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Metallic nanoparticles have tunable electrochemical properties that make them suitable
for catalyzing redox reactions. Thus, understanding how their reduction potentials
respond to changes in particle size and light excitation is important for predicting their
chemical stability and catalytic activity. However, establishing their standard reduction
potentials through voltammetry has been met with technical challenges, specifically those
introduced by the support. To get around this issue, an alternative approach based on
Galvanic equilibration was adapted to determine the standard reduction potentials of
colloidal NPs, thus avoiding the substrate effects associated with the support. This
approach opens the door to exploring various factors that cause the nanoparticle reduction
potentials to shift. Factors such as light absorption, changes in particle size, and local
environmental effects will be discussed using theoretical models and experimental
evidence to help us understand the magnitude of their impacts. Lastly, this approach can
be adapted to investigate other factors important to catalysis, including crystallographic
shape and atomic arrangement at the surface.

First, Chapter 1 provides a historical context of metallic nanoparticles, from their
early uses in decorative artifacts to modern chemical catalysis. Their early uses in art
pieces stemmed from their unique optical properties. These optical properties were later
determined to result from localized surface plasmon resonance, which became the
foundation of metal nanoparticle-driven photocatalysis. Improvements in synthetic and
characterization methods made it possible to study in depth their optical, catalytic, and
chemical and physical properties concerning particle size. Their electrochemical
properties are especially important for understanding their chemical stability and catalytic
activity. With great success, such properties have been quantified for substrate-supported
metallic nanoparticles through electrochemical methods such as anodic stripping
voltammetry. Towards the end of the chapter, we discuss the limitations of voltammetry
and how a galvanic equilibration approach can address such issues.

Chapter 2 explains the principles behind the Galvanic equilibration approach in
greater detail. This approach allows measuring the standard reduction potentials of
spherical AuNPs freely suspended in solution to better understand how they respond to a
change in size and the stabilizer ligands without the influence of the substrate supports.
As the NPs decrease in size, their reduction potentials shift towards negative values that
can be observed by a shift in their equilibrium constant when coupled to a redox probe.
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Furthermore, the ligand stabilizers such as quaternary ammonium surfactants are shown
to also influence the reduction potentials. These surfactants participate in the redox
reactions by interacting with the gold complexes formed during Galvanic equilibration.
As a result, surfactants like CTAB significantly lower the standard reduction potentials of
the gold nanoparticles, making them more electrochemically reactive. At the end of this
chapter, the advantages of using the galvanic equilibration method for measuring the
reduction potentials are summarized, and an outlook is given.

Chapter 3 then takes the galvanic equilibration approach to investigate how light
absorption induces a shift in the reduction potential. When metallic nanoparticles absorb
light, they generate high-energy (hot) electrons and holes (carriers) that can be used to
drive chemical transformations on the surface. The efficiency and selectivity of these
chemical transformations can be tuned by parameters such as photon flux and energy. For
noble metal nanoparticles, how carrier generation is also dependent on the mode of
excitation, which include interband and localized surface plasmon resonance. For
instance, exciting the NPs at the localized surface plasmon resonance region generates
hot electrons relative to the hot holes. On the other hand, exciting at the interband region
of AuNPs generates very hot holes relative to the hot electrons. By exciting at the
interband region, for example, we can use the high-energy hot holes to catalyze the main
oxidation reactions while scavenging the “warmer” electrons using sacrificial
compounds. This process can also induce photocharging by selectively harvesting the hot
holes and allowing the hot electrons to relax to the ground state and accumulate in the
nanoparticle. This photocharging process raises the NP's Fermi level, which can be
measured through Galvanic equilibration. The results show that shorter excitation
wavelengths induce the largest photocharging and shift the reduction potentials more
negatively than longer wavelengths. This observation implies that catalytic activity in
metallic nanoparticles can be tuned by light, especially for redox transformations.

Finally, Chapter 4 summarizes the work presented in this dissertation and
discusses how galvanic equilibration can be used to study other physical and chemical
phenomena, such as the shape effects on the electrochemical properties of NPs. For
crystalline nanoparticles, different shapes are dominated by one or more kinds of facets
with different surface tension. Because the surface Gibbs free energy depends on the
surface tension, their electrochemical properties should vary amongst nanoparticles
dominated by different facets. Thus, along with excitation wavelength, size, and stabilizer
ligands, the NP shape can also be used to tune metallic NPs’ electrochemical stability and
catalytic activity.
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Ch. 1 - Introduction to the optical and electrochemical properties of metallic
nanoparticles and their catalytic applications



Overview of the properties, applications, and historical context of metallic
nanoparticles

The ability of metals to accept and donate electrons critically depends on their redox
potential. Recently, this property has allowed noble metal nanoparticles (NPs) to emerge
as attractive candidates for catalyzing oxidation and reduction reactions.® 2 Furthermore,
their ability to harness light energy to drive such chemical transformations, along with
their large surface-to-area ratio, corrosion resistance, and unique optical properties, have
made them suitable research models in photocatalysts.® Therefore, having a fundamental
understanding of their physical and chemical properties and how they change at the
nanoscale enables the opportunity for developing sustainable catalysts. Their
electrochemical properties are especially important since they are subject to changes in
NP physical dimensions,* electronic states,® and chemical environment,® and are best
evaluated by their reduction potentials. Historically, their reduction potentials have been
studied by powerful and robust techniques such as anodic stripping voltammetry.’
However, such techniques have been met with several challenges due to the inherent
nature of the measurement itself. In this body of work, we demonstrate as a proof of
concept an electrodeless method for measuring the reduction potentials of colloidal NPs
and investigate how their electrochemical properties respond to changes in NP
dimensions, local chemical environment, and electronic state.

