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ABSTRACT: We report that ultraviolet/ozone (UV/O3) treatment can be
used to remove sixth-generation, hydroxyl-terminated poly(amidoamine)
(PAMAM) dendrimers from dendrimer-encapsulated Pt nanoparticles (Pt
DENs) previously immobilized onto a pyrolyzed photoresist film (PPF)
electrode. Results from X-ray photoelectron spectroscopy, scanning trans-
mission electron microscopy, and electrochemical experiments indicate that
removal of the dendrimer proceeds without changes to the size, shape, or
electrocatalytic properties of the encapsulated nanoparticles. The UV/O3
treatment did not damage the PPF electrode. The electrocatalytic properties
of the DENs before and after removal of the dendrimer were nearly identical.

■ INTRODUCTION
In this paper, we report a method for cleanly removing
dendrimers from surface-confined dendrimer-encapsulated Pt
nanoparticles (Pt DENs),1−9 without measurably changing
their size or shape (Scheme 1). The results of this study are

important for two reasons. First, they lead to a general means
for preparing highly monodisperse, stabilizer-free mono- and
bimetallic nanoparticles (NP) in the 0.5−3.0 nm size range.
Second, and more specifically, we are now in a position to begin
answering fundamental questions about how the presence of a
dendrimer affects the catalytic properties of DENs.10

Accordingly, we begin this set of studies by discussing how
the dendrimer affects the oxygen reduction reaction (ORR)
electrocatalyzed by Pt NPs in the presence and absence of
dendrimers.
First synthesized by Vogtle and co-workers in 1978,11

dendrimers are branched, spherical macromolecules widely
used to encapsulate objects ranging from NPs to drugs.12−16

Poly(amidoamine) (PAMAM) dendrimers are a dendrimer
subclass that consists of an alkyl-diamine core, amidoamine
branches, and a vast range of peripheral functionalities (Scheme

1).16 The size of PAMAM dendrimers depends on the number
of reaction cycles carried out during the synthesis.16 For
example, seven iterations of Michael addition followed by
amidation yields a sixth-generation (G6) dendrimer having a
calculated diameter of ∼6.7 nm.17,18 DENs are usually prepared
in PAMAM dendrimers in two steps. First, the dendrimers are
mixed with metal ions, which partition into the dendrimer
interior. The stoichiometric ratio between the dendrimer and
the metal ions determines the final size of the encapsulated NP.
Second, a strong reducing agent, such as BH4

−, is added to the
solution. This results in reduction of the ions and subsequent
intradendrimer agglomeration of the resulting metal atoms.1,19

DENs usually have diameters between ∼0.5−2.2 nm,3 but
they can be smaller20,21 or larger. In addition to acting as
templates, dendrimers are also stabilizers that prevent
aggregation of DENs in solution. Unlike most stabilizers,
however, dendrimers do not passivate the surface of their
encapsulated NPs. This means that DENs are good models for
studying homogeneous and heterogeneous catalytic reactions in
a broad range of solvents.22−24 However, in the absence of a
good solvent, like water or methanol, or in the gas phase,
dendrimers collapse around the NPs rendering them
inactive.3,25−30 Under these conditions, therefore, the presence
of the dendrimer renders the templated NPs catalytically
inactive. Another consequence of the presence of the
dendrimer is that immobilized DENs are not in direct contact
with the support material (Scheme 1a), for example, an
electrode. For fundamental NP catalysis studies in which
experimental results are compared to first-principles calcu-
lations, this is good because it removes the complexity of NP-
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support interactions from the theoretical description of the
system.5,9,31−37 Now, however, we are ready to begin including
this additional level of complexity into our research, and
therefore it has become necessary to find a way to remove the
dendrimers from the DENs so that the metal is in direct contact
with the substrate (Scheme 1b).
As will be discussed in more detail later, we have found that

