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Abstract In this communication, we report a strategy for

the preparation of Pt nanoparticles encapsulated in Gen-

eration 4.5 (Polyamido amine) PAMAM dendrimer and

subsequent chemical linking of the nanocomposite to the

gold electrode through a self assembled cystamine mono-

layer. The modification resulted in the formation of a

robust electrochemically active thin film with very high

surface area, reflected by the enhanced hydrogen adsorp-

tion coverage. Interestingly, TEM images revealed self-

assembly of Pt nanoparticles and the SAED (Selected Area

Electron Diffraction) patterns showed the presence of Pt

single crystals (111). The Pt-dendrimer nanocomposite film

obtained using the novel modification procedure exhibited

high electrocatalytic activity for the oxidation of organic

fuels like methanol, ethanol and ethylene glycol. The film

did not suffer from degradation even after repeated use in

solution-phase voltammetry. It is however observed that

the intermediate SAM layer and the bulky PAMAM den-

drimer (generation 4.5) have slowed down the electron

transfer kinetics which is reflected by a relatively high

overpotential for methanol oxidation. Nevertheless this

shortcoming is more than compensated by the existence of

Pt(111) planes, which alleviate CO poisoning.

Keywords Dendrimers � Platinum–dendrimer

nanocomposite � Electrocatalysis � Self-assembly �
Cystamine � Template synthesis

1 Introduction

Recently, synthesis of nanostructured materials with high

surface area has received significant interest since these

materials possess unique properties and lend themselves to

a number of impressive applications in catalysis, fuel cells

and chemical sensors [1–5]. Nanostructured Pt materials

have excellent catalytic properties and preparation of

electrocatalysts incorporating these materials is a contem-

porary and challenging task. In this communication, we

report the synthesis of high surface area Pt nanoparticles

encapsulated by dendrimers and a novel strategy for link-

ing the dendrimers to the electrode surface to yield robust,

electrocatalysts.

Dendrimers are outstanding candidates for template

synthesis of nanoparticles because of their regular structure

and chemical versatility [6]. The terminal functional

groups serve as handles to facilitate surface immobiliza-

tion. Dendrimer-encapsulated nanoparticles can be nearly

monodisperse. Though they are passive against aggrega-

tion, major part of the surface is free for them to be cata-

lytically active [7–13]. The synthesis and characterization

of dendrimer-encapsulated monometallic Pd and Pt clusters

and their use as catalysts for hydrogenation, oxygen

reduction and Heck coupling reaction have been reported

[6]. Recently, dendrimer-encapsulated Pd–Pt catalyst was

found to exhibit a cooperative effect, which is attributed to

the presence of bimetallic nanoparticles [14–17]. Core-

shell bimetallic nanoparticles are interesting models for the

formation of alloys at angstrom scale. In all these cases,

hydroxyl and amine terminated dendrimers were em-

ployed. In view of their functional advantages, dendrimer

molecules, mostly utilized for solution-phase reactions,

offer themselves as apt candidates for immobilization on

electrode surfaces to yield enhanced electroactivity
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[18–20]. PAMAM dendrimers of generation 3.5, 4.5 and

5.5 have been used to prepare nanocomposites by encap-

sulating nanoparticles of Au and bimetallic Au/Ag [21–24].

Dendrimer-encapsulated Au nanoparticles exhibit antioxi-

dant properties and the bimetallic Au/Ag nanoparticles

catalyse the reduction of p-nitrophenol. Recently, Pt

nanoparticles have been encapsulated into dendrimer of

generation 4.5, but neither catalytic activity nor the exis-

tence of single crystal nature of the encapsulated Pt parti-

cles has been reported [25]. Kim et al. [26] have reported

the preparation of platinum–dendrimer hybrid nanowires

using alumina templates, which exhibited electrocatalytic

properties. In a recent study [27], we have shown fourth-

generation amine-terminated PAMAM dendrimer to serve

as adhesion agent to deposit nanoparticulate thin films of Pt

on Au. These films exhibited significantly enhanced

electrocatalytic activity towards methanol oxidation.

