already formed in solution before deposition. Most likely, was different for different conditions of deposition. The
the aggregates that approached the electrode by migratiordeterminedRs, data are presented as a function of imaging
were deposited on the bare electrode surface available. Suchesolution, that is, pixel size, in Figure 4. As expected, the
a deposition scenario might be due to insulating property of Rs; values for high coverage and small number of domains
the Gy film formed. The ohmic potential drop across this per examined area were lower than those for low coverage
film contributed to the decrease of the effective local electric and large number of domains. In particular, relatively high

2.5x2.5pm’

the effective thickness of fullerene domains in films,
determined by AFM (see section 3.2).

From the slope of thé\m vst curve (curve 2 in Figure
2), the rate of the film deposition was determined. That is,
the initial rate was 6.9 ng$, being subsequently maintained
for ca. 4 min. Then this rate gradually decreased and it was
over 1 order of magnitude smaller and equal to 0.68 g s
in the final stage of deposition. Over the-22 min time
interval, a mean rate of the mass increase was 2.4 hg s
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2 ] electrophoretically deposited for 3 min at 50 V dc in a mixed solvent solution
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11 A - Cycle number is indicated at each curve. Potential sweep rate was
0.1Vsl
o—t properties of the electrophoretically deposited @ms, we
0.00 0.05 0.10 0.15 0.20 0.25 . . L.
used acetonitrile as solvent and imposed such a limit on the
Resolution , um negative reversal potential that only the first two cathodic

Figure 4. Dependence of relative surface area on resolution, that is, pixel and the related two anodic CV peaks were developed (Figure

size, for the atomic force microscopic images ef fims electrophoretically 5)' Electroreduction and Subsequent electrooxidation of the
deposited on electrodes of highly oriented pyrolytic graphite for (1) short-

time (4-min) aggregation followed by 2-min deposition at 50 V dc, (2) 11IM, accompanied bY the Cqunterior! dynamic equilibrigm,

long-time (12-min) aggregation followed by 2-min deposition at 50 V dc, must cause changes in the film swelling with the acetonitrile

and (3) short-time (4-min) aggregation followed by 2-min deposition at - gq|yent, These changes may affect viscoelastic properties of

100 V dc in mixed solvent solutions of a toluene-to-ethanol ratio of . . .

1:10 (Vv). the film and, hence, changes of dynamic resistance of the
guartz resonato\R. Therefore, in a 15-scan CV experiment

Rsavalues were obtained for short-time aggregation and lower we simultaneously measured current, resonant frequency

dc voltage applied (curve 1 in Figure 4), indicating formation change, and dynamic resistance change as a function of
of porous films. As anticipated, th&. dependence on  potential.

resolution was much more pronounced for films formed after |t appeared that electrochemical properties gf fms
short- rather than long-time aggregation and at lower rather were independent of the aggregation time. Therefore, results
than higher dc voltage applied (curve 1 in Figure 4). for a Gy film of ca. 45 nm average thickness (52 equivalent
Apparently, the surface aggregates were welded together tomonolayers), deposited for 3 min at 50 V dc after the initial
form larger domains covering both more continuously and 1 min aggregation in solution, are presented below.
smoothly the examined surface for longer aggregation time  The multiscan CV behavior (Figure 5) was very distinctive
and higher voltage. in that the dependence of current, the resonant frequency
3.3. Transformations in the Films Accompanying  change, and the dynamic resistance change on potential of
Electrode Processes of g. Counterions, like tetraalkyl-  cycle 1 was markedly different from those of subsequent
ammonium catior’8:°¢%’and metal cations even to a greater cycles. That s, in cycle 1, two cathodic peaks, corresponding
extent?%%8 are responsible for stabilization of reduceghC to the G/Csy~ and Go /Ces? electroreductions, were
flms with respect to oxidation, making the electrode observed at—0.74 and—0.86 V, respectively. The first
processes highly irreversible. Pronounced, exceeding 550 andtathodic peak was much larger and broader than the second
300 mV for the G’/Ceo~ and Go /Ces”~ redox couples,  one (Figure 5, cycle 1). In that respect, this CV behavior
respectively, cathodic-to-anodic CV peak potential differ- was, on one hand, qualitatively similar to that displayed by
ences manifest this irreversibility. Moreover, electrochemi- Cg, films prepared by electrochemical deposition, abrasive
cally induced ingress of TBAresults in crystallographic  attachment, or solution castifg®°and, on the other hand,

