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Abstract: This paper describes the for-
mation of catalytically active thin films
of Pt, Pt/Au, and Pt/Ru on gold sub-
strates stabilized by amine-terminated

hundreds of functional groups at the
periphery, the aggregate strength of the
multidentate interactions with the gold
substrate leads to the formation of

robust films. The films were found to
exhibit high catalytic activity for the
oxidation of small hydrocarbons such
as methanol. Such films offer versatility

polyamidoamine (PAMAM) dendri-
mers. A monolayer of dendrimer is ini-
tially self-assembled on the gold sub-
strate, which serves as a template for
the growth of catalytically active thin

sis
films. As dendrimers contain tens to i

Introduction

Dendrimers are highly branched, three-dimensional macro-
molecules with well-defined structures constructed around a
central core.'™ Their special architecture arises due to their
extraordinary symmetry, high branching, and maximized ter-
minal functionality density. This architecture has led to a
number of applications for dendrimer molecules, such as
agents in resonance imaging, catalysts, gene vectors, photon
transduction, antioxidants, antimicrobial agents, and so
on.’ Incorporation of nanoparticles onto electrode surfa-
ces to realize electrocatalysis has always been a fascinating
and challenging study. Direct deposition of nanoparticles
leads to unstable and non-adherent films on electrode surfa-
ces. The basic requirement for a stable, adherent film with
maximum coverage is a matrix on the electrode surface that
holds the nanoparticles intact, prevents their agglomeration,
allows free diffusion of electroactive species to the nanopar-
ticles, and provides an electrical link between the substrate
and the nanoparticles. Conducting polymer film is a suitable
choice for the matrix in terms of holding nanoparticles, but
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and scope for the design of effective
electrocatalysts, especially in the con-
text of microfuel cells and “dendri-
chips”; hence, they could find applica-
tions in the fields of sensors, fuel cells,
and waste-water treatment.

it impedes the free diffusion of electroactive species to the
nanoparticles trapped deep in the film. Alternatively, metal
nanoparticles can be linked to the electrode by employing
self-assembled monolayers (SAMs) of suitable molecules as
spacers. However, it was observed that the electrical com-
munication between the dendrimer-encapsulated metal
nanoparticles linked through an SAM and the electrode sur-
face is not as fast as expected.l’! Many researchers have pre-
pared dendrimer—-metal nanocomposites, which are based on
metal complexation by the tertiary amine groups present
inside the dendrimer followed by chemical reduction with
borohydride. Metals such as Pt, Pd, Au, and Ag can be coor-
dinated within the dendrimers, and the dendrimer-encapsu-
lated nanoparticles can be nearly monodispersed; even
though the latter are passive towards aggregation, enough of
the surface is accessible for them to be catalytically
active.”"”! The preparation of bimetallic dendrimer-encapsu-
lated nanoparticles and their catalysis have recently been re-
ported, as well as the presence of a cooperative effect attrib-
uted to the presence of bimetallic particles.*")

