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Abstract Poly(amidoamine) dendrimer (Generation-4)
encapsulated platinum nanoparticles (PtNP-PAMAM)
were prepared and used to fabricate nanocomposites
with Keggin-type phosphotungstic acid (PW12O40

3�)
using a layer by layer electrostatic assembly technique.
Indium tin oxide (ITO) electrodes, which were first
modified with a monolayer of 3-aminopropyl triethox-
ysilane (3-APTES), were used as substrates for assembly
of the PW12O40

3� monolayer. Nanocomposites were then
fabricated by depositing PtNP-PAMAM on the mono-
layer of PW12O40

3�. The amount of PtNP-PAMAM
deposited was controlled by using different concentra-
tions of PtNP-PAMAM diluted in 0.1 M H2SO4 solu-
tion. The hydrogen evolution reaction (HER) was used
to test electrocatalytic activities of these nanocomposite
modified electrodes. Modification of ITO|3-APTES with
PW12O40

3� |PtNP-PAMAM showed significantly higher
electrocatalytic activities toward the HER than elec-
trodes modified with either PW12O40

3� or PtNP-PAMAM
alone. The electrocatalytic activities were found to de-
pend on the composition of PtNP-PAMAM and
PW12O40

3� on electrode surfaces, which was attributed to
an interaction between these species. Heat treatment of
ITO|3-APTES|PW12O40

3� |PtNP-PAMAM electrodes at
200 �C produced significantly higher electrocatalytic
activities, which supported the suggestion of an inter-
action.

Keywords Nanoparticles Æ Platinum Æ
Polyoxometalates Æ PAMAM Æ Dendrimers Æ
Electrocatalysis

Introduction

Nanoparticle-based composite films, particularly those
with metal centers, on electrode surfaces have attracted a
wide scope of investigations due to their potential
applications in various fields such as molecular elec-
tronics, photonics, electrocatalysis, corrosion protec-
tion, and chemical sensors [1]. Attractive features of
metal nanoparticles include physical and chemical
properties that differ from the corresponding bulk
materials due to the quantum size effect [2] and their
unique properties in catalysis, including electrocatalysis
[3]. For example, platinum nanoparticles (PtNPs), which
have potentially important catalytic applications in
various industrial fields, have been used as deposits on
electrode surfaces to make electrocatalysts for various
reactions, such as the reduction of oxygen [4–6], the
oxidation of methanol [7], the oxidation of arsenite [8],
and the hydrogen evolution reaction [9].

The electrocatalytic activities of PtNPs have been
found to be significantly enhanced when supported by
redox metal oxides, such as tungsten oxide WO3 [10, 11].
This enhancement was attributed to a synergistic effect
between platinum and WO3 that resulted in an increase
in the amount of active sites on the electrocatalyst sur-
faces [10]. This proposed synergism is consistent with the
report by Kulesza et al. [12] that small quantities of Pt in
phosphotungstic acid (PTA), a compound with proper-
ties similar to those of WO3, markedly increased the
catalytic efficiency of these polyoxometalates, a finding
supported by recent reports [13, 14]. Polyoxometalates
are important electrochemical catalysts, whether used
alone or as components of composites. They are a dis-
tinctive class of nm-sized inorganic metal-oxygen cluster
compounds, which can undergo reversible, stepwise
multi-electron transfer reactions [15]. A Pt–Co alloy
supported on carbon was found to be electroactivated
by SiW12O40

4�, as demonstrated by the fact that the
electrocatalytic activity toward the hydrogen evolu-
tion reaction (HER) was significantly enhanced [14].
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Electrocatalysts fabricated from oxoruthenium-stabi-
lized PtNPs using PW12O40

3� as linkers showed enhanced
electrocatalytic activities for the electrochemical oxida-
tion of methanol in acidic solutions [16]. The electro-
catalytic enhancement was considered to be possibly due
to a synergistic effect between Pt–Ru and PW12O40

3� [16].
This synergistic effect might be related to changes in
surface adsorption properties of platinum. The presence
of PW12O40

3� on a platinized platinum electrode was re-
ported to affect the adsorption of hydrogen and oxygen
on a platinum surface [17].

