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ABSTRACT: Electrocatalytic oxygen reduction at carbon electrodes fully
passivated by ALO; is reported. Specifically, pyrolyzed polymer film (PPF)
electrodes were prepared and then coated with pinhole-free Al,Oj; layers ranging
in thickness from 2.5 to 5.7 nm. All of these ultrathin oxide film thicknesses
completely passivated the PPF electrodes, resulting in no faradaic current for
either inner-sphere or outer-sphere electrochemical reactions. The electrodes
could, however, be reactivated by immobilizing Pt dendrimer-encapsulated
nanoparticles (DENSs), containing an average of S5 atoms each, on the oxide
surface. These PPF/Al,O;/Pt DEN electrodes were completely stable under a
variety of electrochemical and solution conditions, and they are active for simple
electron-transfer reactions and for more complex electrocatalytic processes. This
approach for preparing well-defined oxide electrodes opens the door to a better
understanding of the effect of oxide supports on reactions electrocatalyzed by
metal nanoparticles.

B INTRODUCTION Scheme 1

In this paper we report that fully passivating, ultrathin (2.5 nm-
thick) AL, O; layers can be deposited onto carbon electrodes via
atomic layer deposition (ALD). More importantly, however,
subsequent adsorption of Pt dendrimer-encapsulated nano-
particles (DENs)'~* onto the oxide surface leads to an
electrocatalytically active interface (Scheme 1). These results
are important, because they provide a general approach for
studying electrocatalytic reactions on nonconductive oxide
surfaces.

The dendrimer-templating method was first introduced by
our group in 1998, and since then it has been extensively used
for synthesizing a broad range of nanoparticles (NPs).”>>
DEN:Ss are prepared by combining dendrimers and metal ions in
fixed stoichiometric ratios, and then adding a reducing reagent
to convert the metal ions to atoms. The atoms agglomerate
within the dendrimer leading to particles in the size range of
~0.5—2.2 nm. This is the important size range over which the
catalytic properties of metals change quickly and in interesting
ways.”® Indeed, DENs are especially useful for understanding
electrocatalytic reactions because they are well-defined in size,
structure, and composition, and this in turn provides a means
to establish structure—function relationships."”””~"> For the
present study, the dendrimer host also provides important
functions: stabilizing the DENs against aggregation and

immobilizing them on the electrode surface via specific
interactions with the oxide.

Although structurally not as well-defined as DENs, metal
oxides deposited via ALD are the best option available for our Received: March 26, 2016
planned electrocatalysis studies. Because it is electrically Published: May 18, 2016
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insulating and has a low dielectric constant, we'* and

others'>™" have used ALOj for the purposes of hindering
charge-transfer between an electrode and redox molecules in
solution."* For example, we reported that AL,O; films thicker
than ~3.5 nm fully passivate electron transfer (eT) between
underlying pyrolyzed polymer film (PPF) electrodes'" and
solution-phase ferrocenemethanol (FcMeOH)."* Subsequently,
Rose and co-workers reported that ALD-deposited Al,O; films
~5 nm thick can electrochemically passivate an underlying
Si(111) electrode.'

The other important precedents for our findings relate to
NP-mediated eT across insulating layers. Although first
reported by Natan and co-workers’”*' and then more
thoroughly studied by Schiffrin and co-workers,””™** the
interest in NP-mediated eT across ultrathin organic insulating
layers picked up momentum in 2008 and 2009 when
Fermin™ ™"’ and Gooding®”*' independently reported that
this type of eT is independent of insulating film thickness.”” In
these early publications, both groups used adsorbed AuNPs to
switch on faradaic eT reactions following passivation of an
electrode with self-assembled monolayers.”” Over the past
several years these results have been re_;)roduced using different
types of NPs (e.g, metals,' >33 graphene,%’39 nano-
tubes,”’™** and quantum dots’***) and electrodes (e.g,
Au,*?730 pe2* carbon,™! TiOZ,z‘4 and Si).32

The foregoing experimental observations raised questions
about the underlying cause of this emergent phenomenon, and
in 2010, Chazalviel and Allongue developed a theoretical model
that described the principles of NP-mediated eT. They
proposed that the potential across an electrode modified with
an insulating layer decreases exponentially as a function of the
insulating layer thickness.** Once NPs are deposited atop
ultrathin insulating layers, however, the applied potential
develops primarily at the interface between the metal NPs
and electrolyte.'>****»*> Ag a result, distance-independent eT
recovery is observed as long as the exchange current density
across the insulating layer in the metal/insulator/metal NP
system is much higher than the current density at a metal/
insulating layer system.”***** This means that charging of NPs
by a redox molecule, rather than eT between an electrode and
NPs, is the rate limiting step in such processes.”*