In almost all cases of catalytic reactions of dendrimer-en-
capsulated nanoparticles reported, only chemical catalysis of
hydrogenation and the Heck coupling reaction have been
carried out to a large extent. There are only two reports
that discuss the electrocatalysis of oxygen reduction with
dendrimer-encapsulated nanoparticles.”?!! The hydroxy-ter-
minated dendrimers, which were either physically adsorbed
onto gold substrates or linked to the glassy carbon electro-
des through oxidative coupling, were tested to be electroca-
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talytically active towards oxygen reduction. In this approach,
linking of dendrimer-encapsulated nanoparticles without
loss of their electrocatalytic activity on the electrode surface
posed problems. As dendrimers are polar molecules, they
assume an open structure; consequently, the catalytic nano-
particles tend to leach out from the electrode surface. It was
observed that depending on the polarity of the solvents, the
dendrimer structure becomes either closed or open, and this
structure variation is responsible for the loss of the electro-
catalytic effect. Polyamidoamine (PAMAM) dendrimers of
generations 3.5 and 5.5 have been used to prepare dendri-
mer-encapsulated nanoparticles of Au and bimetallic Au/
Ag.?%! Au-dendrimer nanocomposites were shown to ex-
hibit antioxidant properties, and the bimetallic Au/Ag nano-
particles were shown to catalyze the reduction of p-nitro-
phenol. We recently showed that dendrimer (PAMAM 4.5)-
encapsulated Pt nanoparticles chemically linked to gold sub-
strates through a cystamine monolayer exhibited electroca-
talytic activity towards the oxidation of small molecules
such as methanol, ethanol, and ethylene glycol.”! In a recent
study,™ we showed that a fourth-generation amine-termi-
nated PAMAM dendrimer aids the formation of nanoparti-
culate thin films of platinum on gold. In this paper, we
make use of the self-assembly of fourth-generation amine-
terminated PAMAM dendrimers (G4NH,) on gold sub-
strates as an anchor layer for the growth of platinum films,
which exhibited very good catalytic activity. A base layer of
dendrimer was initially self-assembled on the gold substrate,
over which Pt was chemically reduced by controlled heating
under reflux in the presence of hydroxylamine hydrochlo-
ride. Dendrimers, by virtue of their branched nature with
numerous tertiary amine groups, enable the fixing of the
metal particles and at the same time allow the facile diffu-
sion of electroactive species deep into the film. We prepared
electrocatalytically active thin films of Pt, Pt/Au, and Pt/Ru
with G4NH, as anchor layers on gold substrates. As den-
drimers contain tens to hundreds of functional groups at the
periphery, the aggregate strength of the multidentate inter-
actions with the gold substrate leads to the formation of
robust films. The electrocatalytic behavior of the films to-
wards the oxidation of small molecules such as methanol is
also discussed herein.

Results and Discussion

Figure 1a—-d shows the AFM images of the gold substrate
used in this work. Figure 1e-h depicts the surface of the
gold substrate modified by the fourth-generation amine-ter-
minated dendrimer; the topography of the dendrimer film
self-assembled on the gold substrate is clearly visible. Fig-
ure 1f and h represents the three-dimensional view of the
film. The average height of the film is 4-6 nm. This clearly
shows that the dendrimer forms a monolayer on the gold
substrate. The molecular size of the dendrimer molecule
used in this work is 4.5 nm. The formation of the dendrimer
film can also be explicitly seen on comparison with Fig-
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Figure 1. AFM images showing the topography of a—d) the bare gold sub-
strate and e-h) the dendrimer-modified gold substrate. b, d, f, and

h) Three-dimensional view. Areas of substrate under view are 5x5 pm?
(aand e) and 1x1 pym? (c and g).

ure 1a—d, which depicts the topography of the bare gold
substrate. Figure 1a and b shows the gold substrate over an
area of 5x5 pm? Figure 1c and d shows the gold substrate
over an area of 1x1 pum?” Similarly, Figure 1e and f and Fig-
ure 1g and h correspond to an area of 5x5 and 1x1 um?, re-
spectively. The morphological characteristics of the film are
clearly seen in the figure. When seen over a large area (Fig-
ure 1e), the film characteristics are not very clear. In Fig-
ure 1g, the dendrimer film appears like a woven mat. The
formation of the dendrimer film was also confirmed by
studying the electron-transfer-blocking properties of the film
(see Supporting Information), which was revealed by study-
ing the redox behavior of ferrocyanide anions and rutheni-
um hexamine cations on the modified electrode. The block-
ing of electron transfer for the ruthenium hexamine cations
and the unblocking for the ferrocyanide anions showed the
presence of dendrimers on the surface.” The presence of
the dendrimer on the film was also verified by the Grazing
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angle IR spectrum of the dendrimer-modified film (see Sup-
porting Information).