Various methods have been developed to prepare
PtNPs. Monolayer-protected PtNPs, such as alkanethi-
ol-protected PtNPs [18] and recently reported polyoxo-
metalate-protected PtNPs [4], have been used to prepare
nanoparticles with diameters less than 10 nm. Electro-
deposition has also been used to deposit PtNPs on elec-
trode surfaces; here, the particle sizes are possibly larger
than 10 nm and have wide particle size distribution [19,
20]. In recent years, well-defined, almost monodisperse
PtNPs have been synthesized using poly(amidoamine),
PAMAM, dendrimers as a template [21–23]. In general,
PAMAM dendrimers are of interest as templates to
prepare metal nanoparticles because they yield nano-
particles with quite uniform composition and structure
[24–26]. Metal ions and complexes thereof can be coor-
dinated with interior amine groups. Subsequent chemical
reduction produces the corresponding nanoparticles.
These encapsulated metal nanoparticles are well defined
and nearly monodisperse in sizes ranging from less than
1 nm to 4–5 nm depending on the generation of dendri-
mer used [26]. More importantly, these nanoparticles are
confined to the interior, primarily by steric effects, and
they are accessible to reactants in catalytic reactions.

The restriction of NPs to the dendrimer interior also
is facilitated by using formulations with terminal hy-
droxyl groups rather than amines. For example, PA-
MAM-encapsulated PtNPs (PtNP-PAMAM) that were
prepared with G4-PAMAM with terminal hydroxyl
groups as a template were almost monodisperse; the
diameters were 1.6±0.2 nm [21–23]. Results of the
electrocatalytic oxygen reduction on electrodes modified
with PtNP-PAMAM modified electrodes showed that
the surface of these PtNPs was accessible to oxygen and
was able to exchange electrons with the underlying
electrode surfaces [21].

Various PAMAM dendrimers have been incorpo-
rated into nanocomposites fabricated by the layer-by-
layer (LBL) electrostatic assembly technique [27].
Without encapsulated metal nanoparticles, they served
as spacers in multilayered assemblies with polyoxo-
metalates (Dawson-type, P2W18O62

�6, and Keggin-type,
PMo12O40

3�) or dirhodium-substituted polyoxometalates
for electrocatalytic applications [27, 28]. Uniform mul-
tilayers containing PAMAM-encapsulated gold nano-
particles also were fabricated using poly(styrene
sulfonate) as the oppositely charged polyelectrolyte [29].

The use of hydroxyl-terminated PAMAM, which
decreases the number of protonated amine sites relative

to the conventional (amine-terminated) dendrimer, does
not compromise the ability to fabricate LBL assemblies
containing the dendrimer. With high generation num-
bers (generation-4 PAMAM was used in the present
study) interior amine sites, when protonated, provide the
charge for electrostatic adsorption to various substrates,
and hydrogen bonding can contribute to the process [30,
31]. For example, hydroxyl-terminated PAMAM was
strongly adsorbed on mica. It was attributed to the
electrostatic attraction between the positively charged
PAMAM dendrimer and the negatively charged mica
surface as well as hydrogen bonds formed between
PAMAM functional groups and the mica surface [31].

In this paper, the LBL electrostatic assembly tech-
nique was used to fabricate nanocomposites of Keggin-
type PTA (PW12O40

3�) and poly(amidoamine) dendrimer-
encapsulated Pt nanoparticles (PtNP-PAMAM) on
electrode surfaces. Generation-4 PAMAM with terminal
hydroxyl groups was used. The aims were to test the
electrocatalytic activity of PtNP-PAMAM toward the
HER and to investigate the effect of the PW12O40

3� on the
electrocatalytic activities of PtNP-PAMAM. An
important objective was to achieve a controlled mono-
layer-level composite of these components.

Experimental

Materials

Unless otherwise stated, all chemicals were ACS reagent
grade from Aldrich Chemical Company (Milwaukee,
WI, USA) and used as received. Generation-4 PAMAM
with hydroxyl surface groups was purchased as a 10%
(weight) solution in methanol. Glass slides coated with
indium doped tin oxide (ITO) were obtained from Delta
Technologies Limited (Stillwater, MN, USA). Solutions
were prepared with the house-distilled water that was
further purified with Barnstead NANOpure II system
(Boston, MA, USA).