In the present study, the preparation of Pt nanoparticles

encapsulated in carboxyl-terminated generation 4.5

PAMAM dendrimer (G-4.5) and its chemical linking to the

electrode for obtaining electrocatalytic surfaces are de-

scribed. G-4.5 is characterized by the presence of an eth-

ylenediamine core, 128 carboxyl groups as anchors and

126 tertiary amine groups for complexation and is readily

amenable to a variety of chemical functionalization

schemes. The relatively high density of tertiary amine

groups in G-4.5 ensures incorporation of a large number of

metal particles while the dendrimer still remains suffi-

ciently ‘‘open’’ for the reactant species to access metal

particles. The terminal carboxyl groups facilitate stabil-

ization of the nanoparticles through inter-dendrimer

hydrogen bonding. It has been demonstrated that control of

pH around 8 during borohydride reduction leads to the

formation of metal nanoclusters without aggregation [24,

6]. Further, linking of these nanoparticle-loaded dendri-

mers to the electrode has been attempted by a novel way of

electrode modification involving diazotization reaction, for

which the amine groups of the cystamine monolayer on Au

served as the platform. The carboxyl-terminated dendrimer

is tethered to Au surface through ester linkages [28]

established between the diazotized cystamine monolayer

and the dendrimer. The electrocatalytic activity of encap-

sulated Pt nanoparticles is demonstrated for the oxidation

of small molecules like methanol, ethanol and ethylene

glycol.

2 Experimental

The following chemicals were used as received: PAMAM

dendrimer, G-4.5, (Aldrich), K2PtCl4 (Merck), sodium

borohydride, cystamine dihydrochloride (Aldrich), sodium

nitrite (Merck).

2.1 Preparation of Pt-dendrimer Nanocomposite

A solution of 0.125 mM of PAMAM dendrimer (G-4.5) is

mixed with 10 mM K2PtCl4 in water and kept stirred for

several days under cold conditions. The pH is maintained

slightly alkaline (~8 pH). Then, PtCl4
2– is reduced by add-

ing a few drops of 0.1 M sodium borohydride solution. The

sample is subjected to rotary evaporation and re-dissolved

in water. Dialysis was carried out to purify the nanocom-

posite by making use of dialysis tubing of molecular

weight cut off > 2,000.

2.2 Modification of Gold Substrates by Pt-dendrimer

Nanocomposite

The gold disk electrode (/ = 2 mm) was mechanically

polished, subjected to cleaning by cycling (15–20 cycles)

between –0.4 and 1.1 V vs. Hg/Hg2SO4 (MSE) in 0.5 M

H2SO4 and then immersed in cystamine dihydrochloride

(1% solution in water) for 24 h to obtain a self assembled

monolayer of cystamine. The electrode was then treated

with sodium nitrite (0.05 M) and HCl (0.1 M) at 5 �C for

diazotization of the amine groups of cystamine to take

place. Then, the electrode was dipped in Pt-dendrimer

nanocomoposite for two hours when the dendrimer links

covalently to the surface at 5 �C. The steps involved in

preparing the dendrimer-encapsulated Pt nanoparticle film

are shown in Scheme 1. The electrode, modified by the

above self-assembly approach, was examined under vig-

orous agitation using a Rotating Disc electrode setup. The

‘‘current’’ responses before and after agitation were found

to be the same. This shows that the modification has taken

place through strong covalent linkages, resulting in the

formation of a stable nanocomposite film on the electrode

surface.

TEM images were recorded with a Jeol 3010 Tunneling

Electron Microscope using 300 KV accelerating voltage

with a 400-mesh ultrathin carbon type A copper grid. The

selected area electron diffraction (SAED) was taken at an

accelerating voltage at 200 KV.

Gold slides (1,000 Å gold coating on silicon wafers with

an intermediate adhesion layer of 100 Å thick Ti, procured

from Lance Goddard associates, USA) of size 1 · 1 cm2

were used for XPS and AFM and FTIR measurements. The

substrates were cleaned and modified with Pt-dendrimer

nanocomposite through a base layer of cystamine, as

described in Schema 1.

Atomic Force Microscopic images were recorded with

the Molecular Imaging PicoSPM 2100 using gold-coated

silicon nitride 30 nm cantilevers (force constant of 0.12 N/

m). Samples for AFM measurements were prepared on

gold slides in two different methods. In the first method,

sample was prepared as per the protocol described in
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Scheme 1. In the other method, the Pt-dendrimer nano-

composite solution was carefully spread on a clean gold

slide and allowed to evaporate carefully in a vacuum des-

iccator to yield a very thin film of the nanocomposite.