The use of noble metal NPs dates to ancient Roman times with the famous
Lycurgus cup. This ancient artifact contained trace gold and silver metals whose unique
optical properties gave it a dichromic appearance.® Depending on the observer's position
relative to the light source, the Lycurgus cup can appear lustrous ruby red or an opaque
olive color, a unique property to noble metal nanoparticles. However, gold and silver in
the form of NPs were not known to be the reason for such interesting optical properties.
The advancement of characterization techniques, such as the development of the electron
microscope, revealed such mysteries.® 1° Today, a large body of work is conveniently
performed on nanoparticles suspended in aqueous and organic solutions (colloids) rather
than in glass.

Nanoparticle synthesis

One of the oldest and simplest methods for synthesizing NPs is the Turkevich
method.!! Briefly, the Turkevich method is based on the reduction of metal precursors
with boiling trisodium citrate solutions to generate pseudo-spherical NPs. The simplicity
of this method has made it the most common and arguably the most popular way of
synthesizing noble metal NPs and, over the years, has been refined to yield better control
over particle size distribution and uniformity.'?> More recent synthetic methods utilize a
seed-mediated approach to grow NPs of different shapes with precise control over size
distributions, excellent uniformity, and better colloidal stability than citrate-stabilized
NPs.1

NP stability in solution is governed by the protecting capping ligands adsorbed on
the surface. These protective adsorbates keep nanoparticles apart by overcoming the
attractive Van der Waal forces through steric or electrostatic repulsion.* Steric repulsion



typically relies on the bulky nature of the capping agent, which physically prevents the
nanoparticles from coalescing or aggregating with one another. This stabilization is
typically achieved with large macromolecules such as polymers and bioorganic
molecules. Electrostatic stabilization, on the other hand, relies surface charge on the
metal nanoparticles to repel one another. This can be achieved by the adsorption of
charged molecules on the surfaces. A greater charge density typically provides better
stabilizations.

Furthermore, NPs can be stabilized by combining both steric and electrostatic
repulsion to achieve greater stabilization. However, there are some ligands that, although
they provide excellent stability, may deactivate the surface and render the NP unsuitable
for catalytic applications. Thus, a balance between colloidal stability and chemical
activity must be achieved for catalytic applications.

Applications in catalysis

A NP's catalytic efficiency depends on various factors, including the NP's size,*®
elemental composition,! shape,*® and the adsorbed ligands.'* Bare NPs offer the best
catalytic activity, however, are not colloidally stable and must be supported on some
substrate. NPs stabilized with loosely absorbed or labile ligands offer greater catalytic
activity due to a larger availability of active sites for chemical transformations but can
often fail at keeping the NP from aggregation after repeated uses. Stronger binding
ligands offer a more significant degree of protection against the harsh reaction conditions
during catalysis, however, they may counterintuitively block the active sites and poison
the catalysts.* Thus, one must strike a delicate balance between catalytic efficiency and
stabilization by selecting the appropriate ligand or combination of ligands in designing
NP catalysts.

More recently, noble metal NPs have shown interesting photocatalytic properties.
Noble metals like AuNPs exhibit large optical cross-sections within the visible
electromagnetic spectrum. Their large optical cross-sections arise from a combination of
interband and localized surface plasmon resonance (LSPR) excitations.!” LSPR is the
oscillations of conduction electrons at the NP surface with a resonant photon. At the same
time, interband transitions involve the direct electronic excitation of the electrons in the
d- to sp- band.'® Bear in mind that most transition metals exhibit these optical properties.
These metals often have LSPRs that appear in the UV region with interband excitations
spanning broadly across the electromagnetic spectrum.® 2% Other than noble metals (Cu,
Ag, and Au), few metals like Na exhibit an LSPR in the visible spectrum. Furthermore,
the excited electrons generated from light absorption can be harnessed for catalyzing
many chemical transformations.?

Many photocatalytic reactions are driven by high-energy hot carriers, and many
more are being discovered.? Excitation at the LSPR or interband regions generates hot
carriers that diffuse to the surface to catalyze chemical transformations. Depending on the
mode of excitation, the energy associated with hot carriers varies below and above the
Fermi level (Er-s» and Er+se, respectively). For LSPR, electrons are excited to energy
levels distributed well above the Fermi level while the hot holes are excited to near the



Fermi level. On the other hand, for interband excitations, the hot holes reside deep within
the d-band (far below the Fermi level) while the hot electrons are excited close to the
Fermi level 20 In either case, their lifetimes are short, in the order of picoseconds, and are
a bottle neck for improving catalytic efficiency.

The hot carrier lifetimes in metals are short but vary with excitation wavelengths.
In AuNPs, for example, the interband hot carrier time constants range from 100 fs for e’
/e (electron), 1.7 ps for e/phonon (ph), and 90 ps for ph-ph scattering. For LSPR hot
carriers, the time constants range from 500 fs e’/e", 2-4 ps e/ph, and 100 ps for ph/ph
scattering.'® These short lifetimes translate to short hot-carrier mean free paths in the
order of a few tens of nanometers. For example, at 2 eV, Au's mean free path is about 10
nm.?? Thus, the size of the NP is an important factor in photocatalysis. Large NPs
typically suffer from lower photocatalytic efficiency due to the longer lengths the hot
carriers must diffuse through.? However, these catalytic bottlenecks can be mitigated
through other means, such as photocharging.