Preparation of PAMAM dendrimer encapsulated Pt
nanoparticles

The preparation of PtNP-PAMAM followed a proce-
dure that was previously reported [8]. Briefly, 5 mM
PAMAM aqueous solution was prepared from an air-
dried aliquot of 10% (weight) PAMAM in methanol. An
aliquot (0.25 ml) of the 5 mM PAMAM was then mixed
with 25 ml of a vigorously stirred 2 mM K2PtCl4
aqueous solution. The mole ratio of PtII to PAMAM in
the mixed solution was 40:1. The mixture was continu-
ously stirred for 4 days to ensure the complete com-
plexation of PtCl4

2� with the interior amine groups of
PAMAM. Then, 0.5 ml of 0.5 M NaBH4 solution was
quickly added to this mixture, and it was stirred for
another 20 min to reduce PtII to Pt0. The PtNP-PA-
MAM solution was used without further treatment.
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Fabrication of nanocomposites on electrode surfaces

Before fabrication of nanocomposites, ITO slides were
first modified by formation of a monolayer of 3-amin-
opropyltriethoxysilane (3-APTES) to make the electrode
surfaces positively charged in acidic solutions. This
modification was carried out by immersing ITO slides in
0.06 M 3-APTES in dry methanol solution overnight.
The 3-APTES-modified ITO slides were then rinsed with
dry methanol and dried with N2 gas. A monolayer of
PW12O40

3� was electrostatically assembled on this surface
by immersion in 5 mM PW12O40

3� in 0.1 M H2SO4 for
1 h. The resulting electrode was rinsed with water and
dried with N2 gas.

Next, PtNP-PAMAM was assembled on the
ITO|3-APTES|PW12O40

3� electrode by immersion in
PtNP-PAMAM solution. The PtNP-PAMAM solution,
which was prepared as described above, was diluted in
0.1 M H2SO4 prior to assembly of this layer. The use of
the acidic solution not only protonated the amine sites of
the dendrimer but also prevented decomposition of the
polyoxometalate during the fabrication. The amount of
PtNP-PAMAM deposited on the monolayer of
PW12O40

3� was controlled by using different concentra-
tions of the PtNP-PAMAM in 0.1 M H2SO4 solution.
After immersion for an hour, the electrodes were rinsed
with water and dried with N2 gas.

Films of PtNP-PAMAM and PW12O40
3� were also

assembled on glassy carbon electrodes with areas of
0.07 cm2. Prior to each experiment, the glassy carbon
was first polished successively with 1.0 and 0.3 lm alpha
alumina slurries on cloth and sonicated in water. Be-
cause PW12O40

3� strongly adsorbs to glassy carbon [32], it
was not necessary to modify this electrode material with
a cationic layer prior to assembly of this polyanion. The
assembly of PtNP-PAMAM followed the same proce-
dure as that for ITO surfaces.

Electrochemical measurements

Electrochemical measurements were carried out in a
conventional three-electrode cell using a CH Instru-
ments (Austin, TX, USA) Model 750 instrument. The
area of modified ITO electrodes was 1.0 cm2. A Pt wire
was used as the counter electrode, and Ag|AgCl was the
reference electrode. The supporting electrolyte was
0.5 M H2SO4. Prior to electrochemical measurements,
the electrolyte solution was deaerated with N2; the
solution was kept under N2 during the measurements.

Results and discussion

Prior to deposition of PtNP-PAMAM, cyclic voltam-
metry of ITO|3-APTES|PW12O40

3� in 0.5 M H2SO4 was
performed (Fig. 1). Four sets of peaks were observed in
the potential range of 0.4 to �0.7 V; the formal poten-
tials were �0.045, �0.273, �0.373, and �0.632 V. The

first and the second processes had differences between
the anodic and cathodic peak potentials, D Ep, of 54 mV
and 49 mV, respectively. They presumably correspond
to the reversible one-electron redox processes reported
for PW12O40

3� in 1 M HClO4 aqueous solution [15].
However, the third and the fourth processes, which had
respective D Ep values of 53 mV and 32 mV, were dif-
ferent from the reported behavior of PW12O40

3�. In
solution, only a third reduction peak was observed
before �0.7 V, which was attributed to a reversible two-
electron reduction process [15]. This difference possibly
resulted from the electrostatic interaction between
PW12O40

3� and 3-APTES. From the integrated charge of
the first cathodic peak in Fig. 1, the surface coverage of
PW12O40

3� was estimated as 7.3·10�11 mol cm�2.
Assuming surface behavior (a symmetrical peak), the
charge between the onset of the reduction and the peak
was measured and doubled to minimize contribution
from the second cathodic process. This value was
slightly larger than that of PM12O40

3� bound to a
4-aminothiolphenol modified Au electrode [27]. The
surface of ITO is perhaps rougher than that of gold. In
that this value is comparable to the reported coverage of
a 3-APTES on ITO surfaces, 5·10�11 mol cm�2 [33], it is
concluded that a monolayer of PW12O40

3� was deposited
on ITO|3-APTES.