FTIR measurements were made using Nexus-670

(Thermo Corporation, USA) spectrometer coupled with

FT-85� grazing angle accessory. For comparison, the

spectrum of the G-4.5 dendrimer was recorded using KBr

pellets.

XPS measurement was made using VG ESCA MK200X

Model spectrometer. AlKa X-ray (1486.6 eV) with 300 W

power was the exciting source and pass energy of 20 eV

was used for data collection. The energy analyzer employed

was a hemispherical analyzer of 150 mm diameter. Vacuum

maintained during the experiment was 1.2 · 10–9 mbar.

Cyclic voltammograms were recorded using Wenking

Potentiscan (POS 88) and X-Y/t recorder (Rikadenki). A

conventional three electrode electrochemical cell was used

with a gold disc electrode (/ = 2 mm) as the working

electrode, Pt electrode as the counter electrode and Hg|

Hg2SO4| H2SO4 (0.5 M) (MSE) as the reference electrode

whose potential is 0.64 V (SHE) at 22 �C.

3 Results and Discussion

3.1 Characterization of Nanocomposite

Figure 1a shows the TEM image of the Pt-dendrimer

nanocomposite. The particles are found to be nearly

monodisperse and are approximately of the size

2.4 ± 0.2 nm. The size distribution lies between 1.5 and

3.5 nm. Further examination has revealed that some

regions are characterized by hexagonal arrangement of

particles, as depicted by Fig.1b. The average distance

between the centres of two neighbouring nanoparticles is

3.6 ± 0.2 nm. The single particle resolution and the

appearance of lattice planes are seen in Fig. 1c. Figure 1d

shows the bar diagram showing the population of the

particles versus particle size. The size of the dendrimer

based on the radius of gyration [29, 30] is 6.5 nm. Hence,

the average distance of 3.6 ± 0.2 nm between the centres

of two neighbouring nanoparticles suggests that the parti-

cles are present inside the dendrimer. If the particles were

to be present outside the dendrimer, then the spacing

should be greater than 6.5 nm. The number of atoms (n)

comprising each cluster is calculated by the following

relationship [31]

n ¼ 4pr3=3Vg

where Vg is the average molar volume and r is the radius of

the cluster. Accordingly, the number of atoms per cluster is

found to be around 350. The number of atoms obtained

from our study is slightly larger than those reported earlier

[17]. Theoretical calculations [32] have shown that PA-

MAM dendrimers can accommodate more number of

atoms than the number of binding sites available. This is

explained in terms of significant water penetration inside

the dendrimer molecules, which are responsible for higher

metal ion uptake. Recent reports [32] reveal that the extent

of Cu (II) binding to PAMAM dendrimers is higher than

that expected for the available primary and tertiary amine

groups. It has also been shown that, besides complexation

reaction, electrostatic interaction of the precursor ions with

the nanotemplate can lead to the formation of nanocom-

posite [32]. Thus, some ions electrostatically bound to the

water molecules inside the dendrimer get reduced. Hence,

the higher concentration of metal atoms associated in our

clusters might arise due to the binding of metal ions with

the water molecules inside the dendrimer [32–34].

Figure 2 shows the Selected Area Electron Diffraction

(SAED) pattern of the Pt-dendrimer nanocomposite. The
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crystal plane corresponding to the first circle (d va-

lue = 2.25 Å) was found to be (111) and that of the next

circle (d value = 1.38 Å) to be (220). This indicates that

the array formed from the nanoparticles has some long-

range order suggesting preferential orientation of nano-

particles. A distinguishing feature of this work is the

observation of the spot pattern with (111) single crystal

features, which has not been reported by Yang et al. [25].

However the existence of (111) planes is not seen

throughout the sample. Probably a small proportion of

particles are preferentially aligned. The non-uniformity of

hexagonal arrangement as seen by TEM (Cf. Fig. 1) also

supports the above conclusion. Moreover, the cyclic

voltammetric features for Hupd on electrodes modified with

Pt-dendrimer nanocomposite point to the presence of (111)

planes (Cf. Sect. 3.4).

3.2 XPS and FTIR Characterization of Gold Surface

Modified by Dendrimer-encapsulated Pt

Nanoclusters

Many of the applications require the preparation of

monodisperse nanoparticles and their attachment to solid

substrates. Of particular significance is the covalent linking

of nanoparticles to an electrically conducting substrate,

which enables the nanoparticle array to be utilized for

electrochemical applications [35]. Several surface deriva-

tization schemes have been developed, which employ thiol,

amide and related linkages and polymer/sol–gel matrices.