Figure 2 a-d shows the SEM images of the samples of Au-
Pt, Au-Pt/Au, and Au-Pt/Ru. From these images we can see
the particulate nature of the films. In the case of Pt, the var-

Figure 2. SEM images of a) Au-Pt, b) Au-Pt/Au, and ¢ and d) Au-Pt/Ru
films.

iation in particle size ranges from micrometers to nanome-
ters. For Pt/Au, the particle size is more or less uniform and
falls within the range of hundreds of nanometers. In the
case of Pt/Ru, the particles are smaller still (5-10 nm), but
they aggregate. Figure 2d shows clearly that nanoclusters of
5-10 nm in size aggregate in the case of Au-Pt/Ru films.
The PAMAM dendrimer provides multidentate chelating
points for the nucleation of metal atoms on the dendrimer-
modified gold electrode. The films were found to be highly
stable.

Figure 3a—c shows the topography and three-dimensional
view of the dendrimer-trapped films Au-Pt, Au-Pt/Au, and
Au-Pt/Ru, respectively. The images are similar to those of
SEM. In the case of Au-Pt films, the particle size lies in the
micrometer regime. The size of the cluster decreases for the
Au-Pt/Au films. The Pt/Ru films consist of aggregated nano-
clusters. One such cluster is shown in Figure 1c. Small clus-
ters can also be seen nearby. The Au-Pt films (as seen from
the three-dimensional view) are thicker than the Au-Pt/Au
and Au-Pt/Ru films.

Figure 4 shows the XRD pattern of the Pt-dendrimer film
on gold substrate. As the thickness of the films is in the
nanometer range, the response due to the underlying gold
surface was predominant in all cases. The Pt (111) peak ex-
pected at 39.77° is very feeble and insignificant, as it ap-
peared at the foot of the strong Au (111) peak at 38.26°.
The features of the underlying gold substrate is predominant
in the XRD pattern because the film is very thin (nanome-
ter range; see Figure 3). However, the presence of Pt can be
identified by the presence of the peak at 81.28°, which cor-
responds to the Pt (311) plane. In the case of the Au-Pt/Au
and Au-Pt/Ru films, the features of the underlying gold sub-
strate are also predominant.
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Figure 3. Topography (right) and three-dimensional view (left) of the
films a) Au-Pt, b) Au-Pt/Au, and c) Au-Pt/Ru.
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Figure 4. XRD pattern of the Au-Pt film.

Figure 5 shows the hydrogen-adsorption region for the
Au-Pt electrode. The peaks that correspond to strong and
weak adsorption are well-defined. Interestingly, the hydro-
gen-adsorption coverage on Au-Pt is quite high relative to
that on a polycrystalline Pt electrode of the same geometric
area, which points to the very high surface area of the den-
drimer-derived Pt films. The multidentate nature of dendri-
mer molecules leads to a high loading of Pt in the dendri-
mer-derived films, and the particulate nature of the films in-
creases the surface area. The hydrogen-adsorption charge
was 1.25 mCcm 2 and is very high relative to the monolayer
charge of about 210 uCcm 2, which is higher than that ob-
served for polycrystalline bulk Pt electrodes.”*”
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Figure 5. Cyclic voltammogram showing the hydrogen-adsorption region
for the Au-Pt electrode at a scan rate of S0 mVs~™' in 0.5m sulphuric
acid.

The underpotential deposition of atomic hydrogen is a
structure-sensitive catalytic process characteristic of the Pt
surface. The hydrogen adsorption—desorption peaks oc-
curred over a potential range similar to that for polycrystal-
line Pt. The anodic and cathodic potentials for weakly ad-
sorbed hydrogen occurred at —485 and —500 mV, respec-
tively. The peaks corresponding to strongly adsorbed hydro-
gen were observed at —345 mV (both anodic and cathodic).
In the case of polycrystalline Pt, the adsorption and desorp-
tion peaks for both strong and weak adsorption appeared as
mirror images.?®l However, on Au-Pt thin film, only weak
adsorption/desorption peaks occurred at the same potential,
whereas the strong adsorption/desorption peaks occurred
with a minor potential difference of 15 mV. This is under-
stood as being due to the nanostructured electrode surface.
Notably, nanostructuring of the Pt electrode results®™ in a
negative shift in the hydrogen-adsorption peak potentials
relative to the bulk Pt electrode.

