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Electrochemical Cleaning Stability and Oxygen Reduction

Reaction Activity of 1-2nm Dendrimer-Encapsulated Au

Nanoparticles

Juliette W. Strasser,” Thomas J. P. Hersbach,” Jing Liu,” Aliya S. Lapp,”

Anatoly I. Frenkel,* ¥ and Richard M. Crooks*"

Here we show that just three electrochemical scans to modest
positive potentials result in substantial growth of 1-2 nm Au
dendrimer-encapsulated nanoparticles (DENs). We examined
two sizes of Au DENs, denoted as G6-NH,(Au,,,) and G6-
NH,(Aus;), where G6-NH, represents a sixth-generation, amine-
terminated, poly(amidoamine) dendrimer and the subscripts,
147 and 55, represent the average number of atoms in each
size of DENs. Ex situ transmission electron microscopy (TEM)
and in situ X-ray absorption spectroscopy (XAS) results indicate

1. Introduction

In the field of electrocatalysis it is common practice to subject
nanoparticles (NPs) to electrochemical processes intended to
remove impurities from the catalyst surface.’™ This is often
referred to as ‘electrochemical cleaning’, and its purpose is to
expose a pristine NP surface so that electrocatalytic perform-
ance can be accurately assessed.”'? It is becoming increasingly
clear, however, that these types of pretreatments can signifi-
cantly alter the properties of the catalysts under study. For
example, following pretreatment, structured bimetallic NPs can
undergo atomic rearrangements,*'® the crystal structure,
shape, and facets can change*"™ and atoms can undergo
selective dissolution.”#'3'%222 Eyen for polycrystalline gold
surfaces, the rate of anodic Au dissolution during potential
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that G6-NH,(Aus;) DENs grow to the same size as the G6-
NH,(Au,4,) DENs following these scans. Importantly, this growth
occurs prior to the onset of detectable faradaic Au oxidation or
reduction current. The observed growth in the size of the DENs
directly correlates to changes in the electrocatalytic ORR
activity. The key point is that after just three positive scans the
G6-NH,(Au;4;) and G6-NH,(Auss) DENs are essentially indistin-
guishable in terms of both physical and electrocatalytic proper-
ties.

cycling is highly dependent on the surface structure of the
electrode.” These atomic-level structural changes are further
exacerbated for very small (< ~5 nm) NPs due to their inherent
instability.*"

The foregoing problems are further compounded by the
fact that in some cases electrocatalytic NPs are only charac-
terized immediately after synthesis, less frequently after
catalysis, and generally not at all during or after cleaning
protocols. Structural changes that might occur during these
processes are particularly problematic when theoretical meth-
ods are used to predict or rationalize structure-function
relationships.”*>% To address these issues, we report herein a
quantitative study demonstrating that AuNPs in the 1-2 nm
size range undergo size changes during a common electro-
chemical cleaning protocol. The important result is that these
structural changes have significant consequences for subse-
quent electrocatalytic reactions.

Over the past decade or two, methods for synthesizing and
characterizing NPs have become increasingly refined. For
example, it is now possible to prepare AuNPs having remark-
able structural fidelity.?'* As NP size decreases, however, their
stability also decreases; electrocatalytically active NPs are
especially susceptible to such effects.”***” For example,
Pattadar and Zamborini showed that ~2 nm AuNPs oxidize at
potentials ~250 mV more negative than ~4 nm AuNPs.?” In
this same study, it was also found that ~2 nm AuNPs increase
in size to ~4 nm after just one cyclic potential scan.”” In fact, it
has been demonstrated that AuNPs ranging in initial sizes from
08 to 45nm grow to ~5nm following electrochemical
cycling.” Despite the fact that electrochemical processes
leading to NP growth are well established, the impact of
electrochemical cleaning on NP growth, and its subsequent
effect on electrocatalysis, have not been thoroughly investi-
gated.
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A number of studies have addressed the effect of AuNP size
on the electrochemical oxygen reduction reaction (ORR).***% |t
has generally been found that ORR activity increases as the
AuNP size decreases. For example, Chen and Chen reported an
inverse relationship between catalytic activity for the ORR in
basic solutions and NP size. In this study, the highest activity
was observed for Au,, clusters having a diameter of 0.8 nm.>?
Likewise, the activity of AuNPs used for the electrocatalytic CO,
reduction reaction has also been shown to depend on the size
of AuNPs MV

Theoretical calculations also suggest that smaller AuNPs
may exhibit enhanced electrocatalytic activity.***¥ As alluded to
earlier, however, accurate correlation of theory and experiment
requires knowledge of NP size and structure during electro-
catalytic reactions. The best way to do this involves operando
measurements,*“® but this is often difficult or impossible to
achieve. As an alternative, one can evaluate the size and
structure of catalysts before and after electrocatalytic reactions.
For example, our group used this approach to show that AuNPs
grow from 2 nm prior to electrocatalytic CO, reduction to 6 nm
afterward.” In that case, one could definitively conclude that
the NPs changed during electrocatalysis. If catalytic NPs retain
their original size after reaction, however, it is likely (but not
certain) that they did not undergo dramatic structural changes
during reaction.?**?

Dendrimer-encapsulated nanoparticles, or DENs,®*>? are an
effective catalytic model for studying the relationship between
NP size and catalytic activity.®***** The reason for this is
twofold. First, the dendrimer serves as a template during
synthesis, and therefore the resulting NPs are typically nearly
monodisperse in size’™ Second, the dendrimer tends to
stabilize NP size during electrocatalytic reactions without itself
influencing catalytic sites present on the surface of the
encapsulated NP.5? Indeed, we recently reported an example
demonstrating the effectiveness of these two factors for study-
ing the stability of AuNPs during the electrochemical CO,
reduction reaction.””