Under certain circumstances, the hot carriers can be separated to allow the
electrons to relax and accumulate in the NP. The accumulation of electrons after light
excitation is known as photocharging and can be used to tune their Fermi level, reduction
potential, and catalytic activity. Photocharging can be accomplished by selectively
quenching the hot holes using a sacrificial molecule to allow the hot electron to decay to
the ground state.?* For interband excitations, the strongly oxidizing deep holes are easily
quenched by many organic molecules or the metal NP before recombining with the hot
electrons. After several cycles, the accumulated electrons raise the Fermi level, lowering
their reduction potentials. In other words, photocharged NPs are chemically more
reactive and are considered stronger reductants than uncharged NPs.®

Electrochemical properties and stability

In the absence of light, the redox properties of NPs are governed largely by their
physical dimensions. Early radiolysis studies involving Ag clusters revealed reduction
potentials significantly more negative than the bulk potential. In an extreme example, a
single silver atom in solution was estimated to have a standard reduction potential of -1.7
V, enough to reduce a variety of halogenated organic molecules. Aggregations of these
silver atoms yielding Agn clusters also displayed strong reducing capabilities, though
their reactivity decreased with increasing cluster size.? Through a thermodynamic
approach, Plieth derived equation (1) to relate the size (r) and standard reduction
potentials of NPs, Eyp, based on the differences in free Gibbs energy associated with a
change in surface area.* This model estimates the reduction potentials based on the size
of spherical particles. Note that Plieth’s equation approximates the reduction potentials of
neutral NPs and does not factor in excess charge density, which NPs often carry.

. . 2yV, 1
Enp = Egyix — ———
NP Bulk 2F 1
Charge density in the NP, whether electronic or electrostatic, contributes to the

overall standard reduction potential.?® Charging the NPs can be accomplished through



several methods. For example, strong nucleophiles such as CN and Br- adsorbed at the
surface donate negative charge density through their lone pair of electrons. This excess
charge density raises the Fermi level but is limited by the maximum surface coverage.®
Similarly, strong reducing agents inject electrons into the NP and raise their Fermi. These
included the reducing agents used during the synthesis; therefore, most NPs carry an
excess charge. However, storage of large numbers of excess charge is temporary and is
dependent on the NP's capacitance. Over time, the NPs slowly discharge until
equilibrated with the environment. The change in charge density is observable as a shift
in the LSPR through UV-Vis spectroscopy and can be used for estimating excess
charge.?’

Electrochemical methods for measuring the redox potentials in metallic
nanoparticles

To date, voltammetry is the most commonly used method for measuring the
electrochemical properties of NPs.” Early measurements relied on scanning electron
microscopy techniques to measure the electrochemical stability of small metallic clusters
supported on a substrate. Initial evidence contradicted Plieth’s equation as shown with Cu
clusters on Au(111) surfaces.?® The electrochemical stability of small Cu clusters on
Au(111) substrates was 50 — 60 mV greater than the bulk Cu potential. The high stability
against dissolution was attributed to quantum effects. However, later studies disputed this
interpretation and attributed the high stability to alloying between the clusters and
substrate.?® Later on, voltammetry demonstrated the ability to measure the reduction
potentials of NPs electrochemically deposited on the working electrode. Through
stripping voltammetry, the AgNP oxidation potentials were shown to be more negative
than the bulk due to the size-dependent diffusion profiles of the oxidation products. Still,
they were not directly attributed the shifts in potentials to size.*® Future anodic stripping
voltammetry (ASV) measurements disputed these conclusions and demonstrated a size-
dependent trend in the oxidation potentials of electrode-supported AgNP, AuNPs, PtNPs,
and PdNPs.334 Since then, ASV has been demonstrated to be a powerful tool for
measuring the electrochemical properties and behavior of NPs. However, the substrate
effects introduced by the electrode support influence their electrochemical behavior and
mitigating such effects is a current challenge in voltammetry.

The reduction potential of NPs shifts upon contact with active support. According
to Brainina and coworkers, the magnitude of this shift is proportional to the differences in
the surface Gibbs free energy associated with the bare NP and the Gibbs free energy of
the NP-substrate interactions, which is related to the difference in work function.®
Generally, a larger difference in work function leads to a greater shift in the potential.
Recall that alloying with the NP may also contribute to the overall shift in potential for
metal supports. These substrate effects can be minimized to a certain extent by
attachment with a molecular linker. However, electrostatic attachment of the NPs onto
the electrode leads to a negative shift in the potential. The shifts in potential due to
electrostatic charge are quite large by as much as 155 mV compared to AuNPs without
electrostatic attachment. Furthermore, this electrostatic effect is most pronounced on the
large NPs but diminishes with smaller diameters for poorly understood reasons.* Thus,



obtaining an accurate standard reduction potential for metallic NPs through voltammetry
remains a technical challenge.

Measuring the reduction potentials in a colloidal state is an alternative approach to
overcoming the challenges presented through voltammetry. Such measurement is
possible through the Galvanic equilibration between the NPs and a redox couple. In a
galvanic reaction, electrons are exchanged between the NP and a redox species in the
solution. This is driven by the positive difference in the reduction potential of the two
half-reactions in the electrochemical cell. If the reduction potential of NPs is more
negative than an oxidizer, they will undergo oxidative etching. However, in the presence
of metal precursors (M*), the NPs will undergo reductive growth if their potentials are
more positive than the reducing agent. By allowing these reactions to reach equilibrium,
their redox properties can be probed because at equilibrium, the cell potential of the
reaction is zero, and according to the Nernst equation, the equilibrium constant of the
reaction is related to the standard cell potential. Assuming the standard reduction
potential of the redox couple is known, the standard reduction potential NPs can be
calculated from the standard cell potential. The advantage of this approach is that the NP
colloidal integrity is preserved as the standard reduction potentials are probed without the
influence of a substrate.