Our principle interest in this type of system is in
understanding how reactions electrocatalyzed by metal NPs
are affected by the presence of oxide surfaces. Due to the
insulating nature of most oxides, there have only been a few
reports of electrocatalysis on these types of surfaces. For
example, Swider-Lyons and co-workers showed that PtNPs
supported on metal oxides or metal phosphates lead to
enhanced electrocatalytic activity for the ORR.***” Although
the mechanism of this reaction is unknown, the authors
hypothesized that oxides can affect the electronic states of the
Pt which in turn can lead to preferential adsorption of OH on
the oxide (relative to the Pt surface).”” Similarly, Ramaker and
co-workers reported that if PtNPs are supported on tantalum
oxide or tantalum oxyphosphate on Vulcan carbon, the
presence of phosphates and oxides can lead to a higher proton
conduction to PtNPs. This in turn results in improved
electrocatalytic activity of Pt for the ORR.*

Interestingly, increased electroactivity can also be achieved
by inverting metal/insulator/metal structures. For example,
Adzic and co-workers reported that deposition of SnO, NPs
onto polycrystalline Pt electrodes (SnO,/pc-Pt) resulted in up
to a 40-fold enhancement in current for the methanol oxidation
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reaction (MOR) compared to naked Pt electrodes.”” Addition-
ally, the MOR activity was found to be strongly dependent on
the number of available SnO,/Pt contact sites and to decrease
as the size of the SnO, NPs increased. They interpreted these
results in terms of a cocatalytic mechanism in which the
reaction occurs at the contact line between Pt and the SnO,
NPs. Moreover, the relationship between NP size and activity
was thought to be a consequence of the formation of reduced
Sn(I1)O and the structural flexibility of the smaller SnO, NPs
that resulted in correspondingly weaker binding of OH
species.”” The same group also observed that deposition of
SnO, nanoislands onto Pt(111) resulted in enhanced electro-
chemical activity for the ethanol oxidation reaction (EOR).”
This is because of strong interactions between SnO, and H,O,
which lead to spontaneous cleavage of O—H bonds. The
authors also reported that the EOR activity strongly depended
on the surface SnO, concentration, thereby confirming the
cocatalytic effect at the oxide-metal interface.

In the remainder of this report we will show that pinhole-
free, electrochemically passivating Al,O; films can be deposited
onto PPF electrodes. When DENs containing an average of
only 55 atoms each, are deposited onto ~15% of the AL,O;
surface, eT between the underlying PPF electrode and solution-
phase ferrocenedimethanol (Fc(MeOH),) is recovered. This
facilitated eT is insensitive to the thickness of the ALD oxide
layers up to ~3.5 nm, but partial current recovery is still
observed for films up to 5.7 nm thick. Even more interestingly,
DENSs containing an average of 55 Pt atoms confined to Al,O;
thin films (PPF/AL,O,/G60H(Ptss)), where G6OH represents
sixth-generation, hydroxyl-terminated poly(amidoamine)
(PAMAM) dendrimers, are electrocatalytically active for the
ORR. Finally, the PPF/Al,0;/G60H(Ptss) constructs are
robust, surviving up to at least 40 consecutive voltammetric
scans and 10 min of sonication in 0.5 M H,SO, without
significant change in electrochemical activity.

B EXPERIMENTAL SECTION

Chemicals and Materials. All chemicals were used as received.
These include ferrocenedimethanol (Fc(MeOH), 98%, Acros
Organics, NY), 1l-decanethiol (96%, Alfa Aesar), HCIO, (+70%,
ultrapure grade, J.T. Baker), and NaOH (Fischer Scientific). The
following were obtained from Sigma-Aldrich: AgNO; (99%), CH,Cl,,
CuSO,, NaBH,, H,S0, (+98%, trace metal grade), and K,PtCl,.
Trimethylaluminum (TMA) and Oy gas for ALD were obtained in
sealed stainless steel canisters from Sigma-Aldrich. The purge gas for
ALD was high-purity N, gas (99.9999%, Praxair, Austin, TX).

G60H 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
182 MQ-cm (Milli-Q gradient system, Millipore) was used for the
synthesis of DENs, while all other aqueous solutions were prepared
using National Exposure Research Laboratory (NERL) reagent-grade
water from Thermo Scientific.