In the present report we focus on how electrochemical
pretreatment steps; that is, ‘electrochemical cleaning’, affects
the final size of 1-2 nm AuNPs. The results show that Au DENs
in this size range grow to an average limiting size of at least
~2 nm. We also show that this change in size impacts catalytic
activity, kinetics and electron transfer for the electrocatalytic
ORR. In the absence of electrochemical cleaning, however, Au
DENs retain their original size even after the ORR. The findings
reported here have important consequences for future studies
of <2 nm electrocatalytic NPs.

[50-52

Experimental Section

Chemicals and Materials

All chemicals were used as received unless otherwise noted. Sixth-
generation poly(amidoamine) (PAMAM) dendrimers (G6-NH,) were
purchased from Dendritech, Inc. (Midland, MI) as a 10-25 % solution
in methanol. Before use, the methanol was removed under vacuum
and the dendrimers were resuspended in water to a concentration
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of 100 uM. HAuCl,-3H,0 (>99.9%), NaBH, (99.99 %), and the HCIO,
(70% in H,0) used for the XAS studies were purchased from Sigma-
Aldrich (St. Louis, MO). The HCIO, used for all other experiments
(70% in H,0) was purchased from VWR (Radnor, PA). A 1.0 M NaOH
solution was purchased from Millipore (Bedford, MA). HPLC grade
isopropanol (99.9%) was purchased from Fisher Scientific (Pitts-
burgh, PA). N, (99.9999%), He (99.999%), and O, (99.5%) were
purchased from Praxair.

Vulcan carbon (EC-72R) was purchased from ElectroChem, Inc.
(Woburn, MA). Deionized Millipore water (0.5 MQ-cm; Millipore,
Bedford MA) was used for the XAS studies. Deionized Milli-Q water
(DI water, 18.2 MQ-cm) was used for all other experiments.

DEN Synthesis

The synthesis of G6-NH,(Au,,,) DENs was carried out according to
previously published literature reports.?>**** Briefly, 147 equiv. of
20 mM HAuCl, were added dropwise to a stirred solution of
10.0 uM PAMAM dendrimer. After 2 min, a 10-fold excess of BH,",
dissolved in a 0.30 M NaOH solution, was added. The mixture was
then stirred at 22+2°C for ~12 h to deactivate excess BH,". This
method resulted in a final G6-NH,(Au,,;) concentration of 10.0 pM.
The same method was used to prepare G6-NH,(Auss) DENs, except
55 equiv. of HAuCl, were used. Following synthesis, the DEN
solutions were dialyzed against DI water for 10-15 h using 12 kDa
MWCO dialysis tubing (Sigma-Aldrich, St. Louis, MO).”®

Note that the indicated stoichiometries of the DENs (e.g. G6-
NH,(Au,,,)) reflect the HAuCl,:G6-NH, ratio used for their synthesis,
and therefore they should not be taken as reflecting precise
structure. We have, however, shown previously that this ratio
controls the average size of DENs.**%

Electrode Preparation

Except for the glassy carbon rod counter electrode, which was from
Alfa Aesar (Tewksbury, MA), and the rotating ring-disk electrode
(RRDE), which was from Pine Research (Durham, NC), all electrodes
were obtained from CH Instruments (Austin, TX). Prior to perform-
ing electrochemical measurements, the glassy carbon electrodes
(GCEs) were sequentially polished using 1, 0.3, and 0.05 um
alumina. Conductive inks were prepared by, first, sonicating 200 pL
of isopropanol with 1.0 mg of Vulcan carbon for 10-15 min. Next,
1.0 mL of a 10.0 uM DEN solution was added to the slurry and
sonicated for an additional 10-15min to ensure adequate
dispersion. For electrochemical cleaning experiments, catalyst-
coated electrodes were prepared by drop-casting 6.0 pL of this ink
onto a 3.0 mm GCE and then drying under a gentle N, flow. For
electrocatalytic rotating disk voltammograms (RDVs) or rotating
ring-disk voltammograms (RRDVs), 16.0 uL of ink were drop-cast
onto a 6.0 mm GCE surrounded by a Pt ring and then dried under a
gentle N, flow.

The foregoing procedure was modified for XAS experiments. After
preparing a conductive ink with a 10.0 uM DEN solution, the ink
was vacuum filtered through PTFE membrane filters having a
0.5 um pore size (Advantec MFS Inc., Dublin, CA). The resulting
slurry was then immobilized onto Toray Teflon-treated carbon
paper (TGP-H-120, The Fuel Cell Store, College Station, TX). For
these samples, the Au mass loading was kept consistent at ~30%.

Electrochemical Measurements

Electrochemical measurements were made using a CH Instruments
Model CHI700D Electrochemical Analyzer (Austin, TX). For RDV and
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RRDV experiments, the working electrode was rotated using an
AFASR2 Rotator from Pine Research (Durham, NC). Electrochemical
cleaning studies were carried out in N,-saturated, 0.10 M HCIO,, and
electrocatalytic experiments were performed in either N,- or O,-
saturated 0.10 M HCIO,. The reference electrode, Hg/Hg,50,, was
purchased from CH Instruments (Austin, TX). The counter electrode
was a glassy carbon rod purchased from Alfa Aesar (Tewksbury,
MA). Each electrochemical cleaning experiment was performed in
~10 mL of solution. RDV and RRDV experiments were performed in
~50 mL of solution. The measured resistance of the electrolyte
solution for the electrochemical experiments was ~5 Q.

Transmission Electron Microscopy (TEM)

Lacey carbon-coated 400 mesh Cu TEM grids were purchased from
Electron Microscopy Sciences (Hatfield, PA). Size analysis of AuNPs
before and after electrochemical analysis was carried out using a
JEOL 2010F TEM having a point-to-point resolution of 0.19 nm and
an operating voltage of 200 kV.