UV/O3 is effective for cleanly eliminating dendrimers from
DENs. Before settling on UV/O3, we also considered plasmas
and heat treatments. Previous studies suggested, however, that
these methods generally lead to irreversible changes in NP size,
shape, and distribution.6,38−40 By contrast, UV/O3 has
previously been used to decompose solution-phase dendrimers
and other organic capping agents with and without
encapsulated NPs.38,41,42 For example, Rosal and co-workers
recently reported that G3 amine-terminated PAMAM den-
drimers are completely decomposed by O3 within 1 min.41 The
authors explained that decomposition arises from oxidation of
dendritic amines, which results in highly oxidized fragments.
Similarly, Somorjai and co-workers studied the decomposition
of G4 hydroxyl-terminated PAMAM dendrimers (G4-OH)
with and without encapsulated Pt and Rh NPs. This study
showed that after 6 h of the UV/O3 exposure, ∼ 60% of the
overall dendrimer structure was destroyed.42 The same group
also used the UV/O3 technique for removal of poly-
(vinylpyrrolidone) and tetradecyl tributylammonium bromide
capping agents from Pt NPs.38 In this study, the TEM data
indicated that after 2 h of the UV/O3 treatment the Pt NPs
retained their original size and shape.
As mentioned earlier, we are interested in studying how

supports cooperate with metal nanoparticles to catalyze
electrochemical reactions like the ORR. There have been a
few key studies in this regard that predate our own interest. For
example, it has been shown that direct interactions between
metal NPs and metal-oxide or metal-phosphate supports
enhance electrocatalytic activity for the ORR.43−47 Specifically,
Alonso-Vante and co-workers showed that Pt NPs supported
on a titanium dioxide (TiO2)-modified carbon support (C/
TiO2/Pt) exhibit higher electrocatalytic activity for the ORR
compared to the same Pt NPs deposited directly onto a carbon
support (C/Pt).43 The XPS analysis of the two electrocatalysts
revealed that the effect of TiO2 on Pt NPs is the result of a
superposition of charge transfer and lattice strain. Adzic and co-
workers demonstrated that Pt supported on a NbO2-modified
C support (C/NbO2/Pt) experiences suppressed oxidation
compared to Pt supported on carbon support (C/Pt) due to
lateral repulsion between PtOH and oxide species from
NbO2.

44 They showed that this in turn results in 3 times
higher Pt mass activity for the ORR compared to the
commercial C/Pt electrocalayst. The Adzic group has also
studied metal NP/support interactions for electrooxidation of
alcohols, and these reactions are also accelerated by the
presence of appropriate supports.48−52

In the remainder of this report, we will show that UV/O3
treatment can be used to remove G6-OH immobilized on
pyrolyzed photoresist film (PPF) supports (electrodes) in the
presence of DENs. Importantly, the original size and shape of
Pt DENs are conserved after dendrimer removal. The UV/O3
treatment oxidizes ∼10% of the surface of encapsulated Pt NPs,
but it is possible to remove this oxide electrochemically. More
interestingly, we find that the Pt DEN-modified PPF electrodes
are slightly more active for the ORR in the absence of the
dendrimer.

■ EXPERIMENTAL SECTION
Chemicals and Materials. All chemicals were used as received.

These include 1-decanethiol (96%, Alfa Aesar) and NaOH (Fischer
Scientific). The following were obtained from Sigma-Aldrich: CH2Cl2,
CuSO4, NaBH4, H2SO4 (+98%, trace metal grade), and K2PtCl4. The
purge gas for the UV/O3 system was O2 (99.9999%, Praxair, Austin,
TX).

G6-OH dendrimers were purchased as a 10−25% methanol
solution from Dendritech, Inc. (Midland, MI). Prior to use, the
methanol was removed under vacuum. Deionized (DI) water having a
resistivity of 18.2 MΩ-cm (Milli-Q gradient system, Millipore) was
used for the preparation of all aqueous solutions.