changes of vapor-depositedoGilms.*’ different from that revealed by the fullerene films prepared
Highly reduced G films are unstable with respect to by sublimation (where only one broad peak for the merged

dissolution in polar aprotic solvent soluticf8® and Go*~ first two cathodic peaks was observEdnd that charac-

is readily dissolved, for instance, in dimethylformamide teristic for fullerenes embedded in the electrode surface-

water mixed solvent solutiéhbut only slightly in acetoni-  confined membranes (where reversible redox behavior of the

trile.32 Therefore, to get closer insight into electrochemical first three electroreductions was observed§? Then two
related anodic peaks at0.63 and—0.10 V were recorded

(66) I;éss%ma' T.. Kikuyama, S.; Oyama, Bl. Phys. Chem1993 97, after reversal of the potential scan. In cycle 2, the first
(67) Zhou, F.; Yau, S.-L.; Jehoulet, C.; Laude, J., D. A.; Guan, Z.; Bard,
A. J.J. Phys. Chem1992 96, 4160. (70) Chlistunoff, J.; Cliffel, D.; Bard, A. J. Charge-transfer Salts, Fullerenes
(68) SZies, A; Loix, A.; Nagy, J. B.; Lamberts, LJ. Electroanal. Chem. and Photoconductors. Inlandbook of Conducte Molecules and
1996 402 137. Polymers Nalwa, H. S., Ed.; Wiley: Chichester, U.K., 1997; Vol. 1,

(69) Szucs, A.; Novak, MJ. Solid State Electrocher2005 9, 304. Chapt. 7, pp 333412.
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cathodic peak was shifted positively t60.66 V as if the Aot 3/2( n.oL )1/2 @

Af=—

Cec/Cso~ electroreduction became less energy-demanding. TloPo

Interestingly, the potential of the second cathodic peak was

not altered but its height decreased and a current shouldewhere 5. and p. are dynamic viscosity and density,

appeared on its tail. In the subsequent 14 cycles, the firstrespectively, of the contacting liquid. Then, the total

cathodic peak decreased along with the two anodic peaks.frequency shift for the mass-loaded quartz resonator im-

However, the second cathodic peak decreased at the expens@ersed in a viscous medium is the sum of eqs 1 and 2:

of the increase of a new cathodic peak at more negative

potential, that is, at-0.95 V. In effect, the original second 2% [ am e 2 3

cathodic peak disappeared completely after about 10 cycles (gpo)™” (T) 4nf, (3)

and only the new peak was left, thus indicating some

structural transformations in the film. Then, during cycles Therefore, it is impossible to determine contribution to the

11-15, this new cathodic peak decreased along with all other total frequency change originating from the mass change

peaks, pointing to slow dissolution of the film during each component and the viscoelasticity change component from

potential cycle. the sole measurement of the frequency change. Independent

From the slope of the rising portion of current of the first Simultaneous measurements of a variable related to visco-

elasticity of ambient, like dynamic resistance of the quartz
resonatorR,”® are necessary for that purpose:

cathodic peak of cycle 1, at the peak half-heighge.,
apparent redox conductivity\ = (d/A)(Ai/AE)e=g,,,, " of
the film was determined. From our AFM investigations (see A "

section 3.2), it follows that surface coverage and effective R= P(MOWLPL) (4)
thickness of the surface domains for this film were ca. 50%

and 500 nm, respectively. Hence, the redox conductivity is (wherek? = 7.74 x 1073 A2 s nT2 is the electromechanical
A ~ 43 x 10° S nr, being practically invariant with  coupling factor for the quartz resonator). Hence, from
respect to the film thickness. This value is lower than that equations (2) and (4) it follows that the frequency change is
of a vapor-deposited dgfilm partially doped electrochemi-  opposite to the dynamic resistance:

cally with TBA*,”? and such films electrochemically doped

with M(bpy)s2* (M = Fe, Ni, Ru, or Os; bpy= 2,2- KR,

bipyridine)/® or of the one synthesized by electrocrystalli- Af = _m ()
zaton of Ru(bpy x (Cso). salt’® These conductivity oo

differences may arise from different hindrance of counterion Quajitatively, the considerations involving quartz resonator
diffusion in films of different morphology. in contact with viscous liquid can be extended to viscous
Evolution of the piezoelectric microgravimetric behavior film coats. Then the simultaneouAR increase andAf