Several types of TEM samples were examined. For the as-prepared
catalyst ink, 0.5 pL of DENs solution was diluted with 2.0 pL of DI
water, and the resulting solution drop-cast onto a lacey carbon-
coated Cu TEM grid. Following electrochemical analysis and rinsing
with DI water, the TEM sample was obtained by gently wiping a
lacey carbon-coated Cu grid across the wetted surface of the GCE.
Size distributions were determined by using ImageJ to analyze 200
NPs from each of three independent electrochemical experiments,
followed by fitting of the data using the Gaussian function within
the OriginLab software package (Northampton, MA). The size
distributions were weighted by NP volume as discussed in Section
S1 of the SI.

X-ray Absorption Spectroscopy (XAS)

XAS measurements, including X-ray absorption near edge structure
(XANES) and extended X-ray absorption fine structure (EXAFS),
were performed at the Au L;-edge in fluorescence mode at the 7-
BM QAS beamline at the National Synchrotron Light Source Il
(NSLS-II) at Brookhaven National Laboratory. The Au foil reference
spectrum was collected concurrently with the samples. This
reference spectrum is used for X-ray energy calibration, spectral
alignment, and determination of the amplitude reduction factor for
fitting.

In situ electrochemical measurements were carried out using a Bio-
Logic Science Instruments Model VSP-300 multichannel potentio-
stat (Knoxville, TN). Electrochemical cleaning experiments were
carried out in He-purged 0.10 M HCIO,, with a constant gas flow
over the surface of the solution during measurements. The electro-
des consisted of a Toray Teflon-treated carbon paper working
electrode (described earlier), a Pt counter electrode, and a leakless
Ag/AgCl reference electrode (eDAQ, Colorado Springs, CO). All
potentials were converted to the Hg/Hg,SO, reference scale for
ease of comparison to other data presented in this article. The first
XAS spectrum was obtained before electrochemical cleaning with
the working electrode potential held at —200 mV vs. Hg/Hg,SO, for
~5min. Subsequent spectra were obtained by repeating this
process, but after three potential excursions to increasingly positive
limits.

XAS data were processed and analyzed using the Athena and
Artemis software within the IFEFFIT package. The least-squares
fitting of EXAFS data was performed for both G6-NH,(Au,,,) and
G6-NH,(Auss) DENs. The amplitude reduction factor (S,>) was
obtained by fitting the Au foil spectrum, and then this value was
fixed for the subsequent fitting of the DEN spectra. The first nearest
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neighbor Au—Au photoelectron path was calculated with the
FEFF6.2 program, using the fcc crystal structure coordinates of Au,
and was subsequently included in the fits of all DENs data. The
Au—Cl photoelectron path, calculated using a AuCl; structure, was
included in the data fitting to improve the fitting quality. In all fits,
the energy shifts (AE) of the Au—Au and Au—Cl paths were
constrained to be the same for each DEN size at each potential
limit. The EXAFS data for G6-NH,(Au,,,) and G6-NH,(Auss) DENs at
900 mV were fitted simultaneously by constraining the energy shifts
and disorder parameters of the Au—Au pairs to the same values,
which helped to break the correlation between fitting parameters.
Such a constraint was justified based on the size information
obtained from TEM measurements. From the fitting results, the
coordination numbers (N), bond lengths (R), and associated Debye-
Waller factors (o) were extracted for each DEN size at each
potential limit.

2. Results and Discussion

2.1. Preparation and Characterization of G6-NH,(Au,,,) and
G6-NH,(Aus;) Conductive Inks

As discussed in the Experimental Section, PAMAM dendrimers
were used as templates to prepare G6-NH,(Au,) DENs, (n=147
or 55). Vulcan carbon was used to prepare the conductive inks.
TEM analysis indicated that the size of the G6-NH,(Au,,;) and
G6-NH,(Auss) DENs in the ink were 1.840.2 and 1.44+0.2 nm,
respectively (Figure S1). These sizes are consistent with those in
previous reports."!

2.2. Electrochemical Cleaning Experiments

As discussed in the Introduction, electrocatalytic NPs are often
subjected to a potential cycling protocol to remove impurities
from their surfaces and to determine their electrochemically
active surface areas (ECSA). Here, for example, we carried out
what will be subsequently referred to as ‘cleaning scans’ by
cycling the working electrode potential three times from a
starting potential of —200 mV, to progressively more positive
potentials (100, 300, 500, 700, and 900 mV), and then to
—650 mV. Representative cyclic voltammograms (CVs) for the
first scans are shown in Figure 1. The CVs were scanned at
50 mV/s in aqueous, Ny-saturated 0.10 M HCIO,. These same
parameters were used for the companion XAS and TEM
measurements discussed later.

For scans to 100 mV and 300 mV, only capacitive current is
observed for both the G6-NH,(Au,,;) DENs, Figure 1a, and G6-
NH,(Auss) DENs, Figure 1b. Expanded views of these voltammo-
grams are provided in Figure S2. A slight anodic faradaic current
is observed for both DEN sizes at 500 mV (Figure S2). The
faradaic current becomes more pronounced at 700 mV, where
the onset of a reduction peak is also just visible in both frames
of Figure 1. Finally, at 900 mV, both Au oxidation and reduction
peaks are well developed. The anodic current arises from
oxidation of the AuNP surface, which may lead to formation of
either AuO, or Au™ in the case of smaller NPs.”#**8 When the
potential is reversed, the reduction feature at ~340 mV

© 2021 Wiley-VCH GmbH
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Figure 1. Cleaning CVs for (a) G6-NH,(Au,,,) and (b) G6-NH,(Auss) DENs
obtained in N,-saturated, 0.10 M HCIO,. The potential was scanned three
times at 50 mV/s from —200 mV to the positive potential limits indicated in
the legend before being cycled back to —650 mV. A representative CV from
the first scan is shown.