Fabrication of PPF Electrodes. PPF electrodes were fabricated
using slight modifications of a procedure previously reported by our
group."* Specifically, prior to photoresist deposition, 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 §
s at 500 rpm. Next, 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 to obtain lower
surface roughness of the photoresist layer.
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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% H, plus
95% N,). The furnace temperature was increased from 25 to 1000 °C
at 5 °C/min. The temperature was then held at 1000 °C for 1 h, and
then cooled to 25 °C. The resulting PPF electrodes were stored in the
laboratory ambient environment at room temperature for 14 days
(more discussion about this step later) and then cut into individual
electrodes using a diamond-tipped pen. The individual PPF electrodes
were then rinsed under a gentle flow of reagent water, dried under a
low pressure of N,, and used within 24 h.

Prior to ALD, PPFs were plasma activated using an Oxford
Instruments Plasma Lab 80+ PECVD and Etching system. Individual
PPFs were exposed to the plasma (O,, 22% and N,, 78%) for 30 s
using the following conditions: flow rate, 50 sccm; pressure, 0.03
mmHg; power, 11 W; and temperature, 50 °C. After the plasma
treatment, PPFs were loaded into the ALD chamber within 10 min.

Atomic Layer Deposition. ALD was performed using a Savannah
$100 Cambridge NanoTech ALD system (Ultratech, San Jose, CA).
TMA was used as the Al source and O; as the oxygen source (neither
reagent was heated). The ALD system was evacuated to <1 mmHg,
and the patterned PPF substrates were heated to 150 °C for 4 min
under a constant flow (20 sccm) of high-purity N,. Next, the
substrates were exposed to 10 cycles of Oj, each 15 ms long. Finally,
each ALD cycle was carried out as follows: (1) a single 15 ms pulse of
TMA, (2) a 20 s purge of N,, (3) a 15 ms pulse of O3, and (4) a 1S s
purge of N,. These four steps were repeated until the desired number
of cycles had been achieved.

Surface Characterization. X-ray photoelectron spectroscopy
(XPS) was carried out using a Kratos Axis Ultra spectrometer
(Chestnut Ridge, NY) with an Al K,, source. Samples were grounded
using Cu tape. XPS spectra were collected using a 0.10 eV step size
and a band-pass energy of 80 eV. An electron flood gun was used to
neutralize charge on plasma-activated PPFs and Al,O;-modified PPFs.
Binding energies were calibrated against the C 1s line of PPF (284.4
eV).50 CasaXPS (version 2.3.1S, 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 electron microscope (SEM) images were collected using
an EI Quanta 650 microscope and using an accelerating voltage of 15
kv.

Ellipsometric measurements were performed using a J. A. Woollam
M-2000D spectroscopic ellipsometer (Lincoln, NE). Data were
collected using five different angles (between 44° and 66°) for each
measurement. A three-slab model was used for data analysis. The first
slab was a 1.0 mm-thick layer of SiO, (optical constants provided by
the manufacturer). The second slab was a 500 nm-thick layer of
carbon (optical constants obtained experimentally using a plasma-
activated PPF thin film). The third slab was AL,O;, and its thickness
was allowed to vary. The optical constants for the Al,O; layer were,
however, provided by the manufacturer.

The surface roughnesses of the PPF and PPF/AL,O; thin films were
obtained using a Wyko NT9100 optical profilometer having a white
light source and yielding 0.1 nm vertical resolution. The micro-Raman
spectroscopy data were collected using a Witec Micro-Raman Alpha
300 spectrometer.

Synthesis of DENs. Pt DENs were synthesized using a previously
published procedure based upon galvanic exchange.®' Specifically, 1.0
mL of 100.0 yM sixth-generation, hydroxyl-terminated (G60OH)
poly(amidoamine) (PAMAM) dendrimers was diluted in 8.68 mL of
DI water. Next, 55 equiv of 20.0 mM CuSO, were pipetted into the
G60H solution. The solution was sealed and stirred under N, for 15
min. Next, a 5-fold molar excess of an aqueous 1.0 M NaBH, solution
was added dropwise under N, to reduce intradendrimer Cu®* to
CuNPs. The reduction was carried for 45 min, and then the pH of the
resulting GGOH(Cuss) DENs was adjusted to 3.0 using 1.0 M HCIO,,.
Finally, sufficient aqueous 10.0 mM PtCl,*~ (Pt**:Cu = 1) was added
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dropwise (under N,) to initiate galvanic exchange. The solution was
sealed and left to stir for 60 min under N,. One final point: the
notation used to denote the DENs in this study, GGOH(Ptss), is
simply a representation of the Pt**:G60H ratio used to prepare these
materials. As discussed later, scanning transmission electron
microscopy (STEM) results indicate a high degree of monodispersity,
but of course there is still some spread in the particle-size distribution.