accompanying multiscan CV performance is presented in decrease, associated with the current at the foot of the first
Figure 6. The behavior revealed in cycle 1 (Figure 6) was cathodic peak observed in the present work, may be
markedly different than that of subsequent cycles. The first interpreted in terms of both initial mass increase due to the
cathodic peak was accompanied by a negative peak in theTBA™ ingress and swelling of the film with the solvent. At
Af vsE trace at—0.73 V (center curve in Figure 6, cycle 1) potentials of the tail of the first cathodic peak, frequengy
and a positive peak in th&Rvs E trace at-0.75 V (bottom ~ INCreases (center curve in Figure 6, cycle 1) accompanied
curve in Figure 6, cycle 1). Notably, thtef vs E curve was by a decrease in the dynamic resistance. This behavior may

different for the electrophoretically depositedsoCtilm originate from at least two effects. That is, it may arise from

examined here from that reported earlier for electrochemi- some additional rigidity gained by the film induced by

cally deposited & film where Af vs E steps rather than peaks !nserteq TBA catlo.n or egress of the BFanion (see belovx_/
. : in section 3.5), which results in a net mass loss of the film.
were observe® The frequency decrease with the increase . . .
of current of the first and second cathodic peak can be The second cathodic peak is accompanied by crease
) ; P because more TBAenters the film for charge neutralization
ascribed both to the mass increase of the film due to the

of Cso?>” generated. In effect, the film becomes, presumably,
ingress of TBA for compensation of the negative charge s 4d P y

> o ) even more rigid becaus&R mildly decreases at potentials
of Ceo~ and G~ produced, respectively, and to the change ¢ e tail of the second cathodic peak.

of viscoelastic properties of a contacting medithm: The charge associated with theds/Ces~ and Gg /Cec®
electrooxidation, determined by integration of anodic peak
(71) Pickup, P. G.; Kutner, W.; Leidner, C. R.; Murray, R. WAm. Chem. currents, is equal to 250 and 28Q, respectively. However,

Soc.1984 106, 1991. : X - )
(72) Nishizawa, M.; Matsue, T.; Uchida, J. Electroanal. Chem1993 the frequency step associated with thg’GCeo~ electrooxi-

353 329. dation,Af,_,- = 972 Hz, is much higher than that associated
(73) Nishizawa, M.; Tomura, K.; Matsue, T.; Uchida,Jl. Electroanal. i — 0 = i

Chem.1904 379, 233, wlth the Gso /Ceo peak,'AL/o 139 Hz (cent_er curve in
(74) Foss, C. A.; Feldheim, D. L.; Lawson, D. R.; Dorhout, P. K.; Elliott, Figure 6, cycle 1). Most likely, the former step is additionally

C. M.; Martin, C. R.; Parkinson, B. AJ. Electrochem. Sod 993 due to loss of solvent and ions of the supporting electrolyte.

140, L84. - : : .
(75) Thompson, M.; Kipling, A. L.; Duncan-Hewitt, W. C.; Rajakovice, L. This loss might be responsible for the positive peak @61

V.; Eaviee-Vlasak, B. AAnalyst1991 116, 881. V in the AR vs E trace (bottom curve in Figure 6, cycle 1).
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Figure 6. Simultaneously recorded traces of the multiscan cyclic voltammogram (top), resonant frequency change vs potential (center), and dynamic resistan
change vs potential (bottom) for thes¢film in 0.1 M (TBA)PFs, in acetonitrile. After initial aggregation for 1 min, the film was electrophoretically
deposited for 3 min at 50 V dc in a mixed solvent solution of a toluene-to-ethanol ratio of 1:10 (v/v) on a 10-MHz Pt/quartz electrode. Cycle number is
indicated in each panel. Potential sweep rate was 0.1V s

That is, the initialAR rise of this peak may originate from step at more positive potentials is lower than that at more
the initial viscoelasticity gain by the film in the course of negative ones.

the initial TBA" egress. The subsequent decreaseé\Bf In cycle 5, in both theAf vs E (center curve in Figure 6,
points to the increase of the film rigidity as further amounts cycle 5) andAR vs E (bottom curve in Figure 6, cycle 5)
of TBAT and, presumably, solvent are expelled. AR vs transients, there are negative and positive, respectively, peaks