Probing the NPs through the galvanic equilibration approach also allows
measuring the redox potential of colloidal NPs under excitation and as a function of size.
Because the NPs are maintained in a dispersed state, their extinction profile can be easily
tracked throughout the reactions. This makes measuring their broad optical absorbance
with standard spectrophotometric techniques practical for determining the standard
reduction potentials under excitation wavelength and the power of incident light. The
standard potentials of NPs under a photostationary state have not been measured by
voltammetry.

Dissertation summary

In this dissertation, the following topics are covered in the chapters composing the
body of this document: the optical properties of AuNPs, including LSPR and interband
absorbance, hot-carrier mechanisms, hot carrier applications in photocatalysis, seed-
mediated synthesis of the AuNPs, galvanic equilibration under a photostationary state,
the Nernst’s equation at the nanoscale, photocharging mechanisms, and the AuNP
reduction potentials under photoexcitation, as a function of size, and in micellar media.
The conclusion will summarize this body of work, provide fundamental insights into the
electrochemical properties of solid-state materials at the nanoscale, and suggest future
outlook.
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Introduction

Determining the reduction or oxidation potentials of noble metal NPs is important for
understanding their electrochemical properties, synthesizing their nanocrystal structures
from redox reactions, and developing their catalytic applications. In many cases,
measuring the redox potentials when the NPs are in colloidal form is critical. Powerful
electrochemical techniques like anodic striping voltammetry have made it possible to
investigate the NP oxidation potentials in relation to size, 2 elemental compositions,’
surface charge,* and dispersity.> ® While voltammetry techniques have their own
advantages, they require the loading of the NPs onto the electrodes. The NP-electrode
interactions alter the NP redox potentials in many different ways, depending on the nature
of the interactions. The direct contact between the NPs and electrodes causes charge
exchange to keep the same Fermi levels of the two materials.* ® ” The shift of the NP
redox potentials strongly depends on the work function difference between the two
materials. When there are linkers between the NPs and electrodes, the surface charge and
chemical materials of the electrodes also shift the NP redox potentials.” Here, we develop
a contactless method for measuring the standard reduction potentials of colloidal NPs that
avoid the influence of the electrodes. This approach allows us to accurately quantify their
standard reduction potentials concerning their size.

At the nanoscale, the NP reduction potentials are dependent on their size. For
example, early work by Henglein demonstrated an increasing electrochemical reactivity
in Ag clusters, estimating a large drop in the reduction potential from +0.799 V (bulk
value) down to -1.7 V (single atom).2 Plieth theorized these negative shifts were caused
by the changes in free energy associated with the change in surface area from the bulk to
NPs.® Early measurements of the dissolution of metallic NPs using scanning tunneling
microscopy measured a shift in potential from the bulk that contradicted Plieth’s equation
and was attributed to quantum effects. 1° Other reports provided further evidence that
mechanical alloying, not quantum effects, was the reason for the contradictory
observations.**** Zamborini and co-workers later presented a systematic method of
measuring the change in oxidation potential of AgNPs using linear sweep voltammetry
that definitively revealed a size-dependent trend.!

Similar size-dependent trends were found on AuNPs, PANPs, and PtNP, albeit
with some deviations.? 1* > These small deviations were attributed to various factors,
including a change in NP surface tension, exposed crystallographic faces, and surface
passivation.l > 1> However, surface interactions between the electrode and the NP can
also contribute a shift in potentials. When NPs interact with the substrate, their surface
Gibbs free energy will change due proportionally to the difference in their work functions
materials.” These interfacial interactions can be mitigated by electrostatically anchoring
the NPs onto the electrode using molecular linkers. However, supporting the NPs using
charged linkers also influence the reduction potentials due to electrostatic effects on the
NP-electrode interface. It is possible these substrate interactions could obscure other
effects such as those introduced by the capping ligands and surrounding medium.

The capping ligands used to stabilize the NPs also influence their reduction
potentials. Popular stabilizers like CTAB have been employed for synthesizing a variety
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of NPs of different shapes like rods.'® However, these surfactants have been speculated
to induce a strong shift in the NP potential. The high binding constant the micelles and
the gold complex, whether a product of oxidation or synthesis precursor, is thought to be
the reason for the shift in potential 1" 8 The shift in potential is predicted to be as much
as 600 mV lower than the bulk and would explain why popular etchants such as Fe3* can
etch noble metals like AuNPs, which are otherwise unfavorable according to their
standard reduction potentials.*® To the best of our knowledge, the shift in potential
induced by quaternary ammonium surfactants has not been measured.

Through the Galvanic equilibrium approach, we quantified the standard reduction
potentials and examined the size and surfactant effects. Our results demonstrated a size
dependence on the standard reduction potentials of CTAB/C-stabilized AuNPs and
followed an inverse radius trend as previously theorized. Furthermore, we observed a
large shift in the standard reduction potential of AUNPs owing to the strong interactions
between the cationic surfactant and AuBr>” complexes. The presence of the micelles also
plays a kinetic role in the etching and regrowth process. These findings demonstrate
Galvanic equilibration as a power technique for probing the electrochemical properties of
NPs in response to changes in size and local environment. With some modification, this
approach can potentially probe NPs of different sizes, shapes, and compositions in
colloidal states.
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Results and Discussion
The Nernst equation at the nanoscale

M* M* M+ + A Q<K
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Figure 1. (a) In a typical ASV measurement, the electrical current given by the
dissolution or “stripping” of metallic NPs supported on the working electrode is
measured by applying a potential. The potential of maximum current corresponds to the
peak oxidation potential of the NP ensemble. (b) In a nanogalvanic equilibration reaction,
colloidal NPs are allowed to react with a redox species until an equilibrium is established.
Once at equilibrium, the reaction equilibrium constant can be determined. (c) The
forward reaction is spontaneous in the direction of decreasing Gibbs energy or cell
potential. When the cell potential is equal to zero, the reaction is considered equilibrated.
With the equilibrium constant, the standard reduction potential can is calculated using the
Nernst equation.