Figure 6 shows the cyclic voltammogram for methanol ox-
idation on the Au-Pt film in 0.5M H,SO,. The methanol-oxi-
dation peak occurred at a potential of 0.31 V, and the onset
of oxidation occurred at —0.25 V. The oxide-assisted cataly-
sis of methanol oxidation takes place at a higher potential.
The oxidation potential in the reverse scan is also seen
clearly in Figure 6 at 0.05V. The hydrogen-adsorption
region is not disturbed by methanol oxidation. This indicates
that there are no substantial changes to the surface structure
during this process. In the negative sweep, the current due
to methanol oxidation nearly equalled that observed in the
positive sweep. The modified electrode potential was held
constant at the peak potential for methanol oxidation for
nearly 10 min to check the effect of formation of products
such as CO. After the controlled potential experiment, simi-
lar oxidation currents were observed for methanol oxida-
tion, which indicates that blocking of catalytic sites by CO
probably does not occur in this case. The values obtained
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Figure 6. Cyclic votammogram showing a)background response for
Au-Pt electrode and b) oxidation of methanol (0.034m) at 50 mVs™' in
0.5M sulphuric acid.

herein are compared with the values for bulk Pt quoted in
reference [29] (Table 1). The onset of oxidation occurred at
a lower potential than for bulk Pt. However, the oxidation

Table 1. Electrocatalytic properties of the ultrathin metallic films for
methanol oxidation.

Film Methanol Onset of  Peak cur- Peak potential Reverse
conc. oxidation rent den- [V] peak po-
[M] potential  sity for tential
[V] oxidation [V]
[nA cm’]
Pt 0.034 —0.25 1040 0.31 0.05
Pt/Au  0.034 -0.22 2800 0.28 —0.04
Pt/Ru  0.034 —0.24 7000 0.16 -0.17
Pt 0.25 0.390 210 0.640 -
(—0.093) (0.16)*

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] Values inside parentheses refer to potential with respect to Hg/
Hg,SO,; values outside parentheses refer to potential with respect to Ag/
AgCl.

peak potential occurred at a higher value than in the litera-
ture. The current values are nearly five times higher than
that reported for bulk Pt even at the low concentration of
0.034m (the concentration was nearly seven times lower
than that reported for bulk Pt).

Figure 7 shows the cyclic voltammogram for methanol ox-
idation on Au-Pt/Au film. Methanol oxidation occurred at
0.28 V, and the onset of oxidation occurred at —0.20 V. The

Chem. Asian J. 2007, 2, 775 -781
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Figure 7. Cyclic votammogram showing a) background response for the
Au-Pt/Au electrode and b) oxidation of methanol (0.034m) at 50 mVs™
in 0.5M sulphuric acid.

reverse oxidation took place at 0.04 V. The hydrogen-ad-
sorption region remained intact in this case, which also indi-
cates the absence of structural changes at the surface. The
overpotential for methanol oxidation was decreased slightly
(by 30 mV) compared to Au-Pt film. The catalytic currents
were nearly 13 times higher than that observed for Au-Pt
films (Table 1).

Figure 8 shows the cyclic voltammogram for methanol ox-
idation on Au-Pt/Ru film. In this case, methanol oxidation
occurred at the lower potential of 0.16 V, and the onset of
oxidation occurred at —0.24 V. The reverse oxidation took
place at —0.17 V. The hydrogen-adsorption region is absent,
thus indicating structural changes at the surface of the elec-
trode. The catalytic currents were very high; they were 33
times that of Au—Pt film.