To probe the electrochemical properties of the nanoparticle

film, the anchored metal particle should ‘‘electronically’’

match the substrate metal. Besides, the attached nanopar-

ticle should retain the electroactivity. Amine-terminated

PAMAM and bifunctionalized PAMAM dendrimers have

been linked to Au substrate through mercaptoundecanoic
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Fig. 1 TEM features of

Pt–dendrimer nanocomposite

Fig. 2 SAED pattern for Pt–dendrimer nanocomposite
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acid (MUA) monolayer with and without activation by

ethyl chloroformate [36, 37]. Activation by ethyl chloro-

formate aids the covalent linkage of dendrimers to the

MUA monolayer. In the absence of activation, the den-

drimer molecules are electrostatically linked to the MUA

monolayer. The film resulting from covalent linkage was

durable even after sonication under acidic conditions,

whereas the film prepared by electrostatic attachment of the

dendrimer to the mercaptoundecanoic acid (MUA) mono-

layer were less robust. However, there is no report about

their electrocatalytic activity presumably due to the insu-

lating SAM layer separating the Au surface from the

dendrimer-encapsulated nanoparticles. The hydroxyl-ter-

minated dendrimers were earlier linked to the glassy car-

bon electrodes through oxidative coupling and tested to be

electrocatalytically active towards oxygen reduction

[20].In the present work, carboxyl terminated G-4.5 is

loaded with Pt nanoclusters and then linked to gold surface

through covalent linkages. The amine groups of the self-

assembled monolayer of cystamine are diazotized and then

covalently tethered to dendrimer-encapsulated Pt nanocl-

usters with the elimination of N2 and HCl. The linking

strategy is confirmed by FTIR and surface morphology is

given by AFM. The XPS measurements were done to probe

the oxidation state of Pt in the modified film.

Figure 3 presents XPS results for the Au substrate

modified by linking Pt-dendrimer nanocomposite to the

surface through a SAM of cystamine (Cf. Scheme 1). The

XP spectrum reveals the Pt nanoclusters to be in the

metallic state, as seen by the peaks Pt (4f7/2) and Pt (4f5/2)

appearing at 71.3 and 74.4 eV, respectively in accordance

with the data reported in Ref. [38].

The FTIR spectrum obtained for the dendrimer G-4.5

evaporated on a KBr pellet is given in Fig. 4a. The bands

appearing at 1,644 cm–1, 1,567 cm–1 and 1,402 cm–1 cor-

respond to amide I, amide II and carboxyl group, respec-

tively. In the case of the dendrimer adsorbed physically

onto gold substrate (Fig. 4b), amide I and II bands appear

at 1,662 cm–1 and 1,589 cm–1, respectively and the car-

boxyl band remains at 1,402 cm–1. Figure 4c presents the

spectrum recorded with the gold substrate modified by

Pt-dendrimer nanocomposite covalently linked through

cystamine monolayer. In Fig. 4c the amide I & II bands

appear at 1,662 cm–1, 1,589 cm–1 and the carboxyl band at

1,450 cm–1. The band at 1,750 cm–1 confirms the presence

of ester linkage between the cystamine monolayer and

Pt-dendrimer nanocomposite. Compared to the case of free

dendrimer (Fig. 4a) the amide I & II bands shifted to

higher values in the case of Fig. 4b and c. The frequency

changes noticed here may arise from the interactions

between the particles and the dendrimer [13].

3.3 AFM Characterization of Gold Surface Modified

by Dendrimer-encapsulated Pt Nanoclusters

Figure 5a shows the AFM image of Pt-dendrimer nano-

composite obtained by evaporation on a gold slide. The

image clearly reveals the presence of nanoparticles. Similar

images have been obtained earlier for samples on mica

substrates [39]. Figure 5a shows that the nanoparticles are

assembled together when the solvent evaporates from the

surface. This is reflected by the size of the particles which

60                 65                  70                  75                   80

Pt 4f

stnuo
C

Binding Energy(ev)

Fig. 3 XPS response of Pt–dendrimer nanocomposite covalently

linked to the gold substrate

Fig. 4 FTIR spectrum of (a) G-4.5 dendrimer (b) Pt–dendrimer

nanocomposite covalently linked to the gold substrate
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lie mostly around 25–30 nm based on height profiles. The