The NP redox potentials can be evaluated through voltammetry or by equilibration. In
voltammetry, NPs are supported on the electrode surfaces and are stripped (oxidized)
with an applied potential, generating a current peak centered at the oxidation potential
(Figure 1a). As mentioned in the introduction section, the electrodes can alter the actual
oxidation potentials of the NPs. To avoid the influence from the electrodes, the reduction
potential measurement must be conducted for the colloidal from of the NPs (Figure 1b).
This contactless method can be achieved by establishing a redox reaction between the
colloidal NPs and another redox couple. For convenient chemical analysis, Fe3*2* was
used, and the reaction at equilibrium is written as follows.

Fe3t + e~ > Fe?* E°=+0.771V (1)
Aut +e” - Aul(s) E°=+1.83V 2)
AuBry +e” - Au®(s) + 2Br~ E°=+096V (3)
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From the given reaction conditions, the chemical equations are summarized as follows:

AuNP,(s) + Fe3* = AuNP,_,(s) + Fe?* + Au* (4)
Aut + 2Br~ - AuBr; (5)
AuBr; + CTA* - AuBr,CTA(s) (6)

Finally, the net chemical equation is summarized as:

AuNP,(s) + Fe3* + 2Br™ + CTAY 2 AuNP,_,(s) + Fe?* + AuBr,CTA(s) (7)

We propose that the Nernst equation can be used for the above reaction to
measure the NP redox potentials, here called the Galvanic equilibration method.
However, there are some conditions for applying this method because the Nernst
equation has been used only for bulk electrodes. Under a typical electrochemical-cell
setup, the two half-cell reactions are separated, and the two corresponding electrodes are
electrically connected. When the half-cell reactions establish, the Nernst equation can be
used to calculate the electrode potentials for these macroscopic electrodes. To use this
equation for colloidal NPs, the two haft-cell reactions must happen on individual NPs.
Although there is no conversion of chemical to electrical energy in this system, and there
is not an actual cell potential, reaction (1), constituting the “half-cell” reactions (2) and
(3), does happen and eventually must reach an equilibrium. At the equilibrium point, the
reaction Gibbs free energy must be zero and the reduction potentials involved in the two
half-cell reactions must be equal. Another way to interpret this result is the individual
NPs can act like the two electrodes and an imaginary Ecen must be zero at equilibrium
(Figure 1c). Hence, the Nernst equation can be used at the equilibrium point:

0 120 RT [Fe?™]
[EAuBTZCTA/Au]NP - EFe3+/Fe2Jr " n[Fe3+][Br‘]2[CTA+] (8)

Here, [EXuBrZCTA/Au]NPn is the standard reduction potential of the AUNP, where n
signifies the number of gold atoms per nanoparticle, E263+/F62+ is the standard reduction

potential of the Fe®** redox couple, R is the ideal gas constant, T is the temperature in
Kelvin, z is the number of electrons transferred, and F is Faraday’s constant. From these
constants, the [Eg, gy, cra/a,]" ™ can then be calculated using the reaction

equilibrium concentrations.
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Redox reaction equilibria of the AuNPs and Fe®*

We prepared a series of reaction solutions consisting of Fe3* and spherical AuNPs of
various diameters stabilized by CTAB/C to establish the reaction equilibria. Figure 2 is a
scheme that summarizes the redox reaction between the AuNPs and the Fe3*2* redox
couple. Unless otherwise stated, the CTA™ concentration was maintained above the CMC,
the total colloidal Au® was maintained between 0.20 ~ 0.26 mM, and the Fe3*
concentration was kept at 0.27 mM Fe**. Since Fe** is prone to hydrolysis in basic
conditions, the pH of all the solutions was maintained at approximately pH 2 using HCI.

Fe?* Fe®*
20 ) Oxidation K Fe2*
re AuMP =  AuM®
n Reduction n-1 .
2 Br' ? C Au E I‘2
AuBry 2Br

Figure 2. Representation of the oxidation and reduction equilibrium of the AuBr»’
/AuUNPs and the Fe3*/?* couples. For clarity, CTA* was shaded light grey and its halide
counter ions were omitted for simplicity.

Furthermore, all solutions were purged with dinitrogen to remove atmospheric oxygen
and prevent Fe?* from reverting back to Fe3*. At the start of the reaction, Fe®* oxidizes
the AuNPs resulting in a gradual reduction in volume. This reduction in volume is
evident as a decay of LSPR in the UV-Vis spectra (Figure 3a). Although Fe** has some
absorbance in the visible, its electronic transitions begin at 440 nm, thus avoiding optical
overlap with the LSPR. Plotting the absorbance at the LSPR maximum over time yields
kinetic traces that slowly decay until no further net change is observed (Figure 3b). At

this state, the rate of regrowth becomes approximately equal to the rate of etching, thus
indicating an equilibrium.
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Figure 3. (A) Representative UV-Vis absorbance spectrum of the redox reaction between
Fe3* and 11.3 nm AuNPs and (B) respective kinetic traces plotted from the same reaction
as the extinction at the LSPR over time.

The time to reach an equilibrium varied with particle size, but in general, the
reaction rate was kinetically slower for the large AuNPs. These rate differences could be
due to two reasons. One, the initial rate was higher for the smaller diameters due to their
total surface area from the greater number of AuNPs in the solutions. A greater number
of AuNPs are necessary to maintain the total colloidal Au® between ~0.20-0.25 mM for
the smaller diameters. Two, smaller particles possess greater curvature. CTAB is known
to stabilize the AuNPs through a positive electrostatic surface charge, thus a greater
curvature decreases the charge density and allows the Fe** to diffuse toward the surface
more freely than large particles with less curvature. Similar observations have been
reported on Au nanorods to explain the preferential growth or etching at the tips.