E positive step corresponding to theoQCe® CV anodic present associated with the first cathodic peak. This behavior
peak is much higher than the above-described peak in theis similar to that for cycle 1 except that tails of the respective
ARVSE curve corresponding to thes€ /Ceo~ anodic peak. peaks are higher. The second cathodic peak is split. This
It could be that the negative contribution of the viscoelastic peak is accompanied by thef decrease and two positive
changes to the overall frequency changes ofthes E step AR peaks as if TBA ingress were accompanied by solvent
is higher at more positive potentials. Therefore, the frequency exchange, leading to changes in viscoelasticity of the film.
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Then, at potentials more negative thah.15 V,ARincreases o2 — T T T T T T T T T
in the course of both initial negative and subsequent positive L \ Cycle 1

potential scanning. Qualitatively, thef vs E and AR vs E 0.0 .
behavior of the anodic scan is similar to that of cycle 1, but 02k ]
for cycle 5 the positive peak in th\R vs E curve - -
corresponding to thedg / Ceo~ anodic peak is twice as high 0.4 i ]
as the positive step in th&R vs E curve corresponding to 06k \ i

the G /Cso® anodic peak.

In cycle 10, theAf vs E and AR vs E transients are very
much different than those in cycle 1 (Figure 6. Although
the first cathodic peak is accompanied by the negative peak
in the Af vs E curve and a small positive peak in thdR vs
E curve, the second cathodic peak is associated with a
positive peak in both thaf vs E and AR vs E curves.

Finally, in cycle 15, theAf vs E and AR vs E transients
are completely different than those in cycle 1 (Figure 6).
That is, there is a continuous decreasé\bfn the negative i
scan at potentials more negative than those of the first i Cycle 10 |
cathodic peak, and a negative peak in thie vs E curve 1.4
accompanies the second but not the first cathodic peak. In X ]
the anodic sweep, thes€ /Cso~ and Go /Cgo” anodic peak 12k i
is accompanied by a positive peak and step, respectively, in I
the Af vs E curve. Interestingly, a negative step in th&® 10+
vs E curve is associated only with thes®/ Cso~ but not P T T T S S S
the Go/Cs® anodic peak. 00 02 04 06 08 10 1.2

Apparent ion crossing of the filmsolution interface can Charge, mC
be quantitatively estimated by examining the mass on charge _.

. L Figure 7. Dependence of frequency changes on charge. Data were
dependence for redox processes occurring in films. For tha-trecalculated from the CV and the frequency change vs potential curves
purpose, curves of the frequency change versus charge werghown in Figure 6. Number of CV cycle is indicated at each curve.
plotted in Figure 7. These curves were recalculated from
curves of the current and frequency change vs potential for - - T .
different CV cycles shown in Figure 6. From slopes of the
raising portions of these curves, corresponding to potentials
of the foot of the first cathodic peak, values of the apparent
electrochemical equivalent of the counterion entering the film <
were determined by invoking the Faraday law and the ¢
Sauerbrey equation (eq 1). For cycles 1, 5, and 10, theseg
values were close to 588, 513, and 256 g/mol. Since ©
the molecular weights are, MW(TBA = 242.45 and
MW(PFs~) = 144.95, one may postulate for this mass gain y
one TBA" counterion and, additionally, around one half ., , . . LM .
TBAT—PFR;~ ion pair entering the film per onesg anion 20 15 10 05 0.0
generated in cycle 1. A decrease of the apparent electro- Potential, V vs. AgiAg*
chemical equivalent with the cycle number indicates the Figure 8. Simultaneously recorded (1) cyclic voltammogram and (2)
increase of some hindrance for ions of the supporting resonant frequency change vs potential for thg @m in 0.1 M

. . . (TBA)PFs, in acetonitrile. After initial aggregation for 1 min, the film was
electrolyte to cross the filmsolution interface under dy- electrophoretically deposited for 12 min at 50 V dc in a mixed solvent
namic CV conditions. Most likely, the TBA PR~ ion pair solution of a toluene-to-ethanol ratio of 1:10 (v/v) @ 5 MHz Pt/quartz
is eventually retained in both the electroreduced and elec-électrode. Potential sweep rate was 0.1°V.s
trooxidized films. However, ions of the supporting electrolyte
are expelled completely from the film under constant- section 3.3). Similar to the CV behavior of the electrochemi-
potential exhaustive & /Ceo” electrooxidation (see below cally deposited & film,32 the third cathodic peak, corre-
in section 3.5). sponding to the &% /Cs® electroreduction, is split. An