Fabrication of PPF Electrodes. PPF electrodes53−56 were
fabricated following a procedure previously reported by our group.25

Briefly, quartz slides were cleaned sequentially in acetone, ethanol, and
DI water for 10 min each. The quartz slides were further rinsed under
running DI water for 1 min and then heated at 200 °C for 15 min.
Next, positive-tone photoresist (AZ 1518, Capitol Scientific, Inc.,
Austin, TX) was spin-coated onto the slides for 10 s at 500 rpm, 45 s
at 3500 rpm, and for 5 s at 500 rpm. Finally, the slides were soft baked
for 1 min at 100 °C and left to cool to room temperature (24 ± 1 °C).
The spin coating and soft baking processes were repeated a second
time.

The photoresist-coated quartz slides were patterned by exposure to
UV light through a photomask. Next, AZ 400 K developer, diluted
25% (v/v) with DI water, was used to develop the exposed
photoresist. Finally, the photoresist was pyrolyzed in a quartz tube
furnace under a constant flow (100 sccm) of forming gas (5% H2 plus
95% N2). The furnace temperature was increased from 25 to 1000 °C
at 5 °C/min, held at 1000 °C for 1 h, and then cooled to 25 °C. The
resulting PPF slide was then diced into individual electrodes using a
diamond-tipped pen. The individual PPF electrodes were then rinsed
under a gentle flow of DI water and dried under flowing N2.

Synthesis of DENs. Pt DENs were synthesized using a previously
published procedure based upon galvanic exchange.19,57 Specifically,
1.0 mL of a 100.0 μM aqueous G6-OH dendrimer solution was further
diluted with 8.68 mL of DI water. Next, 55 equiv of 20.0 mM CuSO4
were pipetted into the G6-OH solution. The solution was sealed and
stirred under N2 for 15 min. Next, a 5-fold molar excess of aqueous 1.0
M NaBH4 solution was added dropwise under N2 to reduce
intradendrimer Cu2+ to Cu NPs. The reduction was carried out for
45 min, and then the pH of the resulting G6-OH(Cu55) DEN solution
was adjusted to 3.0 using 1.0 M HClO4. Finally, sufficient aqueous
10.0 mM PtCl4

2− (Pt2+:Cu = 1) was added dropwise (under N2) to
initiate galvanic exchange, and then the solution was sealed and left to
stir for 60 min under N2. After purification by dialysis, STEM was used
to determine the size distribution of the Pt DENs. One final point: the
notation used to denote the DENs in this study, for example G6-
OH(Pt55), is simply a representation of the Pt2+:G6-OH ratio used to
prepare these materials and is not meant to imply that every DEN
contains exactly 55 atoms of Pt.

The Pt DENs were immobilized atop PPF electrodes by immersing
the latter in the Pt DENs solution (pH 3.0) for 60 min. Next, the
electrodes were rinsed under a gentle flow of DI water and dried under
flowing N2. The newly formed PPF/G6-OH(Pt55) electrodes were left
to dry for at least 90 min prior to use.

Electrochemical Characterization. Electrochemical measure-
ments were obtained using a CH Instruments model CHI700D
Electrochemical Analyzer (Austin, TX). The electrochemical cell was
fabricated from Teflon and used a Viton O-ring to define the area of
the working electrode (12.4 mm2). For all electrochemical experi-
ments, a Hg/HgSO4 reference electrode (MSE, CH Instruments) and
a Pt wire counter electrode were used. To avoid poisoning the working
electrode with Hg, resulting from leakage of the reference electrode,
the working and reference electrodes were separated by a glass frit.
Cyclic voltammograms (CVs) were obtained using aqueous 0.5 M
H2SO4 solutions.