AuUNP standard reduction potentials

After reaching equilibrium, the concentration of the Fe?* was evaluated through chemical
assays and UV-Vis. To measure the total Fe?* in the reaction solutions, the well-known
1,10-phenanthroline (PT) chemical assay was employed. In this test, PT forms a
Fe(PT)s2* complex with a molar absorptivity coefficient of 1.13 x 10* Mtcm™at 511 nm
whose concentration can be accurately determined using UV-Vis spectroscopy. The
molar absorptivity of Fe(PT)s?* was determined using a standard curve consisting of Fe?*
stock solutions with known concentrations (see Appendix 1). Using this method, we
found that the total Fe?* increased as the AUNP diameter decreased. For example, in the
4.4 nm AuNPs the average Fe?* was 95.0 uM but was 16.5 uM for the larger 74 nm
AUNPs (Figure 4). This difference in Fe?* suggests that small AuNPs are more prone to
oxidation by Fe** than larger AuNPs.
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Figure 4. The average equilibrium Fe?* measured in each reaction with 4 nm, 8.6 nm,
11.3 nm, 21.2 nm, 32.8 nm, 52 nm, and 74 nm AuNPs. Error bars correspond to the
standard deviation.

From the measured Fe?*, the concentration of the remaining species was
stoichiometrically calculated for each reaction. First, the concentration of Fe®* was
stoichiometrically determined from the difference of the initial Fe** and the measured
Fe2*. Similarly, the remaining Br was calculated from the initial concentration of CTAB
(1.1 mM) and total AuBr.CTA produced, which is also stoichiometrically equal of Fe?*
(see Equation 7).

Alternatively, the total colloidal Au can be estimated based on the AuNP
extinction. For plasmonic NPs, the extinction at the LSPR is proportional to volume, thus
can be used to estimate the total colloidal Au® oxidized from etching (see Appendix 1 for
calculations). Interestingly, this approach yields AuBr;™ values not stoichiometrically
equal to Fe?* (reaction 7). This discrepancy may stem from inaccuracies associated with
using the LSPR for quantifying Au®. Small variations in particle shape, dielectric
environment, surface chemistry and particle proximity are among many factors that can
affect the position and height of the LSPR peak.*® Therefore, spectra between AuNPs
can only be compared when they are physically and chemically similar. Another
approach is to use the extinction within the optical interband region of Au since it is less
sensitive to such external factors, however this yielded values lower than Fe?*. Due to
such uncertainties, we believe using the Fe?* values obtained from chemical assays to
stoichiometrically estimate the total AuBr.™ in the reaction solutions would be more
appropriate.
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Figure 5. The [EXuBrZCTA/Au]NPn of 4.4 nm — 74 nm AuNPs calculated using Nernst. The
standard error is shown as bars and the 95% confidence band is shaded in gray.

To calculate the standard reduction potentials using the Nernst equation, the
equilibrium concentrations of the products and reactants were substituted into Equation 8.
For the equilibrium concentration of CTA*, we treated the monomeric concentration as
the real concentration in the reaction solution. Incorporating the total concentration
(including micelles) rather than the monomeric concentrations leads to [EXuBrZCTA/Au]NPn
values above the theoretical predictions. To validate our approach, we ran a series of
controls with different CTA* concentrations (see Sl). From the controls, the equilibrium
Fe?* in the reactions did not significantly change across concentrations well above the
CMC. This suggests that the reactions are thermodynamically independent of micellar
CTA", thus only the monomeric CTA™ was used in the calculations. These calculations
lead t0 [EJ, 5y, cra/au]™ ™ Values that ranged from 0.248 V to 0.311 V for diameters
between 4.4 nm and 74 nm, respectively. Plotting [EXuBrZCTA/Au]NPn against the diameter
yields a trend resembling 1/r, with potentials increasingly becoming negative as the
AuUNP size decreases. However, little change in the [EXuBrZCTA/Au]NPn is observed above
~20 nm, indicating bulk-like behavior in AuNPs above those diameters.

To determine the standard bulk reduction potential of the AuBr.CTA species, the
[Ej’uBrZCTA/Au]NPn values were linearly fitted as a function of 1/r (see SlI). Such fit yielded

an intercept representing the bulk reduction potential of 0.319 V. To our best knowledge,
this standard reduction potential for the AuBr.CTA species has yet to be experimentally
reported, but previous estimates by Liz-Marzan has predicted a cathodic shift by as much
as 0.6 V for the Au(l) species in the presence of CTAB, yielding a potential of 0.4 V.28 In
our case, the cathodic shift is approximately 0.641 V and thus in agreement with prior
predictions. This potential shift is due to a precipitation effect by the AuBr.CTA ion pair,
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which tilts the reaction equilibrium towards the product's side. For example, in
complexes such as AuCly’, solubility product constants are as low as 1012 M2, rendering
them insoluble. This solubility issue can be avoided by keeping the surfactant
concentration high to allow the micelles to solubilize the AuBr.CTA. As such, the
micelles play an important kinetic role and without them, the reaction becomes
kinetically sluggish.

Kinetic and thermodynamic role of micellar CTA*
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Figure 6. Time-lapsed UV-Vis spectra of the redox reaction of the 10 nm AuNPs and
FeCls when the CTA* concentration is at (A) 0.50 mM or (B) 0.96 mM. (C) Kinetics
trace plot of the same reaction except the concentration of CTA" is 0.1 mM in the first 70
h, but then is increased to 2 mM by injecting additional CTA".