PtNP-PAMAM was then deposited onto the ITO|3-
APTES|PW12O40

3� from a 0.1 M H2SO4 solution, as
described in the Experimental section. The intent of this
step was to have Pt-PAMAM bind to PW12O40

3� exclu-
sively; however, possibility of hydrogen bonding
between the terminal hydroxyl groups of the PAMAM

Fig. 1 Cyclic voltammetry of an ITO|3-APTES|PW12O40
3� electrode

in 0.5 M H2SO4 at different scan rates. From the inner to the outer
envelop, the scan rates were 0.050, 0.10, 0.50 and 1.0 V s�1
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and 3-APTES was not discounted. The concern was the
possibility of displacement of some PW12O40

3� from the
3-APTES monolayer if that process occurred. In order
to address this question, PAMAM without encapsulated
PtNPs deposited on the PW12O40

3� monolayer using the
same assembly procedure as that described in the
Experimental section except the PAMAM concentration
was 4 lM, a value comparable to that of the dendrimer
in the PtNP-PAMAM solution. Figure 2 shows the
voltammetry of PW12O40

3� before and after PAMAM
was deposited. After the deposition of PAMAM, the
voltammetric current for PW12O40

3� did not change sig-
nificantly, suggesting that PAMAM was deposited on
the PW12O40

3� monolayer through electrostatic forces
and did not displace PW12O40

3� from the 3-APTES
monolayer on the electrode surface. However, the
deposition of PAMAM slightly shifted the PW12O40

3�

peak potentials, probably because of the strong elec-
trostatic interaction between PAMAM and PW12O40

3�.
This interaction was reported to cause a split of the first
anodic peak of PM12O40

3� [27].
In order to vary the amount of PtNP-PAMAM

deposited on the electrode surfaces, PtNP-PAMAM
solutions with differing concentrations were used for
electrostatic assembly. This approach was based on the
report by Takada et al. [34] in which PAMAM
adsorption on electrode surfaces was characterized by an
equilibrium relationship between the bulk concentration
and the surface coverage. The process was represented
by an adsorption isotherm in which short immersion
times or very dilute dendrimer solutions resulted in
lower surface coverage [35]. In the present study, the
quantity of PtNP-PAMAM deposited was estimated

from the hydrogen desorption charge from the Pt sur-
face [36].

Figure 3 shows the cyclic voltammetry of PtNP-PA-
MAM deposited on a monolayer of 3-APTES from
different concentrations of the PtNP-PAMAM solution.
As seen from the characteristic hydrogen adsorption and
desorption peaks in the range, 0.0 to �0.2 V, the
amount of PtNPs on the electrode increased when
the concentration of the Pt-PAMAM solution used for
the assembly step changed from 0.01 mM to 0.2 mM.
The quantity of PtNP on the electrode was estimated
from these voltammograms. Assuming that the oxida-
tion of one monolayer of Hads on Pt surface corresponds
to a charge of 210 lC cm�2 [36], the electroactive area
for PtNPs encapsulated within PAMAM prepared from
0.2 mM PtNP-PAMAM was estimated as 0.14 cm2

(curve a, Fig. 3). From the estimated particle size of the
PtNPs, 1.4 nm [21], the surface area for one Pt nano-
particle is 6.2·10�14 cm2. Assuming that all the surface
of PtNPs in PAMAM was accessible to hydrogen, about
2.3·1012 units of PtNP-PAMAM were deposited on the
electrode surface, which is equivalent to 3.8·10�12 mol
cm�2 of PtNP-PAMAM. From the molecular diame-
ter of G4-OH PAMAM (4.5 nm), a fully covered surface
by PAMAM will contain 5.0·1012 units cm2

(8.2·10�12 mol cm�2). Therefore, the estimated surface
coverage of PtNP-PAMAM was 46%. Assuming that
each PAMAM unit contained 40 Pt atoms (see the
Experimental section), the estimated mass of PtNPs on
the electrode surface was 30 ng cm�2.