corresponds to reduction of oxidized Au products. This latter
point will be discussed in more detail later.”*"

The changes in the areas under the Au reduction peaks at
~340 mV, over the course of three potential cycles to 900 mV,
were calculated to determine the stability of the Au DENs
(Figure S3). Between the first and second cycles for both the
G6-NH,(Au,,,) and G6-NH,(Auss) DENs, the areas under the
peaks increased by 8+3%. Between the second and third
cycles, the areas increased by only 2+1% for both sizes of
DENSs. This smaller increase in the peak areas is consistent with
increases observed in similar studies and may be attributable to
removal of impurities from the AuNP surfaces.*¥

The key finding from this part of the study is that the
cleaning scans for both G6-NH,(Au,,;) and G6-NH,(Aus;) are
quite similar. This is somewhat surprising, because previous
reports have shown that 1.4 nm AuNPs should oxidize ~130 mV
before 1.8 nm AuNPs.***" As we will discuss later, it is likely that
even potential excursions to 100 mV already result in growth of
the 1.4-nm G6-NH,(Auss) DENs. This means that at potentials
positive of 100 mV, a substantial fraction of G6-NH,(Auss) may
already be indistinguishable from G6-NH,(Au,,,), thereby ac-
counting for the similarity of the CVs in Figure 1.
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2.3. Transmission Electron Microscopy (TEM)
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Figure 2. TEM micrographs (at two different magnifications) and size-
distribution histograms for G6-NH,(Au,,,) DENs before (top row) and after
(bottom rows) electrochemical cleaning scans to the positive potentials
shown in the legends. Cleaning was carried out in the same potential ranges
and under the same conditions used to obtain the data shown in Figure 1a.
The size-distribution histograms were constructed by measuring the
diameter of 200 NPs and weighting by volume.
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slightly with increasing positive potential scan limit. Specifically,
the average volume-weighted NP diameter is 1.8 nm until the
scan limit reaches 900 mV, at which point it increases to 2.1+
0.4 nm.

Although the average volume-weighted diameter of the Gé6-
NH,(Au,4,) DENs does not change until a potential of 900 mV is
reached, differences in the shapes of the histograms provide
insight into the effect of potential on the NPs. Specifically,
Figure 2 shows that as the limiting potential increases, more
large NPs and fewer small NPs are generally present, as
indicated by skewing of the distribution toward the right side
of the histograms. This observation is consistent with an
Ostwald ripening growth mechanism wherein unstable smaller
NPs dissolve and redeposit on the surface of larger NPs.®**
This mechanistic point will be discussed in more detail later.

In contrast to the G6-NH,(Au,,;) DENs, the G6-NH,(Auss)
DENs grow in size even with excursions to modest positive
potentials (Figure 3). For example, after scanning the potential
of the G6-NH,(Auss) DENs three times from —200 mV to 300 mV
(Figure 1b), the average NP size increased from 1.4+0.2 nm (as
prepared) to 1.7 +0.3 nm. Interestingly, this size change occurs
despite the observation that no detectable faradaic current
flows in this potential range (Figure S2b). After scanning to
700 mV, which leads to the onset of a clear faradaic oxidation
current in the corresponding CV (Figure 1b), the diameter
increases further to 1.8+0.4 nm. Finally, following cleaning to
900 mV, the average DEN size increases to 2.2 +0.5 nm, which
is about the same as for the G6-NH,(Au,,;) DENs (2.1 £0.4 nm).
The size distribution for the G6-NH,(Aus;) DENs generally skews
towards the right side of the histograms as the limiting
potential increases, just as it did for the G6-NH,(Au,,;) DENSs.

The progressive NP growth observed via TEM is significant
for two reasons. First, these increases are observed after just
three cleaning scans to each potential. This is in contrast to
other studies showing that such changes occur after hundreds
to thousands of cycles.”®*" Second, size changes are observed
for G6-NH,(Auss) DENs even before faradaic oxidation or
reduction currents are detected in the CVs. Both of these
observations suggest that the size of the G6-NH,(Auss) DENs is
particularly sensitive to even modest potential excursions.

2.4. X-ray Absorption Spectroscopy (XAS)

To better understand the CVs and size changes discussed in the
previous sections, in-situ XAS measurements of Au DENs were
obtained following electrochemical cleaning scans. For these
studies, the electrode was cycled three times between the same
potential limits used for the CVs and TEM analysis, and then the
potential was held at —200 mV for the duration of the XAS
measurements. The latter potential was selected to prevent
further electrochemical oxidation or NP growth during the XAS
scans. The CVs obtained just prior to XAS measurements
(Figure S4) were consistent with the cleaning CVs shown in
Figure 1. Additionally, XANES spectra collected at the Au L;-
edge for both sizes of DENs have absorption edge energies and
features similar to that of the Au foil, indicating that the NPs

ChemElectroChem 2021, 8, 2545-2555 www.chemelectrochem.org

2549

GB‘N Hz(Au 55)
_ Asprepared
1.4 +£0.2nm

Frequency
5 & &

o

L
100 mV

M 15+02nm
300mv |

1.7£0.3nm |

@
=]

Frequency

R
o o
e

Frequency
5 8

e
=3

]

| 500 mV
z e 1.8+04 nm
[ =1 |
g w0l
T
g
o ﬂ Ha [l
700 mV
&0 18+£04nm

Frequency
&

[
=]

900 mV

& &0 22+£0.5nm
5
2 40
4

- a [l

i e N Y

Diameter (nm)

Figure 3. TEM micrographs (at two different magnifications) and size-
distribution histograms for G6-NH,(Auss) DENs before (top row) and after
(bottom rows) electrochemical cleaning scans to the positive potentials
shown in the legends. Cleaning was carried out in the same potential ranges
and under the same conditions used to obtain the data shown in Figure 1b.
The size-distribution histograms were constructed by measuring the
diameter of 200 NPs and weighting by volume.

were mainly metallic before and after the cleaning scans
(Figure S5).