UV/O3 Treatment. Individual PPF/G6-OH(Pt55) electrodes were
placed in the middle of the UV/O3 chamber (PSD-UV4 with
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OES1000D, Novascan Technologies, Ames, IA) and treated for 2.25 h
using the following protocol, which we found to be critical for
maximum dendrimer decomposition and minimal Pt NP surface
oxidation.
First, the vacuum was turned on and an external supply of O2 was

introduced into the chamber at 259 mmHg for 10 min. Second, the O2

flow was stopped and the UV lamp was turned on for 5 min. After
turning off the UV lamp, the chamber was purged with O2 for 3 min.
This step was repeated two additional times. Third, the O2 flow was
stopped and the UV lamp was turned on for 15 min. The UV lamp
was then turned off, and the chamber was purged with O2 for 2 min.
Fourth, the O2 flow was stopped and the UV lamp was turned on for
30 min. After 30 min, the UV lamp was turned off and the chamber
was purged with O2 for 2 min. This step was repeated twice, and then
the O2 flow was stopped and the UV lamp was turned on for an
additional 45 min. At this point the substrate was removed from the
UV/O3 chamber used within 30 min.
X-ray Photoelectron Spectroscopy (XPS). XPS samples were

prepared by immobilizing Pt DENs atop PPF electrodes as previously

described in the “Synthesis of DENs” section. XPS was carried out
using a Kratos Axis Ultra spectrometer (Chestnut Ridge, NY) having
an Al Kα source. Samples were grounded using metal holders. Careful
placement of the PPF/G6-OH(Pt55) electrode made it possible to
characterize the same location before and after UV/O3 treatment. This
was necessary because the G6-OH(Pt55) sample did not dry uniformly
after dropping onto the PPF support.

XPS spectra were collected using a 0.10 eV step size and a band-
pass energy of 20 eV. An electron flood gun was used to neutralize
charge on the samples. Binding energies were calibrated against the C
1s line of PPF (285.0 eV).58 CasaXPS (version 2.3.15, Casa Software,
Teignmouth, UK) was used for peak fitting and analysis. A mixed
Gaussian/Lorentzian model was used for symmetric line-shapes, while
an asymmetric Lorentzian model was applied for asymmetric line
shapes.

Scanning Transmission Electron Microscopy (STEM) and
Scanning Electron Microscope (SEM). STEM images were
obtained using a JEOL-2010F transmission electron microscope
having a point-to-point resolution of 0.19 nm. Samples were prepared

Figure 1. High-resolution XPS spectra in the C 1s region for a PPF electrode before (a) and after (b) UV/O3 treatment. High-resolution XPS C 1s
region of a PPF/G6-OH(Pt55) electrode before (c) and after (d) UV/O3 treatment. High-resolution XPS N 1s region of a PPF/G6-OH(Pt55)
electrode before (e) and after (f) UV/O3 treatment.
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by pipetting 2.0 μL of the G6-OH(Pt55) solution onto a lacey-carbon-
over-Ni TEM grid (Electron Microscopy Sciences, Hatfield, PA) and
then drying in air on the grid overnight prior to analysis.
SEM images were collected using an EI Quanta 650 microscope

with an accelerating voltage of 15 kV.

■ RESULTS AND DISCUSSION

Effect of UV/O3 on PPF Substrates. The UV source used
for the UV/O3 treatment emits at 184.9 and 253.7 nm.38

Oxygen absorbs at 184.9 nm to yield O3. Subsequently, O3
absorbs at 253.7 nm and decomposes to form atomic oxygen.59

Atomic oxygen is a strong oxidant, which reacts with organics
to yield volatile substances including CO2, N2, and H2O.

38,59,60

In the present study, we used XPS extensively to study the
effect of UV/O3 on dendrimer decomposition. Reliable
conclusions, however, require careful control experiments so
this investigation began with a study of the effects of UV/O3 on
naked PPF electrodes. The fabrication of the PPF electrodes
and the protocol for UV/O3 treatment are provided in the
Experimental Section, but it amounts to a 2.25 h exposure.
Prior to UV/O3 (Figure 1a), the C 1s region of the XPS