Fig. 2 Effect of PAMAM deposition on the cyclic voltammetry in
0.5 M H2SO4 of an ITO|3-APTES|PW12O40

3� electrode, a before
PAMAM deposition, and b after PAMAM deposition. The
concentration of PAMAM (in 0.1 M H2SO4) was 4 lM. Scan
rate, 1.0 V s�1

Fig. 3 Cyclic voltammetry of ITO|3-APTES|PtNP-PAMAM elec-
trodes prepared by using a 0.2 mM and b 0.01 mM PtNP-
PAMAM in 0.1 M H2SO4. Scan rate, 50 mV s�1; electrolyte,
0.5 M H2SO4
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The electrocatalytic activity of the ITO|3-AP-
TEs|PW12O40

3� |PtNP-PAMAM electrodes was tested
with the HER (HER). Figure 4 shows the cyclic vol-
tammetry in 0.5 M H2SO4 of the electrodes modified
with PtNP-PAMAM in the presence and absence of the
PW12O40

3� monolayer. Here, 0.2 mM PtNP-PAMAM
solution was used in the fabrication. The potential
range was restricted to the range, 0.4 to �0.7 V, to
avoid possible platinum electrodeposition that can re-
sult from anodic corrosion of the platinum counter
electrode [12]. At the sensitivity used in recording
Fig. 4, only the current from the HER was observed.
The electrode modified with PtNP-free PAMAM on
the PW12O40

3� monolayer did not show significant HER
before �0.7 V (curve a), whereas the HER on the
PtNP-PAMAM modified electrode occurs starting from
less than �0.2 V (curve b), consistent with the results
on Pt electrodes [37]. This result suggested that the
surfaces of encapsulated PtNPs were accessible to
hydrogen ions, in agreement with the results reported
by Zhao and Crooks [21].

The most significant result in Fig. 4 was that with
both PtNP-PAMAM and PW12O40

3� present (curve c). In
this case, the electrocatalytic activity was significantly
greater than that with either component alone. To
quantitatively compare the electrocatalytic activities of
these electrodes, the current densities of the HER were
measured at the starting potential, �0.197 V, and at a
mid-potential, �0.4 V (Table 1). With electrodes
assembled from a 0.2 mM PtNP-PAMAM solution, the
current densities for the initial scans on ITO|3-AP-
TES|PW12O40

3� |PtNP-PAMAM at these potentials were,

respectively, �110 lA cm�2 and �4.3 mA cm�2. With a
given electrode, the peak currents gradually decreased
with scan number; after 10 scans the currents dropped to
ca. 50% of the initial values. However, activity was
restored by a potential excursion to 1.0 V. The long term
stability will be the subject of a future study.

The currents in Fig. 4 were significantly larger than
the analogous current densities observed on ITO|3-
APTES modified with either PtNP-PAMAM or
PW12O40

3� alone (Table 1). A similar order of the
electrocatalytic activities of the HER was also
observed on glassy carbon as the substrate modified
with PtNP-PAMAM and PW12O40

3� layers, suggesting
that the base electrode material had no effect on the
electrocatalytic activities of PtNP-PAMAM. Therefore,
it can be suggested that there is synergism in the
electrocatalytic activity of PtNP-PAMAM and
PW12O40

3� monolayers.
The ratio of PtNP-PAMAM to PW12O40

3� on the
ITO|3-APTEs|PW12O40

3� |PtNP-PAMAM electrode had
a significant effect on the electrocatalytic activity toward
the HER. The former was deposited from 0.02, 0.05, and
0.2 mM PtNP-PAMAM solutions as described in the
Experimental section The electrode prepared from
the intermediate concentration, 0.05 mM, showed the
highest electrocatalytic activity of this set (Fig. 5). Of
particular importance was that the current density ob-
served at �0.4 V (�5.3 mA cm�2) with the electrode
prepared from the 0.05 mM solution was larger than the
analogous value obtained at the electrode prepared from
the 0.2 mM solution (�4.3 mA cm�2). Hence, a larger
PtNP density did not result in an increased catalytic
efficiency.

The behavior summarized in Table 1 and Fig. 5 is
consistent with synergism between PtNPs and PW12O40

3�

in the catalysis of the HER. An analysis of the factor(s)

Fig. 4 Cyclic voltammetry of a ITO|3-APTES|PW12O40
3� |PA-

MAM, b ITO|3-APTES|PtNP-PAMAM, and c ITO|3-AP-
TES|PW12O40

3� |PtNP-PAMAM electrodes. The PtNP-PAMAM
was deposited from 0.2 mM PtNP-PAMAM in 0.1 M H2SO4. Scan
rate, 100 mV s�1; initial potential, 0.1 V; electrolyte, 0.5 M H2SO4

Table 1 Comparison of the electrocatalytic activities toward the
HER on ITO electrodes modified with nanocomposites of PtNP-
PAMAM and PW12O40

3�

Nanocompositea Current
densityb

at �0.197 V
(lA cm�2)

Current densityb

at �0.4 V
(mA cm�2)