Local NP structural information can be obtained from the
Fourier transformed magnitudes of the k*weighted EXAFS
spectra at the Au L;-edge (also known as the R-space spectra).
The k*-weighted EXAFS spectra used to construct the Fourier
transforms are provided in Figure S6. In spectra such as these,
an increase in particle size is signaled by an increase in the
intensity of the peaks (which corresponds to the higher average
atomic coordination number that is found in larger NPs).*”
Indeed, qualitative examination of the R-space features for the
DEN spectra (Figure 4) indicates an increase in the peak height,
and hence NP growth, as the positive scan limit increases.

To obtain quantitative structural information as a function
of the positive potential scan limit, EXAFS fitting was performed
as described in the Experimental Section. Key results extracted
from the EXAFS data are provided in Table 1 and complete
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Figure 4. Fourier transformed magnitudes of the k*-weighted EXAFS spectra
(also known as the R-space spectra) at the Au L;-edge for (a) G6-NH,(Au,4,)
DENSs and (b) G6-NH,(Auss) DENs (k-range: 2-10 A™"; Ry =1.2 A). The k*-
weighted EXAFS spectra used to construct the Fourier transformed spectra
are provided in Figure S6. Prior to the XAS measurements, the electrode was
cycled three times in He-saturated, 0.10 M HCIO, to the potential limits
indicated in the legends. The electrode potential was then held at —200 mV
for the duration of the XAS measurements. The Au foil standard spectra
were multiplied by a constant value of 0.70 for better visual comparison
with the Au DENs spectra.

fitting results, including the k- and R-ranges used to process
and fit the data, are provided in TablesS1 and S2. The

magnitudes of the EXAFS spectra and fits in R-space for both
G6-NH,(Au,,,) and G6-NH,(Auss) DENs, at each potential limit,
are provided in Figure S7. NP diameters determined by EXAFS
were calculated using the average coordination number, N, ay,
to facilitate comparison to the TEM results discussed earlier. The
procedure for calculating particle diameter from Ny is
provided in Section S2 of the SI.F'"*% This calculation is
modeled using a quasispherical NP shape, which approximates
the shape of the DENs.

Unlike TEM, in which the diameter of each NP is measured
independently, Ny, 2, represents an average value for all NPs in
the sample. Moreover, EXAFS is a volumetric technique, and
therefore larger NPs contribute disproportionately to N, ay)-
Accordingly, direct comparison of NP sizes determined by TEM
and EXAFS requires weighting the TEM size distributions by NP
volume.”®¥ For monodisperse NPs, weighting by volume will
not have a significant effect on the size distribution. For more
polydisperse samples, however, especially those containing a
significant fraction of larger NPs, weighting by volume can
significantly alter the size-distribution histogram.’®3?

For G6-NH,(Au,4,), Nia,ay for the as-prepared DENs is 8.8 £
2.2, which corresponds to a diameter of 1.84+0.5 nm and is
therefore in accord with the volume-weighted TEM diameter of
1.8+0.2 nm (Table 1). As the G6-NH,(Au,,;) DENs are cleaned to
increasingly positive potentials, a general increase in N ay is
observed (Table 1). After scanning to 900 mV, N4, increases
to 9.9+0.7, which corresponds to a diameter of 2.9+0.3 nm.
This calculated diameter compares to the volume-weighted
TEM measurement of 2.1+ 0.4 nm.

While the diameters of the G6-NH,(Au,,;) DENs calculated
from the EXAFS measurements generally increase as a result of
electrochemical cleaning, the average volume-weighted diame-
ters obtained from TEM measurements remain constant until
the DENs are cleaned to 900 mV (Figure 2). As mentioned
earlier, however, the evolution of the TEM size distributions
suggest that larger NPs form during electrochemical cleaning
scans. These larger NPs do not significantly change the average
diameter determined by TEM, but they do disproportionately
contribute to Nipyay- " Accordingly, the increases in Nyay
upon cleaning reflect the changes in the shape of the volume-
weighted TEM size-distribution histograms (Figure 2).

Table 1. Results extracted from the TEM and EXAFS data for G6-NH,(Au,,4,) and G6-NH,(Auss) DENs. Complete fitting data for EXAFS, including the k- and R-
ranges for data processing and analysis, are provided in Tables S1 and S2. The magnitudes of the EXAFS spectra in R-space and their corresponding fits are
shown in Figure S7. Nia,a, refers to the average Au—Au coordination number and R, a, to the Au—Au bond length. EXAFS diameters were calculated using
Neawaw (Section S2 in the SI).5** The error bars in the EXAFS diameter were calculated by propagating the uncertainties of the EXAFS measurements. The
TEM diameters were determined from TEM micrographs and then volume-weighted to facilitate direct comparison to the EXAFS diameter (Section S1 in the
SI). The error bars in the volume-weighted TEM diameter are the standard deviations of the particle size distributions.