The Pt DENs were immobilized atop PPF/ALO; electrodes by
immersing the latter in the Pt DENSs solution (pH 3.0) for 30 min.
After 30 min, the electrodes were rinsed under a gentle flow of NERL
reagent-grade water and dried under low-pressure N,. The newly
formed PPF/ALO;/G60OH(Ptss) electrodes were left to dry for at
least 90 min prior to use.

Characterization of Pt DENs. STEM images were obtained using
a JEOL-2010F transmission electron microscope having a point-to-
point resolution of 0.19 nm. 2.0 uL of the GGOH(Pts;) solution was
pipetted onto a lacey-carbon-over-Ni TEM grid (Electron Microscopy
Sciences, Hatfield, PA). The sample was allowed to air-dry on the grid
overnight prior to analysis.

UV—vis spectra of Pt DENs were collected using a Hewlett-Packard
8453 UV—vis spectrometer and 2.0 mm quartz cuvettes. The spectra
were background corrected using an aqueous 10.0 yuM G60OH
dendrimer solution.

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 mm?). For all electrochemical experi-
ments, a Hg/HgSO, reference electrode (MSE, CH Instruments) and
a Pt wire counter electrode were used. To avoid poisoning the working
electrode with Hg, the reference electrode was separated from the rest
of the cell by a glass frit. Cyclic voltammograms (CVs) were collected
in aqueous solutions containing 1.0 mM Fc(MeOH), as the redox-
active probe, and either 0.10 M KNO;, 0.5 M H,SO,, or 0.1 M HCIO,,
as the electrolyte.

Ag electrodeposition was performed in an aqueous solution
containing 0.50 mM AgNO; and 0.10 M KNO;. The potential was
stepped sufficiently negative for SO s to reduce Ag" (—0.25 V vs Hg/
Hg,S0,).

B RESULTS AND DISCUSSION

Characterization of PPF Electrodes. The preparation and
plasma-activation procedures used for the PPF electrodes were
described in the Experimental Section, and therefore we focus
here primarily on their characterization, properties, and use for
electrochemical experiments.

After fabrication, the PPF electrodes were stored in the
laboratory ambient for 14 days, which resulted in gradual
surface oxidation, and then used for ALD within 24 h.'%'%52
This step was included to enhance the number of active sites
(C—0 bonds) for ALO; nucleation. The number of C—O
functionalities on the PPF surfaces was further increased by
subjecting the substrates to a plasma (O;:N, = 22:78)
immediately prior to ALD. Through extensive optimization
studies, we found that a high density of surface oxygen groups
is critical to the formation of ultrathin, pinhole-free Al,O; ALD
layers.

XPS analysis was used to confirm oxygenation of the PPF
electrode surfaces (Supporting Information, Figure S1). The
results show that immediately after fabrication the O 1s and C
1s peaks are present at 532 and 284.4 eV, respectively. After 14
days in the laboratory atmosphere, the amount of surface O
increases ~1.7 times. Following 30 s of O,/N, plasma
treatment, the surface oxygen signal increases by another factor
of 2. The additional oxygenated functionalities are observed at
286.2 and 288.6 eV, and we ass’i§n_ these peaks to phenolic and
carboxylic carbon, respectively.” >
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Figure 1. SEM micrographs of Ag electrodeposited onto PPF/AL,05(30) electrodes (a) without and (b) with plasma preactivation of the carbon
surface for 30 s. The Ag was electrodeposited by holding the potential at —0.25 V (vs an Hg/Hg,SO, reference electrode) for 50 s in a solution

containing 0.50 mM AgNO; and 0.10 M KNO;.

The PPFs were also characterized using optical profilometry.
At the lateral and vertical resolutions of the instrument (0.1 ym
and 0.1 nm, respectively), the data reveal smooth, uniform
surfaces that are free of cracks. The root-mean-square (rms)
roughness, averaged over an area of 48 ym X 64 um for eight
different PPF electrodes was ~0.64 nm (Figure S2). This value
is comparable to rms roughness values reported in the
literature, which range from 0.2 and 0.7 nm, but these values
were measured over much smaller areas (e.g, 0.5 ym X 0.5
ﬂm).56—38

Finally, micro-Raman spectroscopy was used to study the
near-surface structure of the PPFs (Figure S3). The analysis
revealed two Raman-active peaks.”® A peak at 1600 cm™" arises
from the E,; mode at the I'-point commonly observed for
glassy carbon and other sp? carbon systems.””’ The Ay, peak
at ~1360 cm™' is associated with loss of symmetry at the
boundaries of graphite sheets.”® Taken together, these results
suggest that the PPF electrodes are uniform and structurally
similar to glassy carbon.®’

Properties and Stability of Al,O; ALD Films. The
procedure used to prepare the Al,O; ALD films is provided in
the Experimental Section. For the purposes of our experiments,
their critical characteristics are that they have well-defined
thicknesses, that they be uniform over macroscopic dimensions,
and that they be pinhole free.