To understand the role of CTA" on the oxidative etching of AuNP, we performed
a series of redox reactions with the AuNPs and FeCls in different surfactant
concentrations. Interestingly, we found that the oxidative etching of the AuNPs by Fe®*
depended on the total concentration of the CTA*. When the concentration of CTA* was
adjusted to 0.50 mM CTAY, the extinction at the LSPR remained constant and no signs of
AuBr,CTA precipitation were observed over five days (Figure 6a). Thus, such
observations strongly suggest that little to no etching had occurred. However, when the
concentration was raised to 0.96 mM, approximately the CMC of CTAB, etching was
observed (Figure 6b). This observation strongly suggests that the micelles play a critical
kinetic role in the reaction. To further support this hypothesis, another reaction solution
was prepared with CTA* concentration far below the CMC (0.10 mM) and allowed to
progress over 70 hours. Again, AuNP etching was not evident. Then, an additional 1.9
mM CTA" was added to the same reaction mixture so the concentration was well above
the CMC. Immediately after injection, the AuNPs were observed to undergo etching
(Figure 6¢). Such observation further confirms that the micelles kinetically accelerate the
reactions.
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Based on our observations, we propose that the CTA™ micelles shuttle the AuBry
between the AuNP and the solution during the reaction with Fe3*. Shuttling of the AuBr,°
is possible due to the strong electrostatic attraction with the CTA™ on the micelle. This
strong attraction yields solubility product constants as high as 1012 M? for complexes
such as AuCls with low solubility.’” This low solubility issue is typically avoided under
high surfactant concentrations, where the micelles solubilize the gold complex-surfactant
ion pairs. This description would explain why the redox reaction between AuNPs and
Fe®* was very slow below the CMC. However, this left us wondering if they also have
any thermodynamic effect on the [Eg, gy, cra/au]™ ™.

Fe3* Fez*
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Figure 7. Scheme of the reaction steps in during the equilibration of the nanogalvanic
reaction. First, Fe®" is reduced to Fe?* by the AuNPs. Oxidation of the AUNPs generates
the AuBr2” complexes and form ion pairs with CTA". The rate of this reaction is
determined by the presences of CTA™ micelles which act shuttle the (CTA)AuBr. ion
pairs into the solution as the AuNPs are oxidized by Fe**. Without the micelles, the
reaction is kinetically sluggish.
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Conclusion

In conclusion, the standard redox potentials NPs can be evaluated using either
voltammetry or equilibration. Galvanic equilibration is a method that couples the NPs
with a redox species and allows the reaction to reach an equilibrium, from which the
standard Gibbs free energy of the reaction or the standard reduction potential of the
reaction can be determined. The equilibration method was used to evaluate the standard
reduction potentials of AuNPs using Fe3*/2* as the redox couple. The redox reactions were
allowed to reach equilibrium across multiple particle sizes through careful control of the
reaction components and conditions. The AuNP absorbance at LSPR was used to monitor
the equilibration progress of the reactions using UV-Vis spectroscopy. The reaction rate
varied with particle size, with smaller particles having higher initial rates due to a
combination of factors, including greater number of particles, large curvature, and large
surface area. After reaching equilibrium, the concentration of the products and reactants
were evaluated through chemical assay and UV-Vis spectroscopy. Then, using the Nernst
equation, the reduction potential for each size of NP was determined.

Here, we found the reduction potentials to follow the theoretical trends as
predicted by Plieth. The reduction potentials followed an inverse radius trend, increasing
from 0.248 V to 0.311 V for diameters between 4.4 nm and 74 nm, respectively. This
trend can be attributed to increased surface energy as the NP radius decreases. In smaller
diameters, a larger number of unsaturated gold atoms with greater energy is exposed, thus
the overall surface energy increases and is observed as a negative shift in the reduction
potential.

Furthermore, the CTA" surfactant was observed to play a critical thermodynamic
and kinetic role. The CTA" surfactant electrostatically interacts with the AuBr;™ species
to the (CTA)AUBT2 ion pair with a low solubility product constant. This low solubility
product constant drastically shifts the reaction equilibrium to favor the products and,
consequently, lowers the reduction potential. Additionally, the presence of micelles
kinetically enhances the reaction rate by facilitating the transport of the gold complex
products into the solution. In the absence of micelles, the reactions were kinetically
sluggish.

In summary, galvanic equilibration of the NPs was demonstrated to be an
effective method for measuring the standard reduction potentials of colloidal AuUNPs as a
function of size. Furthermore, this approach showed how particle size and local
environment changes affect the reduction potential. With this approach, we anticipate that
other physical and chemical that are predicted to contribute to the reduction potential
(e.g., crystallographic shape) can be explored.
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Ch. 3 - Tuning Redox Potential of Gold Nanoparticle Photocatalysts by Light
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Introduction

Using photocatalysts to accelerate chemical reactions is an important option to explore
for new catalytic activities, chemical syntheses with less heat waste, and utilizing photons
from either the sun or artificial lights. Recently, metallic nanoparticles (NP) have gained
growing interest for applications in photocatalysis.>™® In general, transition metal NPs
can absorb photons in the ultraviolet to visible region due to the intrinsic d-to-sp
electronic interband transitions. Noble metal NPs (such as those of Au, Ag, and Cu) have
additional strong absorption bands in the visible region due to the localized surface
plasmon resonance (LSPR). As a result of these optical excitations, hot electrons and
holes are generated and migrate to the surface of the NPs through scattering to catalyze
chemical transformations of adsorbed reactants.!® " Other catalytic mechanisms, such as
those through field enhancement* or heating,® are also possible depending on the
experimental conditions. A special advantage of metallic NP photocatalysts is that their
activities and selectivities could be tuned by changing the excitation wavelength.® 1°-22
One main reason for this is that the energy distribution of the photogenerated hot carriers
is wavelength dependent. This unique feature comes from the lack of a band gap in metal.
For other photocatalysts, such as semiconductor NPs,? 24 transition metal
chromophores,? or organic photoredox compounds,?® their catalytic activities are
strongly restricted by the energy gaps between their valence bands and conduction bands
or between ground states and excited states. Thus, tuning their catalytic activities requires
the redesign or modification of catalyst structures or material contents. The unique
wavelength dependence of activities and selectivities gives metallic NPs a great potential
in the fine tuning of catalysis for each suitable chemical reaction.