AFM image of the covalently bound Pt-dendrimer nano-

composite is presented in Fig. 5b. In this image, many

randomly deposited globular nanoparticles are seen on the

gold surface. The particles appear to be substantially uni-

form in size. There are a few large irregular clusters per-

haps caused by dendrimer aggregation. The AFM study

reveals that PAMAM G-4.5 dendrimer is an efficient host

for immobilizing and stabilizing nanoclusters on gold

substrates. The surface immobilization procedure, de-

scribed for the first time in this work, ensures chemical

linking of the platinum-loaded dendrimer to the inert

electrode surface. Though the covalent bonding is weak as

indicated by a weak ester band in Fig. 4, the molecules at

the surface are perhaps additionally stabilized by hydrogen

bonding interactions and hence the nanocomposite films

are very robust.

3.4 Electrochemical Characterization of Pt-dendrimer

Nanocomposite Modified Gold Electrodes

Figure 6 depicts the cyclic voltammograms (CV) obtained

for Pt-dendrimer nanocomposite modified gold electrode in

0.1 M H2SO4. The peaks observed at –0.205 V (anodic)

and –0.360 V (cathodic) is possibly due to underpotential

deposition (upd) of hydrogen (Hupd). To confirm the origin

of the peaks, voltammetric scans were run in this potential

region. These experiments revealed a linear relationship

between the peak current and the scan rate (m). However,

the peak potential shifted to more anodic values with

increasing scan rate. These peaks were found to be drawn

out at m > 100 mV/s1 and the peak potential difference

(DEp ffi jEpa � Epcj) increased with the scan rate, showing

that kinetic effect is operative. This behaviour is the typical

of a reversible Hupd and this arises due to the resistive

nature of the film containing of the platinum nanoparticles.

The response clearly shows that the Pt particles possess a

preferential orientation of (111) faces [40, 41] and is sup-

ported by the SAED pattern. It is well known that, in the

case of Pt, the near spherical nanoparticles are formed with

(100) and (111) faces with numerous edges and corners and

are believed to assume a cubo-octahedron structure (inset

of Fig. 6) [42]. It is likely that hydrogen adsorption/

desorption yields a Hupd fine structure that is similar to that

of Pt (111) single crystals. However, unlike the polycrys-

talline Pt, the upd structure is associated with a large peak

separation (DEp) between the anodic and cathodic peaks.

The peak separation indicates that the Pt nanoparticles are

not directly attached to the electrode surface but through a

SAM of cystamine and the particles are bound inside the

dendrimer. While the peak positions confirm the occur-

rence of Hupd, the peak separation points to a resistive

component due to cystamine monolayer. Peak separation

and potential shifts are usually observed in the case of

monolayer-covered electrodes [43]. One of the reasons

why the ideal peak separation of zero is not observed is that

the platinum nanoparticles within the dendrimer are con-

nected to the electrode through a cystamine monolayer.

Fig. 5 (a) AFM features of

Pt–dendrimer nanocomposite

evaporated on a gold substrate;

(b) AFM features of

Pt–dendrimer nanocomposite

covalently linked to the gold

substrate

Fig. 6 Cyclic voltammogram featuring the Hupd fine structure on Pt–

dendrimer nanocomposite modified gold electrode. Scan rate: 50 mV/

s1. Inset: Crystal planes associated with kinks, edges and terraces of

cubo-octahedron lattice of Pt
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Monolayers usually cause peak potential separation,

rendering the electron transfer sluggish and influencing the

apparent rate constants of the surface confined redox spe-

cies [43]. The charge under the Hupd peak is also higher

(898 lC/cm2) compared to similar systems reported in

literature, i.e., 210 lC/cm2 for a monolayer of hydrogen.

This indicates that the dendrimer encapsulated Pt nano-

clusters provide nearly four times higher surface area and

holds a great promise in effecting electrochemical reactions

with such high ‘‘volume-to-surface area’’ ratio.

At a naked Au and dendrimer-modified Au surfaces,

methanol oxidation was not observed whereas at a Pt-

dendrimer nanocomposite modified Au electrode, the onset

of methanol oxidation occurs at a potential of about 0.46 V

with a well-defined anodic peak at 0.63 V. Figure 7 shows

CVs for the oxidation of methanol on Au modified with

Pt-dendrimer nanocomposite. It demonstrates that the

dendrimer-encapsulated Pt nanoparticles are within elec-

tron tunneling distance of the Au surface and that methanol

is able to penetrate the G-4.5 dendrimer, encounter the

encapsulated Pt nanoparticle, and that the product of the

reaction is able to escape from the dendrimer interior.