spectrum of a naked PPF electrode consists of a single peak at
285.0 eV. This corresponds to the C−C bonds of the PPF
substrate.25,61 Following UV/O3 exposure, however, the
intensity of this peak decreases and two new oxidation
products, corresponding to phenolic and carboxylic car-
bon,25,58,61 are observed at 287.0 and 289.2 eV, respectively
(Figure 1b). High-resolution analysis of the O 1s region
confirms oxidation of the PPF surface, with the intensity of the
surface oxygen peak increasing by a factor of 3 (Supporting
Information, Figure S-1). No nitrogen was observed on the
PPF surface before or after UV/O3 exposure.
In addition to the XPS analysis, the effect of UV/O3

treatment on the PPF electrodes was also examined by SEM
(Figure S-2). Prior to UV/O3 treatment, the surface of PPF
electrodes is remarkably smooth and uniform.25,61 Importantly,
there are no discernible changes to the morphology of the PPF
surface after exposure.
Effect of UV/O3 on Pt DENs. We also used XPS to

examine the effect of UV/O3 on Pt DEN-modified PPF surfaces
(PPF/G6-OH(Pt55)). Before exposure, the C 1s spectrum can
be deconvoluted into four peaks (Figure 1c). The green-
colored peak at the lowest binding energy (BE) (285.0 eV)
arises from the underlying PPF support, indicating that the PPF
electrode is not completely covered by the Pt DENs.62 The red
peak at 285.6 eV corresponds to aliphatic carbons of the
dendrimer, and the blue peak at 286.3 eV is due to the C−OH,
C−N(amine), and C−N(amide) functionalities of the den-
drimer. The final peak (turquoise) at the highest BE (288.0 eV)
can be fit to the carbonyl carbons of the dendrimer.39

After the UV/O3 treatment, changes in all four carbon
regions are observed. Specifically, the green peak at 285.0 eV,
corresponding to the underlying PPF electrode, becomes
dominant after the dendrimers are removed from the PPF
surface. The red and blue peaks that were previously observed
separately coalesce in a single peak (purple) at 286.4 eV. The
dark red peak at 287.2 eV and the orange peak at 289.2 eV can
be assigned to phenolic and carboxylic carbon, respectively. As
discussed earlier, these peaks arise from the oxidation of the
underlying PPF support. Finally, the turquoise carbonyl peak of
the dendrimer is still observed at ∼288.0 eV, but at a much
lower intensity than before UV/O3 exposure. Comparison of
the intensities of dendrimer C 1s peaks before and after UV/O3

treatment, indicates that only ∼8% of the overall dendrimer C
signal remains after UV/O3 (Tables 1 and 2).

The N 1s spectrum of the PPF/G6-OH(Pt55) electrode
(Figure 1e) consists of three peaks. The highest one (blue) is at
399.7 eV and is assigned to amine nitrogens, while the red peak
(400.6 eV) corresponds to amide nitrogens.39 The final peak,
observed at 401.9 eV (turquoise), arises from protonated
amines.19 Recall that the DEN-modified substrates were
prepared at pH 3.0, so it is reasonable to find this species
present. Nevertheless, the identity of this peak was confirmed
by immobilizing G6-OH dendrimers at four different pH values
(9.0, 7.5, 5.0, 3.0) on PPF electrodes, and then analyzing the
resulting samples using XPS (Supporting Information, Figure S-
3). The spectra reveal that at pH values of 9.0 and 7.5 only two
nitrogen peaks are observed, corresponding to amine and
amide groups. As the pH value is lowered to 5.0, however, a
new peak slowly emerges at higher BE. It becomes pronounced
at pH 3.0, and hence our assignment to protonated amines.19

The experimentally determined amide:amine nitrogen ratio is
1:3.3, which is not consistent with the ratio of 2:1 calculated
based on the dendrimer structure. This lower ratio has been
observed before, however, and it may be a consequence of the
amide signal being screened compared to the amine signal.39

After the UV/O3 treatment, the same nitrogen regions are
observed in the N 1s spectrum, but at much lower intensities