The thicknesses of the Al,O; films were measured using
spectroscopic ellipsometry. The data revealed linear growth of
the AL, O; films with a growth rate of 0.086 + 0.005 nm/cycle
(Figure S4). This value is consistent with the growth rate
provided by the ALD system manufacturer for the deposition of
Al O, onto Si(100) at 150 °C (0.087 nm/cycle).”"

Optical profilometry revealed that the AlL,O; films are
uniform and free of cracks. The value for the average rms
roughness, determined using eight independently prepared PPF
electrodes coated with 2.5 nm-thick Al,O; films, was ~0.60 nm
over an area of 48 um X 64 um (Figure SS). This value is
almost the same as the corresponding rms value for the
underlying PPF electrodes prior to ALD (~0.64 nm) discussed
in the previous section.

Defects in the Al,O; films were visualized by combining
electrodeposition and SEM.®” This analysis was carried out as
follows. First, Al,O;-modified PPF electrodes were immersed in
a solution containing 0.50 mM AgNO; and 0.10 M KNO;, and
then the potential was stepped to —0.25 V for 50 s."* Under
these conditions, Ag electrodeposits into pinholes that might be
present in the ALD film. Even subnanometer defects are
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revealed using this approach, because the presence of the
pinhole, though smaller than the resolution of SEM, is
magnified by the electrodeposited Ag islands. It is important
to point out, however, that while this method is useful for
approximating the number and location of defects in ALD
films, it does not reflect their true size."*

Figure 1 shows the result of this experiment. Figure la is an
SEM micrograph obtained after Ag electrodeposition onto a
PPF electrode coated with 30 ALD cycles of Al,O, (henceforth,
PPF/AL,04(30)), but without the 30 s plasma treatment prior
to ALD. In contrast, when the exact same fabrication steps are
used to prepare the AL, O; film, except using a 30 s plasma
pretreatment prior to ALD, pinhole-free films result over
macroscopic lateral dimensions (e.g,, 1.0 cm X 1.2 cm, Figure
1b). Clearly, the plasma-induced oxygenation of the PPF
surface is critical for the formation of ultrathin, pinhole-free
electrodes.

The ALD films used in this study are stable in the relevant
electrochemical environments. For example, Figure 2a shows
the first and fortieth cyclic voltammograms (CVs) obtained
using a solution containing 1.0 mM Fc(MeOH), plus 0.1 M
KNO; and a PPF/AL0,(30) electrode. These data were
recorded at neutral pH, but the stability of Al,O; under acidic
conditions is also crucial, because, as discussed later,
immobilization of G60OH(Pts;) DENs is carried out at pH
3.0. To test the stability of the films in acid, a PPF/AL,04(30)
electrode was immersed in a pH 3.0 HCIO, solution for 30
min. Figure 2b shows CVs of Fc(MeOH), before and after this
acid treatment. Clearly changes to the ALD film are minimal
under the conditions required for Pt DEN immobilization.

Immobilization and Characterization of Pt DENs atop
Al,O;-Modified PPF Electrodes. Prior to immobilization
atop AL Oj-modified PPF electrodes, the free G6OH(Ptss)
DENs were characterized using UV—vis spectroscopy and
STEM (Figures S6 and S7, respectively). The results are fully
consistent with prior reports,’®® and they indicate the
presence of Ptys DENs having a size of 1.3 & 0.2 nm.