However, the oxidation potential is high (1 V vs. NHE)

which is due to SAM layer and the bulky dendrimer mol-

ecule, both contributing to poor electrical communication

between the electrode and the dendrimer encapsulated Pt

nanoparticle. The methanol oxidation peak is broad which

indicates that the methanol oxidation assisted by Pt-den-

drimer nanocomposite and oxide assisted catalysis overlap.

It is known that Au is a poor catalyst for the oxidation of

hydrocarbons [44]. In this case, the gold electrode acts as

current collector. It can be shown in our case that the

catalytic current arising due to Pt/dendrimer nanocompos-

ite and platinum oxide/dendrimer nanocomposite can be

clearly resolved (Fig. 8a–c). Figure 8a–c represent the

oxidation of methanol, ethanol and ethylene glycol on Pt–

dendrimer nanocomposite electrode. In all the cases the

peak1 correspond to the oxidation of the substrate cataly-

sed by Pt and peak 2 correspond to oxide assisted catalysis.

A critical assessment of the above results on methanol

electrooxidation highlights the following observations that

deserve to be contrasted with the behaviour noticed at a

polycrystalline Pt surface. At the Pt-dendrimer nanocom-

posite modified electrode, there is very little current in the

reverse scan unlike in the case of polycrystalline Pt. More

importantly, repeated cycling in this potential region does

not affect the current response and the observed peak

currents increase with increase in the concentration of

methanol. This may be compared with the results of Park

et al. [45] employing carbon-supported Pt nanoparticles,

wherein the currents did not increase greatly when meth-

anol concentration was changed from 0.01 to 0.1 M. Their

observations with 2.2 nm sized Pt/C indicate only inter-

mediate CO coverage with methanol dosing. hCO becomes

lower as the size of the particles becomes smaller. They

concluded that this was indicative of an apparent limitation

in the availability of catalytic surface sites (geometric ef-

fect). It may also be recalled that Pt (111) terraces facilitate

oxidative removal of CO [45]. In addition, if CO2 forma-

tion requires a smaller ensemble than does CO formation,

then CO2 production will be favoured even at a small CO

coverage. In this case, CO acts as both poison and pro-

moter. While the inherently high surface area associated

with Pt–dendrimer nanocomposite (indicated by the Hupd

charge) is responsible for the enhanced catalytic activity of

the dendrimer–Pt nanocomposite, it is also conjectured that

the enhanced catalytic activity noticed in our case may also

arise from the increase in the proportion of terrace sites

(111) that facilitate the oxidative removal of COads [46,

47]. An insignificant anodic peak observed on scan reversal

precludes the possibility of the catalytic activity arising

from roughness factor during potential excursions into the

anodic region. The oxidation currents observed in the case

of methanol, ethanol and ethylene glycol are given in Ta-

ble 1. The results shown here were reproducible for many

experiments run after the electrode was left open to air for

a few days. This not only demonstrates the reproducibility

of the results but also the stability of the nanoparticles.

Compared to the results [48] of the oxidation of meth-

anol, ethanol and ethylene glycol on a polycrystalline Pt

electrocatalyst,the catalytic currents noticed in this study

are significantly higher even in low concentrations of

methanol, thereby indicating the high catalytic activity of

our Pt–dendrimer nanocomposites. Typically, our modified

Fig. 7 Cyclic voltammograms representing the methanol oxidation

on Pt–dendrimer nanocomposite modified gold substrate for different

concentrations of methanol. Scan rate: 50 mV/s1 (a) 0 M; (b)

0.024 M; (c) 0.048 M; (d) 0.072 M; (e) 0.096 M; (f) 0.12 M
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electrode yields for the oxidation of methanol and ethanol,

peak current density values that are about one order higher

than those obtained on polycrystalline electrode of same

geometric surface area. In the case of ethylene glycol also,

a similar trend is noticed and the current density

enhancement is about two times. It is interesting to recall

[45] that such an enhancement in activity could not be

noticed in the methanol oxidation peak current density for

the polycrystalline versus nanoparticle electrodes. In other

words, the present results confirm the catalytic efficacy of

the modification described in this work. This would finally

lead to a lower catalyst loading in the electrodes employed

in fuel cells or other electrochemical devices. The

enhancement in catalytic activity must result from the

nanostructured nature of the platinum particles. However,

at the dendrimer-modified electrode, the onset of oxidation

potential is found shifted anodically. This may be attrib-

uted to the resistance offered by the SAM layer, which

could be responsible for the observed DEp values greater

than zero in the case of Hupd.