Figure 9 shows the methanol-oxidation cyclic voltammo-
gram recorded within a restricted potential region. The cur-
rents due to methanol oxidation in the forward and reverse
scans remained more or less the same, thus indicating a
smooth unblocked surface. The oxidation behavior for Au-
Pt/Au is similar to that for Au-Pt. The hydrogen-adsorption
region remained intact during the electrooxidation of meth-
anol. The current due to methanol oxidation during both
positive and negative sweeps stayed the same. In the case of
Au-Pt/Ru, the hydrogen-adsorption region is absent. Au is

Chem. Asian J. 2007, 2, 775-781
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Figure 8. Cyclic votammogram showing a) background response for the
Au-Pt/Ru electrode and b) oxidation of methanol (0.034m) at 50 mVs™
in 0.5M sulphuric acid.
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Figure 9. Cyclic votammogram showing a) background response for the
Au-Pt/Ru electrode and b) oxidation of methanol (0.034m) at 50 mVs™*
over a restricted potential range in 0.5M sulphuric acid.

known to be a poor catalyst for the oxidation of hydrocar-
bons. In this work, the oxidation of hydrocarbons catalyzed
by Au-Pt/Au films occurred at lower potential than with
oxide-assisted catalysis. The potentials and current densities
of methanol oxidation are given in Table 1. It is clear that
Au-Pt/Ru films give rise to very large catalytic currents.
Relative to literature reports®! for similar reactions, the cat-
alytic activity of our films were found be greater (Table 1).
The literature values represent catalytic currents for high
concentrations of methanol (0.25m). The concentrations em-
ployed in our case were nearly seven times lower, but the
catalytic currents were 33 times higher for the Au-Pt/Ru
films. Here the peak potential for the oxidation of methanol
nearly coincided with those of bulk Pt. However, in the case
of the Au-Pt and Au-Pt/Au films, the observed current
values were higher, the onset of oxidation occurred at a
lower potential, and the peak potential for the oxidation of
methanol was higher than for the bulk Pt electrode. This is
probably due to the presence of dendrimer film on the elec-
trode surface.

Figure 10a shows the chronoamperograms recorded for
the three films. Chronoamperometry was employed to test
the activity of these three electrodes further. The electrode
potential was stepped to the oxidation potential of methanol
in each case. For the Pt/Ru films, the steady-state current re-
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Figure 10. a) Chronoamperograms showing the variation of current with
time at the methanol-oxidation potential for the Au-Pt, Au-Pt/Au, and
Au-Pt/Ru electrodes. b) Chronoamperogram showing the variation of
current with time at the methanol-oxidation potential for the Au-Pt/Ru
electrode.

mained at a higher value than for the Au-Pt and Au-Pt/Au
films. In the case of Au-Pt and Au-Pt/Au, the currents
reached near-zero values within 13 s. However, for the Au—
Pt/Ru films, a constant current of 0.2 mA was observed even
after 200s (Figure 10b). This shows that Au-Pt/Ru films
should be better catalytic electrodes for practical applica-
tions.

Figure 11 shows the electrochemical impedance spectra
recorded for the three films at the oxidation potential of
methanol. The Nyquist plots reveal that the R, (charge-
transfer resistance) value is significantly lower for the Pt/Ru
films. In the case of the Au-Pt film, a very high R value of
nearly 11000 Q was obtained. For Au-Pt/Ru and Au-Pt/Au,
the R, values are close to 1200 Q. (The R, values were cal-
culated by extrapolating the curve to a semicircle and then
measuring its diameter.) This indicates facile charge transfer
in the case of the bimetallic films.

Conclusions
The novel method proposed in this work with dendrimers as

anchors for the preparation of Pt films resulted in very high
catalytic activity. The surface area of the Pt film is very high
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Figure 11. Impedance spectra for a)Au-Pt/Ru, b) Au-Pt/Au, and
c) Au-Pt electrodes recorded at the oxidation potential of methanol.