Table 1. Summary of XPS Peak Assignments, Positions,
Areas, and Concentrations for a PPF/G6-OH(Pt55)
Electrode before UV/O3 Treatment

element assignment
position
(eV) area

percent
concentration

C 1s C−C bonds (PPF
substrate)

285.0 1662.6 16.9

C 1s aliphatic 285.6 1366.0 14
C 1s hydroxyl, amine, and

amide
286.3 3261.8 33

C 1s carbonyl 288.0 1633.1 17
N 1s amines 399.7 2180.1 12
N 1s amides 400.6 646.8 3.6
N 1s protonated amines 401.9 556.7 3.1
Pt 4f metallic (Pt 4f7/2) 72.0 401.9 0.26
Pt 4f metallic (Pt 4f5/2) 75.2 192.5 0.13

Table 2. Summary of XPS Peak Assignments, Positions,
Areas, and Concentrations for a PPF/G6-OH(Pt55)
Electrode after UV/O3 Treatment

element assignement
position
(eV) area

percent
concentration

C 1s C−C (PPF substrate) 285.0 9304.5 84
C 1s aliphatic, hydroxyl, amine,

and amide
286.4 336.1 3.0

C 1s phenolic 287.2 242.2 2.1
C 1s carbonyl 288.0 264.3 2.3
C 1s carboxylic 289.2 389.6 3.5
N 1s amines 399.7 242.2 2.1
N 1s amides 401.5 352.3 1.7
N 1s protonated amines 404.3 112.1 0.50
Pt 4f metallic (Pt 4f7/2) 72.2 839.4 0.48
Pt 4f hydroxide 72.9 92.6 0.050
Pt 4f metallic (Pt 4f5/2) 75.4 403.3 0.23
Pt 4f hydroxide 76.2 50.6 0.030
Pt 4f oxide 79.0 19.0 0.010
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and with increased spacing between the peaks (Figure 1f). The
relative intensities of the N 1s peaks before and after UV/O3
treatment suggest that only ∼23% of the original N signal is
retained (Tables 1 and 2).
Effect of UV/O3 on Pt DENs. Thus, far we have focused

exclusively on the effect of UV/O3 treatment on the dendrimer
itself, but now we turn our attention to the encapsulated Pt
DENs. Prior to UV/O3 treatment, XPS indicates that two Pt 4f
peaks are present at 72.0 eV (Pt 4f7/2) and 75.2 eV (Pt 4f5/2)
(Figure 2a). Although, these BE values are higher than expected

for metallic Pt (71.2 for Pt 4f7/2),
26 we25,57 and others39 have

previously observed this situation for DENs. The shift toward
higher BE may result from the small size of the Pt NPs.57

Figure 2b presents the Pt XPS spectrum after UV/O3
treatment. In this case, three new peaks emerge. The peaks at
72.9 and 76.2 eV are assigned to Pt(OH)2, while the peak at
79.0 eV can be fit to PtO. These oxygenated species on the
DEN surface are a consequence of the oxidizing power of
atomic oxygen. The two original Pt peaks attributable to

metallic Pt are also still present in the spectrum, but they are
shifted 0.2 eV toward higher BEs. Comparing the percent
concentrations of the Pt peaks before and after the treatment,
we calculate that ∼10% of the original Pt signal arises from
oxygenated species after UV/O3 treatment (Table 1 and 2).
For studies of electrocatalysis, we prefer to start with

unoxidized Pt DENs, and therefore we attempted to reduce the
oxygenated fraction of the Pt surface electrochemically.
Specifically, after the UV/O3 treatment, the PPF/G6-OH(Pt55)
electrode was scanned 10 times between −0.65 and 0.63 V in
Ar-purged, 0.5 M H2SO4. As indicated by the XPS spectrum in
Figure 2c, this electrochemical method was successful: the
peaks arising from oxidize Pt (Figure 2b) are eliminated, and
just the original two peaks, corresponding to metallic Pt, are
present at 71.8 and 75.0 eV. Note, however, that these values
are ∼0.2 eV lower than those of the original Pt DENs (Figure
2a).
STEM can be used to image Pt DENs before and after UV/

O3 treatment to determine if there are gross morphological
changes. Within the resolution of the microscope (point-to-
point resolution of 0.19 nm), Figure 3 indicates no UV/O3-
induced changes. Specifically, the Pt DENs appear spherical and
have an average diameter of ∼1.4 ± 0.3 nm before and after
treatment.