PW12O40
3� |PAMAM �1 �0.02

PtNP-0.2c �40 �2.0
PW12O40

3� |PtNP-0.2c �110 �4.3
PW12O40

3� |PtNP-0.05c �110 �5.3
PW12O40

3� |PtNP-0.02c �4 �0.06
PW12O40

3� |PtNP-0.01c

Not heated �1 �0.02
Heatedd �20 �2.7
aAll nanocomposites were deposited on ITO electrode surfaces
modified with a 3-APTES monolayer
bAll current densities were obtained from cyclic voltammetry at
100 mV s�1 in 0.5 M H2SO4
cPtNP-v refers to PtNP-PAMAM prepared from solutions where
v is the mM concentration of the PtNP-PAMAM solution used
in the LBL assembly
dThe modified electrode was heated at 200 �C for 2 h
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responsible for this synergism is beyond the scope of this
study. However, it is probably related to the ‘‘hydrogen
spillover’’ effect that was described for Pt microcenters
in PW12O40

3� [38, 39] and HxWO3 films on Pt surfaces
[39]. With the polyoxometalate,

PW12O
3�
40 þ ne� þ nHþ�HnPW

V
nW

VI
12�nO

3�

40 ð1Þ

xPtþHnPW
V
nW

VI
12�nO

3�
40�xPtHþHn�x

PWV
n�xW

VI
12�nþxO

3�
40

ð2Þ

2PtH�2PtþH2 ð3Þ

Reaction 2 includes diffusion of proton between the
partially reduced polyoxometalate and Pt centers.

Direct contact between the centers was not required
for enhancement of the H2 production by Reactions 1, 2
and 3 [39]. However, given the proposed role of diffu-
sion, decreasing the distance between centers was
expected to increase the rate of the HER. To test this
supposition, the HER was examined at ITO|3-AP-
TEs|PW12O40

3� |PtNP-PAMAM before and after heating
the electrode at 200 �C for 2 h in air. With an electrode
prepared from 0.01 mM PtNP-PAMAM, the voltam-
metric current related to the HER was low prior to
thermal decomposition of the PAMAM (Fig. 6); with
this preparation, only a small amount of PtNP-PA-
MAM was present on the electrode surface. However,
after heated at 200 �C, this modified electrode promoted
the HER at a significant level (Fig. 6). Indeed, from the
current density, �2.7 mA cm�2, observed at �0.4 V
(Table 1), the HER at this electrode was even higher

than that on the electrode modified with 0.2 mM
PtNP-PAMAM (but not thermally treated), which
contained a correspondingly larger amount of PtNPs.
The increased electrocatalytic activity of the electrode
after heating was attributed to the shorter distance
between Pt and PW12O40

3� centers, thereby promoting
PtH formation (Reaction 2).

Conclusions

Using the LBL electrostatic assembly technique, ordered
nanocomposites were assembled on electrode surfaces by
depositing PtNP-PAMAM on a monolayer of PW12O40

3�

that was first deposited on an 3-APTES monolayer.
Voltammetric results showed that although the PtNPs
were encapsulated within the voids of a PAMAM den-
drimer, the surface of the PtNPs was accessible to
hydrogen ions; therefore, this modified electrode pro-
moted the HER. Although PW12O40

3� may not have di-
rect contact with the PtNPs that were encapsulated
within PAMAM dendrimers, the presence of the
PW12O40

3� monolayer enhanced the electrocatalytic
activities of PtNP-PAMAM. Through controlling the
quantity of PtNP-PAMAM deposited on the PW12O40

3�

monolayer, this enhancement was found to depend on
the composition of the deposit on the electrodes. These
results suggested that there was an interaction that led to
a synergistic effect between PtNPs and PW12O40

3� in
terms of promoting the HER. This effect was signifi-
cantly increased by heating the composite at 200 �C,

Fig. 6 Cyclic voltammetry of an ITO|3-APTES|PW12O40
3� |PtNP-

PAMAM electrode prepared from 0.01 mM PtNP-PAMAM
before (a) and after (b) heating at 200 �C for 2 h. Scan rate,
100 mV s�1; electrolyte, 0.5 M H2SO4

Fig. 5 Cyclic voltammetry of ITO|3-APTES|PW12O40
3� |PtNP-

PAMAM electrodes prepared from a 0.2 mM, b 0.05 mM, and c
0.02 mM PtNP-PAMAM (in 0.1 M H2SO4). Scan rate, 100 mV
s�1; electrolyte, 0.5 M H2SO4
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indicating an enhanced interaction between PtNPs and
PW12O40

3�.
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