4 Conclusion

The spectral and electrochemical investigations reported in

this study clearly demonstrate the possibility of immobi-

lizing dendrimer-encapsulated Pt nanoparticles onto an

electrode surface by linking it through a cystamine

monolayer self assembled on a gold electrode. The novel

linking strategy presented in this work while affording

robust electrochemically active and catalytic thin films,

also overcomes the limitation [14] of films prepared by

electrostatic attachment of the dendrimer to the MUA

monolayer. The significant findings of the study are: (1)

carboxyl-terminated Generation 4.5 dendrimer has been

shown as an effective template for encapsulating Pt nano-

particles; (2) dendrimer-encapsulated Pt nanoparticles are

Fig. 8 Cyclic voltammogram

representing the oxidation of

small molecules (A-Methanol,

B-Ethanol, C-Ethylene Glycol)

on Pt–dendrimer nanocomposite

modified gold substrate for

different concentrations of the

substate. Scan rate: 50 mV/s1

(a) 0 M; (b) 0.024 M; (c)

0.048 M; (d) 0.072 M; (e)

0.096 M; (f) 0.12 M (In the case

of Ethylene glycol only two

additions are represented)

Table 1 Voltammetric oxidation peak characteristics of the alcoholic fuels

Methanol Ethanol Ethylene glycol

Concentration

(M)

Oxidation peak current density

(lA/cm2)

Concentration

(M)

Oxidation peak current density

(lA/cm2)

Concentration

(M)

Oxidation peak current density

(lA/cm2)

0.024 39 · 102 0.017 15 · 102 0.017 6 · 102

0.048 56 · 102 0.034 27 · 102 0.035 18 · 102

0.072 64 · 102 0.051 37 · 102 0.054 20 · 102

0.096 72 · 102 0.068 44 · 102 0.071 29 · 102

0.120 80 · 102 0.085 55 · 102 0.090 32 · 102
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tethered to gold electrodes through a SAM layer of cysta-

mine, which is diazotized and then linked to the carboxyl

group of the dendrimer. This method of modification yields

binding through an ester linkage as evidenced by the FTIR

observations. (3) TEM and XPS measurements clearly

demonstrate that the modification protocol yields near

monodisperse Pt nanoparticles neatly trapped inside the

dendrimer. The existence of Pt(111) planes in the nano-

composite is confirmed by SAED and electrochemical

measurements. (4) The studies further reveal the electro-

catalytic activity of the modified electrode for the oxidation

of small organics such as methanol, ethanol and ethylene

glycol. Cyclic voltammetry of methanol electrooxidation

demonstrates that the dendrimer-encapsulated Pt nanopar-

ticles are within the electron tunneling distance of the Au

surface and that methanol is able to penetrate the G-4.5

dendrimer, encounter the encapsulated Pt nanoparticle, and

that the product of the reaction is able to escape from the

dendrimer interior. Repeated cycling in the potential region

of methanol oxidation does not affect the current response

showing the stability of the modification. (5) In significant

contrast to the results of the oxidation of methanol on

carbon-supported Pt nanoparticle films [22], the present

investigations show distinct catalytic activity of the mod-

ified electrode even at very low concentrations of metha-

nol, possibly arising from the increased proportion of

terrace sites (111) generated by this novel modification

procedure. Selected area electron diffraction, in conjunc-

tion with the Hupd fine structure confirms the formation of

Pt nanoparticles oriented in (111) direction according to a

cubo-octahedron structure model.

In our as yet unpublished work, the modification pro-

tocols described in this study have also been found to

facilitate the incorporation of bimetallic nanoclusters,

thereby offering versatility and scope to design effective

electrocatalysts, especially in the context of microfuel cells

and ‘‘dendri-chips’’ [49]. Materials of high surface-to-vol-

ume ratios that can be generated using particles encapsu-

lated within dendrimer matrices are more suitable for

miniaturized electrochemical systems, especially when

platforms like micro-total analytical systems are involved.
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