Location of Pt DENs. As discussed in the context of Figure
1, the UV/O3 treatment presented here can be used to
decompose most of the dendrimer templates from Pt DENs
immobilized on PPF supports. To confirm removal of the
dendrimers after the UV/O3 treatment, however, we carried out
a Pt surface poisoning experiment we have used previously to
determine the location of the NPs.26

The poisoning experiment was performed on PPF/G6-
OH(Pt55) electrodes before and after UV/O3 exposure using
the following approach. First, a PPF/G6-OH(Pt55) electrode
that was not exposed to UV/O3 was immersed in ethanol for 3
min, and then sufficient 1-decanethiol was added to the ethanol
to make the solution 3.0 mM in the thiol. The electrode was
left in this solution for 20 min. Second, the electrode was
removed from the thiol solution and rinsed with ethanol and
then with DI water. Finally, the potential of the electrode was
scanned in an O2-saturated, 0.5 M H2SO4 solution. The
resulting cyclic voltammogram (CV), shown in red in Figure
4a, reveals a featureless shape characteristic of a passivated Pt
surface. This result is interpreted as follows. Because ethanol is
a good solvent for PAMAM dendrimers, the 1-decanethiol is
able to diffuse through the dendrimer branches and adsorb to
the Pt NP surface. This inhibits the inner-sphere oxygen
reduction reactions (ORR).
Next, this same experiment was repeated, but now using

CH2Cl2 instead of ethanol. CH2Cl2 is a poor solvent for
PAMAM dendrimers, and in its presence the dendrimers
collapse around the encapsulated NPs and protect them from
being poisoned with 1-decanethiol. The resulting well-defined
ORR peak (black CV in Figure 4a) obtained after this
experiment confirms that the Pt DENs were encapsulated
within the dendrimers during exposure to the thiol/CH2Cl2
solution.
The two experiments described previously were now carried

out using PPF/G6-OH(Pt55) electrodes following UV/O3
exposure. The results of these experiments are summarized
by Figure 4b. Now the CVs obtained after the poisoning
experiments, using either ethanol (red CV) or CH2Cl2 (black
CV), exhibit very low currents (note the difference in the

Figure 2. High-resolution XPS spectra in the Pt 4f region for a PPF/
G6-OH(Pt55) electrode (a) before and (b) after UV/O3 treatment. (c)
Same as panel b, but after 10 electrochemical scans (scan rate = 50
mV/s) in an Ar-purged, aqueous 0.5 M H2SO4 solution to reduce the
surface oxide created during the UV/O3 treatment.
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current scales for Figures 4a,b). These observations are
consistent with Pt NPs being present on the PPF support as
naked NPs without dendrimers present to shield them from 1-
decanethiol. We conclude that these electrochemical experi-
ments confirm the XPS results: nearly all of the dendrimer is
removed by the UV/O3 treatment, and so the Pt surface is fully
exposed to the solution.
The ORR in the Presence and Absence of Pt NP-PPF