The procedure for preparing the PPF/AL,O5/G60OH(Ptss)
layered structure was discussed in the Experimental Section. To
confirm the presence of both the dendrimers and Pt on the
AL, Oy surface, we carried out XPS measurements (Figure 3a).
The N(1s) peak at 400.4 eV confirms the presence of the
PAMAM dendrimers, while the Pt(4d3/2), Pt(4d5/2), Pt(4f)
and Pt(4p) peaks at 332.1 eV, 3154 eV, ~72.2 and 5194 €V,
respectively, confirm the presence of Pt. The location of the

Pt(4f) peak at a little higher binding energy than that of bulk Pt
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Figure 2. (a) First (black) and 40th (red) CVs for a PPF/ALO;(30)
electrode. (b) CVs for a PPF/AL,05(30) electrode before (black) and
after (red) a 30 min exposure of the electrode to a pH 3.0 HCIO,
solution. The CVs were obtained in an aqueous solutions containing
1.0 mM Fc(MeOH), and 0.10 M KNO,. The scan rate was 10 mV s™.

(71.1 V)™ is consistent with previously reported XPS
measurements for Pt DENs and is likely a consequence of
their small size and the presence of the dendrimers.”" The Al
(2p) peak is also observed, indicating that Al,Oj is still present
on the surface after immobilization of the Pt DENS.

The presence of Pt on the electrode surface was also
confirmed electrochemically by obtaining CVs of a PPF/
AL,04(30)/G60OH(Pts;) electrode in a 0.1 M aqueous HCIO,
solution. Figure 3b shows both the first and the fortieth CVs.
The nearly identical appearance of these two scans demon-
strates the stability of the DENs on the Al,O; surface. In both
scans, the Pt oxidation region is observed starting at ~0.2 V,
and the corresponding oxide reduction peak is at ~0.07 V. The
characteristic hydride peaks at potentials < —0.4 V are also
present. All of these characteristics are consistent with previous
reports for GGOH(Ptss) DENs immobilized directly on carbon
electrodes.”' "***" Integration of the hydride oxidation peaks,
coupled with a calculation we have used previously to
determine DEN coverage,és’66 indicate that ~15% of the
Al O, surface is covered by DENS.

To further demonstrate the structural stability of PPF/
Al,0,(30)/G60H(Ptss) electrodes, CVs of Fc(MeOH), were
obtained before and after sonication in 0.5 M H,SO, for 10
min. The results (Figure 3c) indicate very little change arising
from this accelerated form of stability testing. On the basis of
the data shown in Figure 3, we conclude that the interaction
between the dendrimer host and the ALO; surface is quite
robust.

Pt DEN-Mediated eT. Through extensive testing, we found
that ALO; films thicker than 2.5 nm (30 ALD cycles) are
necessary to completely passivate eT between the underlying
PPF electrode and solution-phase Fc(MeOH),. For example,
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Figure 3. (a) XPS spectrum of a PPF/AL,0;(30)/G60H(Ptss)
electrode. (b) CVs of the first (black) and fortieth (red) scans of a
PPF/AlL,05(30)/G60H(Pts;) electrode in an Ar-purged aqueous 0.1
M HCIO, solution. The scan started at —0.62 V and proceeded
initially in the positive direction. The scan rate was 100 mV/s. (c) CVs
of a PPF/AL,0;(30)/G60H(Pty;) electrode before (black) and after
(red) sonication in an aqueous 0.5 M H,SO, solution for 10 min.
These CVs were obtained in an aqueous solutions containing 1.0 mM
Fc(MeOH), and 0.10 M KNO;. The scan rate was 10 mV s~

Figure 4a compares the CV response of a bare PPF electrode
and a PPF/Al,04(30) electrode. The inset in Figure 4a, which
shows the potential region around E° for Fc(MeOH),, clearly
indicates complete electrode passivation. These results can be
compared to the CVs shown in Figure 4b, which compare a
PPF/AlL,0,(30)/G60H(Ptss) electrode with that of a PPE/
AL,04(30)/G60H (no Pty; DENs) electrode. The obvious
result is that electroactivity is completely reactivated in the
presence of Pt DENSs. Indeed, the shape of two black CVs in
Figure 4 are nearly identical. These results demonstrate that the
observed current recovery of Fc(MeOH), is facilitated solely by
the Pt DENs and that it is not influenced by the PAMAM
dendrimer host, the electrolyte solution, or electrochemical
cycling.