3.4. Electrochemical Dissolution of Electrophoretically abrupt frequency increase atl.40 V accompanying this
Deposited Go Films. Four main cathodic peaks, correspond- peak is due to a dramatic mass drop, which indicates
ing to four one-electron reductions, are present in the CV complete dissolution of the film. Elevated current of the more
curve for the electrophoretically depositeg,@Im during negative part of the third cathodic peak may arise from
the negative potential excursion covering the entire accessibleelectroreduction of dissolvedg§~. Further negative polar-
potential window of the acetonitrile solvent solution (Figure ization does not alteAf as the fourth cathodic peak at ca.
8). Behavior of the first two peaks is described above (see —1.80 V, corresponding to the solutions& /Ces*~ redox

Frequency change , kHz
<)
o

or {200

)
o
Frequency change , Hz

- -800
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couple, is produced. In the positive half cycle, the anodic
peaks are hardly visible because the dissolved fullerene
anions diffuse away from the electrode surface.

3.5. Compositional and Structural Aspects of the
Neutral, Electroreduced, and Subsequently Back-Elec-
trooxidized Cgo Films. Both the XPS and powder XRD
analyses were performed oR¢@Ims, which were (i) freshly
deposited by electrophoresis onto a Pt/quartz resonator; then
(i) exhaustively electroreduced at potential more negative
by ca. 0.1 V than that of the first,¢g/Cso, cathodic peak
to form a Go~ film; and finally (iii) exhaustively electrooxi-
dized back at potential more positive by 0.1 V than that of
the G /Cse® anodic peak to form a &° film again.

The XPS analysis of theggfilms provided some informa-
tion on the film elemental composition. That is, first, a freshly
deposited & film revealed (not shown) typical low-energy
m-type shake-up satellites located on the high binding energy
side of the C 1s spectrum of fullerene, similarly as forea C
film prepared by physical vapor depositi#hThen, a mole
ratio of GoTBAT:PR~ ~ 1:2:1 was determined for the
electroreduced film from the relative integrated intensities
of the respective C 1s, N 1s, F 1s, and P 2p core level spectra. Scattering angle , deg
This result, in quantitative agreement with that obtained from rigure 9. Powder XRD patterns for (1) theegfilm freshly deposited on
piezoelectric microgravimetric measurements (see sectiona Pt/quartz electrode by electrophoresis; (2) thgfitn electroreduced to
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3.3), indicates that the charge of eacy Canion generated
in the film was compensated by one TBAcation and,
additionally, one pair of (TBA) and Pk~ ions entered the
film per one Gy~ generated. That is, the amount of
incorporated TBA-PR;~ ion pair was higher under the ex-
haustive electrolysis rather than CV conditions. Finally, no
(TBA)PFs was detected in the electrooxidized film. Appar-
ently, (TBA)Pk was removed from the film when the
fullerene anion lost its negative charge in the effect of
electrooxidation. Additionally, signals of oxyger-20 at.
%), silicon (~10 at. %), and platinum~4 at. %) were
detected in all samples that originated from the Pt/quartz
resonator support.

The XRD pattern of a freshly depositedq@ilm revealed
(curve 1 in Figure 9) three peaks at scattering angles of
10.95, 17.85, and 20.87, typical for G crystallites of face-
centered cubic (fcc) packirig.’37677A small shift of the peak
positions toward larger angles originated, most likely, from
imperfect alignment of a resonator plane with respect to a
goniometer axis. After applying the Scherrer equafida
half-widths of the peaks, one may conclude that either mean
diameter of the & crystallites is 15 nm or, if lattice strain
is high, the distance at which correlations between atom
locations disappear is 15 nm.

Exhaustive Gy/Cso~ electroreduction in the film resulted
in a complex XRD pattern (curve 2 in Figure 9). As described
above (see above sections 3.3 and 3.4), both Té#d Pk~
ion enters the film during this electroreduction. Therefore,
for comparison, a XRD pattern was recorded for a (TBA)-
PFs film prepared by drop coating from the acetonitrile

(76) JCPDS Data File 85-1799; International Centre for Diffraction Data:
Philadelphia PA, 1999.

(77) Hebard, A. F.; Haddon, R. C.; Fleming, R. M.; Kortan, A./npl.
Phys. Lett.1991 59, 2109.