Support Interactions. The discussion up to this point
demonstrates that UV/O3 removes most of the dendrimer
from the Pt DENs, and thus converts PPF/G6-OH(Pt55)
electrodes to PPF/Pt55 electrodes. Our ultimate objective in the
series of studies that will follow this first report is to better

understand how underlying supports affect electrocatalytic
reactions. As a first step in that direction, we examined the
ORR at PPF/G6-OH(Pt55) and PPF/Pt55 electrodes.
Before obtaining CVs for the ORR, the Pt NPs were

electrochemically cleaned in an Ar-saturated, 0.5 M H2SO4

solution. Immediately thereafter, the electrodes were immersed
in an O2-saturated 0.5 M H2SO4 solution, and then the
potential was scanned between 0.40 V and −0.40 V (vs Hg/
Hg2SO4). Figure 5 compares CVs obtained for the ORR before
and after UV/O3 exposure. The results indicate that both
electrodes are electrochemically active for the ORR and yield
similar CVs. On the basis of four independent experiments,
however, there are slight differences. For example, the peak

Figure 3. STEM micrographs and size-distribution histograms for G6-OH(Pt55) DENs before (left) and after (right) UV/O3 treatment. The size
distribution is based on 200 randomly selected particles.

Figure 4. CVs obtained using PPF/G6-OH(Pt55) electrodes (a) before and (b) after UV/O3 treatment. In all cases the electrodes were exposed to 1-
decanethiol in either CH2Cl2 (black) or ethanol (red) for 20 min. The aqueous 0.5 M H2SO4 solution was saturated with O2. The scan rate was 50
mV/s.
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current potential shifts from −84 ± 6 mV before UV/O3
treatment to −62 ± 6 mV after removal of the dendrimer,
indicating a slight improvement in reaction kinetics. The value
of the peak current density, however, does not change within
the error of the measurement (0.44 ± 0.02 mA/cm2 vs 0.49 ±
0.04 mA/cm2 before and after UV/O3 treatment, respectively).
We cannot be sure of the reason for the slight favorable shift in
the ORR peak position in the absence of the dendrimer, but it
might be due to the appearance of a few additional catalytic
sites on each Pt NP when the dendrimer is removed. As
previously stated, however, the potential shift is very small and
consistent with our previous claims that the presence of the
dendrimer has little influence on the catalytic transformation of
small molecules, like O2, at the encapsulated DENs.3,4 The
results also indicate that the PPF electrode support has little
effect on the ORR, which is also not surprising.
We also carried out chronoamperometric ORR experiments

of the PPF/G6-OH(Pt55) electrodes before and after UV/O3
treatment (Supporting Information, Figure S-4). These data
were obtained using an O2-saturated, 0.5 M H2SO4 electrolyte
solution and holding the electrode potential at −0.24 V (vs
Hg/Hg2SO4) for 900 s. The results are consistent with the CVs
shown in Figure 5: slightly faster turnover of O2 after removal
of the dendrimer.

■ SUMMARY AND CONCLUSIONS
Here we have shown that UV/O3 can be used to almost
entirely remove G6-OH PAMAM dendrimers from surface-
confined Pt DENs without changing their size, shape, or
electrocatalytic properties. These points are important for two
reasons. First, they suggest that the dendrimer itself has very
little influence on the electrocatalytic properties of the
encapsulated NPs. This is important because it means that
results obtained using DENs reliably extrapolate to the
electrocatalytic properties of other types of naked NPs. Second,
the fact that the dendrimer can be cleanly removed without
significantly changing the DENs makes it possible to study
electrocatalytic reactions in the presence and absence of
support interactions (Scheme 1). In other words, this is a
near-perfect system for studying support effects, because the
exact same electrode can be examined with support effects
turned on or off simply by removing the dendrimer by UV/O3.
One last point. Fermin,63−66 Gooding,67,68 and others69−76

have shown that electron transfer across thin insulating layers is

not inhibited if NPs are present on the solution side of the
insulator. We recently confirmed their findings using DENs as
the NPs and ultrathin layers of Al2O3, deposited by atomic layer
deposition, as the insulator.25 Those findings, taken together
with the results reported in this article, mean that it will now be
possible for us to examine electrocatalytic reactions on
essentially any oxide or nitride support using any type of
catalytic DEN. These experiments are currently underway in
our lab, and the results will be reported in due course.
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