G6-NH, (Au,,)

G6-NH, (Auss)

Potential Noavaw EXAFS Volume-Weighted TEM Riauaw Niauaw EXAFS Volume-Weighted TEM Riauaw
(mV) Diameter Diameter [nm] [Al Diameter Diameter [nm] [Al
[nm] [nm]

As pre- 8.8+22 1.8+0.5 1.84+0.2 2.814+0.01 79+0.7 1.3+0.3 1.4+0.2 2.79+0.01

pared

100 9.0+1.6 1.9+04 1.8+0.3 2.814+0.01 79+0.9 13+0.3 1.5+0.2 2.78+0.01

300 9.0£1.0 1.9+0.3 1.8+0.3 2.81+0.01 8.7+£0.8 1.7+0.3 1.7+0.3 2.801+0.01

500 100+1.2 3.04+04 1.84+0.2 2.824+0.01 9.7+1.1 26+04 1.8+0.4 2.82+0.01

700 99+13 29+04 1.8+0.2 2.82+0.01 9.7+1.2 26+04 1.8+04 2.83+0.01

900 9.9+0.7 29403 21+04 2.830+£0.004 10.0+06 3.0+0.3 22405 2.835+0.003
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For G6-NH,(Auss) DENS, Nipyay is 7.9£0.7 before cleaning,
which corresponds to a calculated diameter of 1.34+0.3 nm.
This is close to the volume-weighted diameter of 1.4+0.2 nm
determined from the TEM data. As with the G6-NH,(Au,,;) DENSs,
analysis of Np,a, for G6-NH,(Auss) DENs following cleaning
scans reveals a nearly monotonic increase, which is consistent
with the volume-weighted TEM diameters shown in Table 1. For
example, at the 900 mV potential limit, Niy,a, is 10.0£0.6,
which corresponds to a calculated diameter of 3.04+0.3 nm.
This is approximately the same size as the G6-NH,(Au,,;) DENs
after cleaning to 900 mV, and it also compares to the
corresponding volume-weighted TEM diameter of the G6-
NH,(Auss) DENs (2.2+0.5 nm).

The interatomic bond distance, R, Ay, Can also be extracted
from the EXAFS data. The value of R, for the as-prepared
G6-NH,(Au,,,) DENs is 2.8140.01 A, which increases by only
0.02 A to 2.830+0.004 A following cleaning scans (Table 1). In
contrast, R,y for the as-prepared G6-NH,(Aus;s) DENs is 2.79+
0.01 A, which increases nearly monotonically as the DENs are
cycled to increasingly positive potentials (Table 1). For example,
Riau-ay increases by 0.045 A, to 2.835+0.003 A, after cleaning to
900 mV. This increase is more than double that observed for
the G6-NH,(Au,,;) DENSs, suggesting that more NP growth and
structural changes occur for the G6-NH,(Auss) DENs."*7? This
finding is consistent with the TEM results, which indicate that
the smaller G6-NH,(Auss) DENs undergo more substantial size
changes upon cleaning than the larger G6-NH,(Au, ,;)DENs.

2.5. Effect of DEN Size Changes on the Kinetics of the
Electrocatalytic ORR

We now turn our attention to how the changes in NP size and
structure described in the previous sections affect the electro-
catalytic function of DENs. 125383973

As discussed in the Experimental Section, the RRDE used for
the electrocatalysis experiments consisted of a glassy carbon
disk and a Pt ring. Prior to electrocatalysis, the potential of the
DEN-modified RRDE was cycled three times in N,-saturated,
0.10 M HCIO, using the same parameters and potential limits
used for the CVs shown in Figure 1. For these cleaning scans,
the RRDE was not rotated. Next, a set of background RRDVs
(with rotation) were collected in N,-saturated, 0.10 M HCIO,.
Finally, electrocatalytic data were collected in O,-saturated,
0.10 M HCIO,.

The aforementioned background RRDVs are provided in
Figure S8, which shows scans for both the disk and ring
electrodes. For the background RRDVs, the potential of the disk
was swept from 0 to —800 mV, the potential of the ring
electrode was held at 500 mV, and the electrode was rotated at
rates between 400 and 1600 rpm. The background RRDVs were
subsequently subtracted from the electrocatalytic RDVs and
RRDVs discussed next.

Figure 5a shows representative ORR RDVs (1600 rpm)
obtained before (as prepared) and after performing cleaning
scans to 900 mV on the DEN-modified electrodes in N,-
saturated 0.10 M HCIO,. The current densities in these RDVs
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Figure 5. (a) RDVs of G6-NH,(Au,4,) and G6-NH,(Auss) DENs in O,-saturated,
0.10 M HCIO,. Before electrocatalysis, the DENs were cleaned to 900 mV
using the same conditions as in Figure 1. For electrocatalytic measurements,
the potential was scanned at 5 mV/s between 0 and —800 mV while rotating
the electrode at 1600 rpm. (b) Tafel plots for Au DENs before and after
cleaning to 900 mV. The linear range used to calculate the Tafel slopes was
determined to be between —200 and —300 mV for as-prepared DENs and
between —150 and —250 mV for DENSs after cleaning to 900 mV.

were normalized to the Au ECSA by integrating the current
under the AuQ, reduction peak, present at ~340 mV, in the last
of the three cleaning scans to 900 mV (Figure S3). A positive
potential of ~900 mV is typically used for AuNP cleaning scans
and surface area determination.***#*73>7? The generally ac-
cepted factor of 390 uC/cm? was used for this calculation.**7*7¢

The RDV for the as-prepared G6-NH,(Au,,,) DENs (Figure 5a,
blue) and the RDV obtained after cleaning to 900 mV (black) are
similar. In contrast to the data for the G6-NH,(Au,,;) DENs, a
significant increase in current density, related to enhanced
electrocatalytic activity, is observed after scanning the G6-
NH,(Auss) DENs to 900 mV (red). Considering the TEM and XAS
results discussed earlier, this improvement in electrocatalytic
performance is likely due to a cleaning-induced increase in NP
size.
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To quantify changes in electrocatalytic ORR activity follow-
ing electrochemical cleaning scans, ECSA-normalized current
density values were extracted from the RDVs at —350 mV. The
current density for as-prepared G6-NH,(Au,,;) DENs was 53+
9 pA/cm?, which increased to 7345 pA/cm?’ after cleaning to
900 mV. For the G6-NH,(Auss) DENSs, the initial current density
was 40+9 pA/cm’, which increased to 6849 pA/cm® after
cleaning scans to 900 mV. The observed increase in current
density after cycling to 900 mV may suggest that cleaning-
induced NP growth results in increased catalytic activity, and
that G6-NH,(Au,s) DENs are particularly sensitive to the effects
of cleaning scans.”