Location of Pt DENs. We have previously shown that Pt
DENSs prepared by 6galvanic exchange are confined within their
dendrimer hosts.®** It is important, however, to demonstrate
that they remain confined following immobilization onto the

DOI: 10.1021/jacs.6b03149
J. Am. Chem. Soc. 2016, 138, 68296837


http://dx.doi.org/10.1021/jacs.6b03149

Journal of the American Chemical Society

0.08

— — - - T
g 0 04 - :E') 1 a R
< |
> 000} .
2
O -004t :
(@]

S -0osf Bare PPF 1
E —— PPF/AL,0(30)
o _012 A A A A
02 00 -02 -04 -06
Potential (V vs Hg/Hg,SO,)

~ 008 : : : -

)

‘E’ 0.04 b 1
< ©

£
> 0oor .
12
c
o -004f :
(@]
=
© -0.08F ——PPF/AIO (30)/GEOH(PL,,) 1
5 —— PPF/AIL,O (30)/GEOH
O .12

0.2 0‘0 -O‘ 2 -Ol 4 -0.6
Potential (V vs Hg/Hg,SO,)

Figure 4. (a) CVs obtained at a bare PPF electrode (black) and a
PPF/AlL,04(30) electrode (red). The inset is an expanded view of the
potential region around E° for Fc(MeOH),. (b) CVs obtained at a
PPF/AL,04(30)/G60OH electrode (red) and a PPF/AL04(30)/
G60H(Pts;) electrode (black). The solutions contained aqueous 1.0
mM Fc(MeOH), and 0.10 M KNO,. The scan rate was 10 mV s,

AlLO; surfaces used in this study. In other words, that the
presence of Al,O; does not somehow extract the Pt DENs. This
point was addressed by performing a Pt DENs poisoning
experiment that we have reported previously.**

The poisoning experiment was carried out as follows. First, a
PPF/Al,04(30)/G60H(Pts;) electrode was immersed in
ethanol. Second, sufficient 1-decanethiol was added to make
the solution 3.0 mM in ethanol. Third, after 20 min, the
electrode was rinsed in ethanol and NERL reagent-grade water.
Finally, a CV was obtained in an aqueous solution containing
1.0 mM Fc(MeOH), and 0.1 M KNO;. The resulting low
current (red CV in Figure S) indicates that the Pt DENs are
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Figure 5. CVs obtained after exposure of PPF/AL0,(30)/G60H-
(Ptys) electrodes to 1-decanethiol in either CH,Cl, (black) or ethanol
(red) for 20 min. The aqueous electrolyte solution contained 1.0 mM
Fc(MeOH), and 0.10 M KNO,. The scan rate was 10 mV s~

nearly fully passivated by surface-confined 1-decanethiol. In
contrast, when the same experiment is carried out using a
CH,Cl, in place of ethanol the black CV obtains.

We interpret these results as follows. Ethanol is a good
solvent for PAMAM dendrimers, and therefore their branches
are solvated allowing 1-decanethiol to pass to the surface of the
encapsulated Pt DENs. This in turn passivates the surface of the
DENs with 1-decanethiol and so little faradaic current due to
Fc(MeOH), is observed. In contrast, CH,Cl, is a very poor
solvent for PAMAM dendrimers, and therefore their branches
collapse onto the surface of the Pt DENs rendering them
inaccessible to the thiol and hence unpoisoned. Accordingly,
when the electrode is rinsed and placed back in the electrolyte
solution, the original (unhindered) voltammetry is observed
(black CV in Figure S). If the DENs were not confined within
the dendrimers, both CVs (not just the red one) in Figure S
would exhibit little current. Accordingly, these results confirm
that the Pt DENs are present within the dendrimers and that
current recovery on the Al,Oj; surface is mediated by PtNPs
encapsulated within the dendrimers and not by bare PtNPs.

Effect of Al,O; Thickness on Pt DEN-Mediated eT.
Figure 6a presents CVs obtained using PPF/Al,O;(n)/
G60H(Pts;) electrodes, where n represents the number of
ALD cycles used to prepare the Al,O; layer. As discussed in the
context of Figure 4, the CV of Fc(MeOH), corresponding to
the PPF/AL,04(30)/G60H(Pts;) electrode is nearly identical
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Figure 6. (a) CVs of PPF/AL,05(n)/G60H(Pts;) electrodes (n is the
number of ALD cycles, as indicated in the legend). The aqueous
electrolyte solution contained 1.0 mM Fc(MeOH), and 0.10 M
KNO;. The scan rate was 10 mV s™". (b) Normalized maximum
current density (J,,), obtained from the CVs in (a), as a function of the
number of ALD cycles and the thickness of the Al,O; ALD layers on
the PPF electrodes. The value of ], for a bare PPF electrode was used
to normalize the currents.
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to that obtained using a bare PPF electrode. As the number of
ALD cycles increase from 30 to 65, however, the faradaic
current decreases slowly at first and proceeds to full passivation
at n = 6S.