as shown by hydrogen-adsorption studies. As dendrimers
contain tens to hundreds of functional groups at the periph-
ery, the aggregate strength of the multidentate interactions
with the gold substrate leads to the formation of robust
films. The numerous tertiary amine groups inside the dendri-
mer serve as nucleation points for the growth of these cata-
Iytic films. The films exhibit very high catalytic currents
even at very low hydrocarbon concentrations. In the case of
the Au-Pt/Ru films, the hydrogen-adsorption region was
absent, which indicates structure variation at the surface.
The structural effects will be addressed in future work. It
was observed by chronoamperometry that currents were sus-
tained for a longer period in the case of Au-Pt/Ru. The indi-
vidual particles are 5-8 nm in size, and this may be the
reason for the high catalytic activity of these films. Such cat-
alytic films with large surface area and high catalytic cur-
rents are desirable for applications such as waste-water
treatment and use in sensors and fuel cells. In this study, cat-
alytically active thin films were formed on gold substrates,
which are normally inert to hydrocarbon oxidation, with the
help of dendrimers acting as anchors. The modification pro-
tocols described herein offer versatility and scope for the
design of effective electrocatalysts, especially in the context
of microfuel cells and “dendrichips”. Materials of high sur-
face-to-volume ratio that can be generated by using particles
nucleated on anchor dendrimer matrices are more suitable
than bulk polycrystalline Pt electrodes for miniaturized elec-
trochemical systems, especially when platforms such as mi-
crototal analytical systems are involved.

Experimental Section

Materials

G4NH, (Aldrich) and the reducing agent hydroxylamine hydrochloride
(Ranbaxy) were used as received. Gold substrates (1000-A gold coating
on silicon wafers with an intermediate adhesion layer of 100-A thick Ti,
procured from Lance Goddard Associates, USA) of geometric area
0.5 cm* were used for platinum-film formation and as working electrodes
for the electrooxidation of methanol.

Chem. Asian J. 2007, 2, 775 -781
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Formation of Pt Thin Films on Gold Substrates

The gold substrates were cleaned by sonication in acetone followed by
distilled water for 5 min each and then immersed in a solution of G4NH,
(0.035 mm) in ethanol overnight. After 24 h, the substrates were removed
and heated under reflux in the presence of hydroxylamine hydrochloride
(1%) and K,PtCl, (10 mm) for 5h at 60°C. The stability of the dendri-
mer-derived films was checked in the electrochemical cell containing the
supporting electrolyte. The films deposited without the dendrimer, while
patchy, were found to be unstable in the electrolyte solutions. The films
were also prepared with Au or Ru in combination with Pt. The ratio of
the concentration of Pt to Au or Ru was maintained at 2:1.

Electrochemical Characterization

Cyclic voltammograms were recorded by using a Wenking Potentioscan
(POS 88) along with an x—y/t recorder (Rikadenki, Japan). Pt was used as
the counterelectrode, and Hg/Hg,SO,/H,SO, (0.5M) (MSE) was used as
the reference electrode. All electrochemical measurements were made
with respect to the MSE. The experiments were carried out in 0.5m
H,SO,.

Impedance spectra were recorded over the frequency range 10 mHz-
100 kHz with an AC amplitude of 10 mV in 0.5m H,SO,, with the Au-Pt,
Au-Pt/Au, and Au-Pt/Ru film electrodes at potentials corresponding to
the oxidation of methanol in the forward scan, by using the advanced
electrochemical system PARSTAT 2263. The applied potential for each
electrode is given as follows: Au-Pt: 0.31 V; Au-Pt/Au: 0.28 V; Au-Pt/
Ru: 0.26 V.

Chronoamperometric experiments were carried out by using PAR-
STAT 2263 at the methanol-oxidation potential with a Pt counterelec-
trode and an MSE reference electrode in 0.5m H,SO,.

SEM images of the samples were recorded on a Hitachi Model S3000H
scanning electron microscope. AFM images were obtained with a Molec-
ular Imaging PicoSPM by using 30-nm gold-coated silicon nitride cantile-
vers (force constant 0.12 Nm™'). XRD patterns of the films were record-
ed (PANalytical, Model X’pertPRO) with a CuK source (maximum
22 kW).
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