An additional control experiment was performed to deter-
mine if ORR electrocatalysis itself (e.g., in the absence of
cleaning scans) causes the as-prepared G6-NH,(Auss) DENs to
grow in size. The results show that if the electrode is not
cleaned in N,-saturated, 0.10 M HCIO, prior to electrocatalysis,
then the average volume-weighted diameter of the G6-
NH,(Auss) DENs does not change significantly (Figure S9). We
conclude that the ORR itself does not induce NP growth for G6-
NH,(Auss) DENs. That is, only the cleaning scans to positive
potentials result in NP growth.

There are two significant outcomes from the electrocatalysis
experiments discussed thus far. First, reproducible and signifi-
cant changes arise in ORR voltammograms obtained after
performing electrochemical cleaning scans to 900 mV for G6-
NH,(Auss) DENs. This, along with an increase in current density
at —350 mV for both DENs, suggests changing electrocatalytic
activity consistent with the observed NP growth. Second, due
to slow electron-transfer kinetics and the high overpotentials
required for the ORR at AuNPs in acid, a limiting current is not
observed for these RDVs.**” This latter point will be discussed
in more detail next.

Using RDVs obtained in O,-saturated, 0.10 M HCIO, at
rotation rates ranging between 400 and 1600 rpm (Figure S10),
Koutecky-Levich (K-L) plots were constructed by extracting
current density values from the disk electrode for both G6-
NH,(Au,,;) and G6-NH,(Aus;) DENs at a range of potentials.
Previous reports have shown that meaningful results can be
obtained using this approach, even in the absence of well-
defined limiting currents.**°”® Representative K-L plots for G6-
NH,(Au,,;) and G6-NH,(Auss) DENs (both as-prepared and after
cleaning scans to 900 mV) extracted at potentials ranging from
—300 to —600mV are shown in Figure S11. K—L analysis
predicts a linear relationship between the inverse current
density (j°') and the inverse square root of rotation rate (» %)
and indeed this relationship is observed in the experimental
results.®%77

The K—L plots can be used to construct Tafel plots for the
DEN electrocatalysts. A Tafel analysis provides kinetic informa-
tion about the rate-determining step in a multi-step electron
transfer mechanism." This is particularly important for these
experiments because of the absence of a well-defined limiting
current in the RDVs (Figure S10). As shown in Figure 5b, the
linear range of the Tafel plots for the as-prepared DENs is
between —200 mV and —300 mV, while the linear Tafel range
after cleaning to 900 mV is between —150 mV and —250 mV.
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The linear ranges of the Tafel plots were selected in accordance
with literature methods for Tafel analyses constructed for the
ORR using similarly sized AuNPs.”>”°%% The slopes of the linear
regions of the Tafel plots can then be analyzed to compare
reaction rates for the G6-NH,(Au,,;) and G6-NH,(Auss) DENs
before and after cleaning scans.”>7>7%

The Tafel slope for the as-prepared G6-NH,(Au,,;) DENs
(Figure 5b, blue) is 109 mV/decade. This value is consistent with
literature values for Tafel slopes measured in acid for similarly
sized AuNPs: 111.1 mV/decade” and 120 mV/decade.” After
carrying out cleaning scans to 900 mV in N,-saturated, 0.10 M
HCIO, (black), the Tafel slope increases from 109 mV/decade to
138 mV/decade, indicating a suppression of ORR kinetics.”

The results of the Tafel analysis for the as-prepared G6-
NH,(Auss) DENs (slope=112 mV/decade, Figure 5b, green) are
similar to that of the G6-NH,(Au,,;) DENs (slope=109 mV/
decade). After cleaning scans to 900 mV (red), however, the
Tafel slope for the G6-NH,(Aus;) DENs increases to 156 mV/
decade (compared to 138 mV/decade for the G6-NH,(Au,,,)
DENSs).

These results reflect a significantly higher percentage
suppression of the ORR kinetics for the smaller G6-NH,(Auss)
DENs after the three cleaning scans. That is, the relative change
in the Tafel slopes is 39% for the smaller DENs and just 23 % for
the larger DENs. We conclude, therefore, that the cleaning scan-
induced NP growth observed via TEM and EXAFS leads to
significant suppression of the ORR kinetics for the DENs. This
observation is consistent with literature reports that the
catalytic activity of  AuNPs is strongly size-
dependent.[25,28,38,39,4‘|,81]

2.6. Effect of DEN Size Changes on the Number of Electrons
Transferred during the Electrocatalytic ORR

An RRDE analysis was used to determine n., which is the
number of electrons transferred per molecule of O,, for DENs
following the cleaning scans shown in Figure 1. Representative
RRDVs for the as-prepared G6-NH,(Au,,;) and G6-NH,(Auss)
DENSs are available in the Supporting Information (Figure S10).

The RRDE data were analyzed using eq 1.%% Here, N is the
collection efficiency for the RRDE used for electrocatalytic
experiments (38.510.1), iy is current at the disk electrode, and i,
is current at the ring electrode. For these calculations, iy and i,
were extracted at —350 mV.