The plot shown in Figure 6b is a quantitative representation
of the normalized current density (J,,), obtained from the peaks
of the Fc(MeOH), oxidation waves shown in Figure 6a, as a
function of the AL, O; thickness and number of ALD cycles.
This plot, along with the observation of an increase in splitting
between the oxidation and reduction waves as n increases,
suggests that a small but detectable decrease in €T rate occurs
for an AL O; thickness of 3.5 nm (40 ALD cycles). Much larger
decreases are observed for thicknesses >4.3 nm (>50 ALD
cycles). In other words, for thicknesses of Al,O; < 3.5 nm, eT
between Fc(MeOH), and the GGOH(Ptss) DENS is the rate
limiting step.”">** For thicknesses >3.5 nm the eT kinetics
change from thickness independent to thickness dependent,
suggesting that eT from the PPF electrode to G6OH(Ptss)
DENSs becomes the limiting source of charge transfer.

As discussed in the introduction, Chazalviel and Allongue
reported a theoretical framework for understanding the
distance dependence of eT across metal/insulator/metal-NP
systems.”* This model suggests that $5-atom DENs, which are
have a diameter of ~1.3 nm, should exhibit distance
independent eT up to insulator thicknesses of ~1.6 nm. The
distance we observe for this transition is ~3.5 nm. At present
we do not understand the origin of this discrepancy.

It is possible to extract the effective standard heterogeneous
eT rate constant from the brown-colored CV shown in Figure
6a, which corresponds to the PPF/Al,04(50)/G60H(Pts;)
construct, using the Nicholson and Shain model®” and a value
for the diffusion coefficient of oxidized Fc(MeOH), of 6.7 X
107° cm?/5.°*% The AL O; layer in this film is 4.3 nm thick, and
we estimate the standard eT rate constant to be 1.43 X 1073
cm/s. This value is just a little higher than previously reported
values for NP-reactivated eT across organic layers having
thicknesses close to 4.3 nm.****707!

The Oxygen Reduction Reaction (ORR) at a Reac-
tivated Al,O; Thin Film Electrode. Our long-term interest is
in developing a better understanding of electrocatalytic
reactions in which an oxide surface participates. As a first
step toward that goal, we examined the voltammetry of three
different types of electrodes in a 0.1 M HCIO, solution
saturated with O, (Figure 7).

Over the potential range examined (+0.40 V), the bare PPF
electrode is catalytically inactive for the ORR. Likewise, a PPF/
Al,0,(30) electrode is also inactive. In contrast, the PPF/
AL,0;(30)/G60OH(Pts;) is highly active. In fact, although the
peak current density of PPF/AL,0;(30)/G60OH(Ptss) electrode
is higher compared to a bulk Pt electrode, their onset potentials
are nearly the same (Figure 7, inset). A control experiment was
also carried out in which a PPF/Al,0,(30)/G60H(Pts;)
electrode was scanned in an O,-free 0.1 M HCIO, solution.
The result displayed only a small background current (Figure
$8), confirming that the peak shown in Figure 7 corresponds to
the ORR.

B SUMMARY AND CONCLUSIONS

Here we have shown that eT between a PPF electrode and
Fc(MeOH), can be completely passivated by AlOj films as
thin as 2.5 nm if the PPF electrode is plasma-activated before
ALD. One of the key findings is that deposition of 1.3 nm
G60OH(Pt;;) DENs atop these insulating films leads to
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Figure 7. CVs obtained in an aqueous O,-saturated 0.1 M HCIO,
solution at a bare PPF electrode (black), a PPF/AL,04(30) electrode
(red), and a PPF/Al,04(30)/G60H(Pts) electrode (blue). For
comparison, the inset is a CV obtained at a macroscopic Pt electrode.
The scan rate was S0 mV/s in all cases.

complete recovery of faradaic eT. Most importantly, however,
the PPF/AL,0,/G60H(Pt;) electrodes are stable and active
for electrocatalytic reactions, in this case the ORR.

The PPF/ALO;/G60H(Pts) system is unique, because it
permits the study of electrocatalytic reactions in the presence
and absence of NP/support interactions. That is, the DENs in
this model system are not in a direct contact with the Al,O;
support. Therefore, support effects do not manifest themselves
when DENSs are used for studying electrocatalytic reactions. If,
however, the dendrimers can be cleanly removed without
passivating or aggregating the encapsulated PtNPs, then it will
be possible to directly examine the effect of the PtNP/oxide-
support interaction on electrocatalytic reactions. Ongoing
studies suggest that it is indeed possible to remove the
dendrimer, and the results of these experiments, as well as the
outcome of more complex electrocatalytic reactions, will be
reported in due course.
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