(78) Huber, C. A. InHandbook of Nanophase Material&oldstein, A.
N., Ed.; Marcel Dekker: New York, 1997.

Cso~ at—0.8 Vin 0.1 M (TBA)PF, in acetonitrile, for 2 min; (3) the (TBA)-

PFs film deposited on a Pt/quartz electrode by evaporation from acetonitrile
solution; and (4) the &~ film reoxidized to Go° at 0.1 V in 0.1 M (TBA)-

PF;, in acetonitrile, for 2 min.

solution onto a Pt/quartz resonator. The pattern obtained
(curve 3 in Figure 9) displays peaks that fit well to those
described in the literatur®. Because the pattern intensity
for the electroreduced fullerene film was much higher than
that for the freshly deposited film, with its background
resembling that of the latter, we concluded that the strong
peaks recorded are due to the formation of some crystalline
phase external to the fullerene phase. These peaks can be
linked, in accord with our piezoelectric microgravimetric and
XPS results, to crystallites of the (TBA)PEBalt indicating

its presence in the film, as opposed to its absence in the
electroreduced & film deposited by sublimatio®. Appar-
ently, the acetonitrile solution containing both TBAnd
PR~ ions readily entered the electrophoretically deposited
porous fullerene film during §&%Cso~ electroreduction and
the solid (TBA)PF salt remained in its crystalline form after
solvent evaporation. The diameter of the resulting crystallites,
estimated from half-widths of the (TBA)RBeaks, was close

to 50 nm. The peaks characteristic for the (TBA§PENO-
crystallites were absent in the pattern recorded for the
electroreduced fullerene film extensively rinsed with deaer-
ated acetonitrile. Apparently, the (TBA)RBolid was then
completely washed away.

After subsequent exhaustive back electrooxidation of the
reduced film of Gy to Gs°, peaks seen in a pattern
characteristic of g~ (curve?2 in Figure 9) disappeared and
the obtained pattern featured, in accord with earlier re-
sultsl”737677three broad peaks (curve 4 in Figure 9) at

(79) JCPDS Data File 46-1802; International Centre for Diffraction Data:
Philadelphia PA, 1999.
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scattering angles of 11°218.1°, and 21.2, thus pointing to phoretic fullerene deposition, which has not been ac-
the presence of & crystallites of the fcc packing. That is, complished earlier.

the structure of the initial film was regained. The difference, Exhaustive Gy /Cs® electroreduction was accompanied
however, was in the coherently dispersing areas (calculatedby both TBA" counterion and PF co-ion ingress into the
from peak half-widths), which decreased tenm as if  film. Subsequent exhaustives£/Cs electrooxidation re-
the G crystallite diameter was decreased almost by half as sulted in a complete removal of both cations and anions of
compared to that of the « crystallites of the freshly  the supporting electrolyte from the film. This reversible ion
deposited film. Moreover, this diameter is even smaller than doping was similar to that of other ions reported eatle?.
that of vapor-depositedegfilm determined after reversible  Taken into account for the first time in the present study,
ingress and egress of M(bpy) cation upon sequential  viscoelastic effects accompanying electrochemical processes
exhaustive &%Cso electroreduction and electrooxidation, affected considerably the microgravimetric behavior of
respectively? Interestingly, there were no peaks correspond- electrophoretically deposited fullerene films.

ing to the (TBA)PF salt in this spectrum. Most likely, the Similar to the Go films prepared by other deposition
exhaustive G /Cs’ electrooxidation led to a complete procedures, the electrophoretically depositeg films ap-
expulsion of the supporting electrolyte ions and resulted in peared to be very unstable with respect to dissolution in the

a pristine Go hydrophobic film, in accord with our XPS  acetonitrile solutions at potentials corresponding to the
results (see above in this section). formation of G~ anion.

Experimental control over three-dimensional surface as-
sembling of fullerene clusters in films, demonstrated in the
By bulk electrophoresis, relatively rough nanocrystalline present study, opens up new avenues to design high-surface-
fullerene films of controlled surface topography, featuring area electrode materials of potential use in, for instance,
nonfractal spheroidal surface structures can be prepared. Th@ortable fuel cells, chemical sensors, and light-energy
experimental control over three-dimensional surface as-converting devices. Such studies on both pristine and
sembling of fullerene clusters was gained by suitably functionalized fullerene-based nanostructured electrodes are
adjusting conditions of electrophoretic deposition. That is, in progress in our laboratories.
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