(N
Ner = Nld-‘r i, (1)

Small but significant changes in n. are observed for both
sizes of DENs following cleaning scans in N,-saturated, 0.10 M
HCIO, (Figure 6). For the as-prepared G6-NH,(Au,,;) DENs
(black), n.=2.8+0.1, and it increases by only 0.2 after three
cleaning scans to 900 mV. For the as-prepared G6-NH,(Auss)
DENSs (red), the initial n. value is 2.5+ 0.1, which is lower than
that of the G6-NH,(Au,,,) DENs (2.8 +0.1). After three cleaning
scans to 900 mV, however, it increases by 0.5, to 3.0 £ 0.1, which
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Figure 6. Plot showing changes in n. as a function of the positive potential
limit for G6-NH,(Au,,;) and G6-NH,(Auss) DENSs. Prior to electrocatalytic ORR
experiments, cleaning scans were carried out in the same potential ranges
and under the same conditions used to obtain the data in Figure 1.
Electrocatalytic ORR experiments were carried out in O,-saturated, 0.10 M
HCIO,. The disk potential was scanned at 5 mV/s between 0 and —800 mV,
the ring potential was held at 500 mV, and the electrode was rotated at
1600 rpm. To calculate n.g, (eq 1), current values from three independent
trials, represented by the error bars, were extracted at —350 mV. Note that
after cleaning to 900 mV, the n. values for G6-NH,(Au,4,) and G6-NH,(Auss)
overlap exactly.

is the same n. value observed after cleaning G6-NH,(Au,,;)
DENSs. In conjunction with the TEM and EXAFS results, which
show that G6-NH,(Au,,;) and G6-NH,(Aus;) DENs grow to be
approximately the same size after three cleaning scans, the
RRDE analysis also indicates a corresponding convergence of
ny values for both sizes of DENs after cleaning scans. The key
point is that the physical characterization data are fully
consistent with the electrocatalysis results. 222838394181

2.7. Proposed Mechanism of NP Growth during Cleaning
Scans

NP growth usually occurs via either Smoluchowski or Ostwald
ripening. During Smoluchowski ripening, two or more NPs
combine via aggregation or coalescence, forming larger
NPs.®#% During the Ostwald ripening process, smaller and less
stable NPs oxidize into soluble ions, which can then diffuse
through solution before reducing onto the surface of larger,
more stable NPs.7205%

To investigate the possibility of Smoluchowski ripening,
cleaning scans were carried out using higher-generation G8-
NH,(Auss) DENs. Previous studies have shown that higher-
generation dendrimers having increased steric hindrance at
their peripheries can suppress aggregation of Au,,; DENs during
catalysis experiments.*®*@ Therefore, the hypothesis was that if
Smoluchowski ripening is operative, it would be slowed by the
larger dendrimers.
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NH,(Auss) DENs is 2.14+0.3 nm. This size is similar to that
observed for G6-NH,(Aus;) DENs (Figure 3, 2.24+0.5 nm), sug-
gesting that increased steric hindrance at the periphery of the
dendrimer does not affect the growth mechanism. This
suggests that Smoluchowski ripening, if present, is less
consequential than Ostwald ripening.

The literature also supports the hypothesis that AuNPs in
the size range of 1-2 nm experience growth through Ostwald
ripening. Specifically, AuNPs in the 1-2 nm size range undergo
some oxidation to soluble Au ions rather than exclusively a
surface oxide.”#**® Indeed, it has been shown that polycrystal-
line Au can undergo potential-dependent anodic dissolution via
a variety of mechanisms under acidic conditions, especially for
electrodes having a high roughness factor.”>*”*%% There is
evidence from both theory and experiment that this dissolution
is more pronounced for AuNPs smaller than 1.5 nm 782460615881

The foregoing literature studies of Au dissolution at positive
potentials are directly relevant to our interpretation of the
results in the present study. Specifically, we propose that when
the electrode potential is scanned in the positive direction,
AuNPs having sizes at the low end of the distributions shown in
Figures2 and 3 form soluble Au species rather than an
insoluble oxide.®™™ Upon reversal of the potential sweep, these
soluble Au ions electrodeposit onto the surface of the larger,
more stable AuNPs at the high end of the distributions.” The
change in shapes of the size-distribution histograms in
Figures 2 and 3, specifically the increase in tailing as the scan
reversal potential is increased, are consistent with this
mechanism. %25

3. Summary and Conclusions

In this report, we have shown that just three electrochemical
cleaning scans to modest positive potentials result in substan-
tial growth of G6-NH,(Auss) DENs. Indeed, ex-situ TEM and in-
situ XAS results indicate that G6-NH,(Aus;) DENs grow to a
limiting size of at least ~2 nm after just three cleaning scans.
This size is the same as the G6-NH,(Au,,;) DENs. Importantly,
this growth occurs prior to the onset of detectable faradaic Au
oxidation or reduction. Accordingly, it is apparent that even
minimal electrochemical cleaning significantly alters the size of
1-2 nm AuNPs.

The observed AuNP growth arising from electrochemical
cleaning correlates to changes in the electrocatalytic ORR
measurements. When G6-NH,(Aus;) DENs undergo cleaning at
potentials up to 900 mV, a significant suppression of the ORR
kinetics is observed. Additionally, the n. values measured for
G6-NH,(Auss) DENs following cleaning systematically increase
and converge with the values recorded for G6-NH,(Au,,;) DENs.
The key point is that after just three cleaning scans, and
possibly after just one, the G6-NH,(Au,,;) and G6-NH,(Aus;s)
DENs are essentially indistinguishable from both a physical
characterization perspective and on the basis of their electro-
catalytic properties.
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The findings reported here have important implications for
future studies of 1-2 nm AuNPs. Methods for synthesizing and
characterizing NPs are becoming increasingly refined, and the
results of this study highlight that it is important to characterize
NPs not just after synthesis, but also following (or during)
electrochemical cleaning and electrocatalysis. Accurate correla-
tion of NP size and structure to catalytic activity will lead to a
better understanding of the relationship between these param-
eters, thereby informing catalyst design and supporting robust
theoretical calculations.”
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