In this work, our approach for tuning metallic NPs’ photocatalytic activity is based on the
selective quenching of hot holes (or hot electrons) which leads to the accumulation of
ground state electrons (or holes) and shifts the Fermi level of the NPs. When the
generation of hot carriers and their partial quenching reach a steady state under
continuous irradiation (photostationary state), the number of accumulated ground state
carriers on the particle will reach a constant value and the Fermi level of the particles
reaches a new steady-state value. This new value corresponds to a new redox potential of
the photo-charged NPs. Since the lifetime of the hot carriers is only a few picoseconds,?’
the photocatalysts maintain the net charges at the ground state during the course of the
catalysis. Therefore, the photocatalysts will eventually reach photostationary-state redox
potentials under continuous irradiation, and these potentials can be measured by
establishing chemical equilibria between the catalysts and a known redox couple. Here,
we show that the degree of hot hole quenching can be manipulated by changing the
wavelength of the absorbed photons. Thus, the Fermi level and the redox potential can be
tuned. The shift of Fermi level through selective quenching of one type of hot carriers
(electrons or holes) has been demonstrated for AuNPs?-3! and semiconductor-metal
composites.®? 32 However, the redox potentials of the photo-charged NP catalysts have
not been measured despite the fact that they are important metrics for predicting which
reactions can be catalyzed. We anticipate that the photo-tuning of the redox potential will
open a way to tune the photocatalytic activities and selectivities of metallic NP
photocatalysts. It is also worth mentioning that the photo-charged NPs work as the
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catalysts when they are at the ground state. Hence, they have much longer time to
catalyze a reaction than previously studied metallic NP photocatalysts where their
activities are limited by the short lifetime of the hot carriers.

In this report, we determined the redox potentials of colloidal AuNPs at photostationary
states under photo-irradiation with various wavelengths. The photoinduced oxidative
etching of AuNPs by iron(l11) chloride (Figure 8) was allowed to proceed until
photostationary states were reached. UV-Vis spectroscopy and chemical assays were
used to determine the concentrations of reactants and products at equilibrium. The
photoredox potential of the particles can then be calculated using the Nernst equation.
Based on our observations, the photoredox potential of the AuNPs decreases as the
excitation wavelength decreases, which corresponds to a Fermi level rise.? 3 We found
that the photoredox potential of the AuNP catalysts in our experiment can be tuned to a
range of 1.28 to 1.40 V (vs. SHE) under irradiation in the wavelength range of 450 to 517
nm. These photoredox potentials are much lower than the potential of 1.48 V for particles
under the non-irradiation condition.
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Figure 8. Reaction scheme and representative TEM images of colloidal AuNP catalysts in
this study. (A) Scheme of oxidative etching (forward reaction) and growth (reverse
reaction) of spherical AuUNPs under photocatalyzed condition. (B and C) TEM images of
a representative sample before and after the etching reaction reaches equilibrium under
490 nm light irradiation. (D and E) TEM images of another sample before and after the
growth reaction reaches equilibrium under 490 nm light irradiation. Reprinted with
permission from Ref.% Copyright 2020 American Chemical Society.
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Results

The kinetics of photo-catalyzed etching reaction of AuNPs by iron(111) chloride has been

studied previously.® 7 In this experiment, we observed the reaction at much longer time

scale until the Kkinetic traces stopped changing. Figure 8 shows the scheme of the forward

and reverse reactions as well as the electron micrographs of representative samples before
and after reactions. To prevent the direct photoreduction of iron(111)% that could interfere

with our studied reactions, a longpass filter with a cut-off wavelength of 446 nm was

inserted in front of each LED because iron(l11) ions absorb from the ultraviolet to around
440 nm.

The reaction kinetics of the forward reaction under irradiation of four different
wavelengths and the non-irradiation condition are contrasted in Figure 9. In the etching
experiments, three AUNP samples with average diameters of 30.9, 32.8 or 34.9 nm were
used. This size variation is due to the small-batch synthesis method that we adopted to
obtain NPs with highly narrow size and shape distributions.®” In these kinetic
measurements, only excitation wavelengths are changed. It is clear that the etching
reactions, as represented by the decrease of the LSPR peak at around 525 nm, slow down
over time and eventually approach steady states. These reactions are now considered to
approach equilibria at long time scales. The equilibria shifted more to the product side
when the reactions are photocatalyzed. The equilibrium was further confirmed by the fact
that the reaction started to shift back to the reactants slowly (indication of particle re-
growth) after blocking the light (Figure 17). When shorter wavelength light was used, the
reactions reached equilibria faster, which is in agreement with our previous studies that
the reaction was catalyzed faster by interband excitation rather than by plasmon
excitation.™ " The most interesting result here is that the equilibria shift further to the
product side as shorter wavelength photons were used.
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Figure 9. Kinetic study of the photo-catalyzed etching of colloidal AuNPs by iron(l11)
chloride. (A) Representative absorption spectra at different irradiation time points for the
oxidative etching reaction under 490 nm light excitation. (B) Representative reaction
kinetics as monitored by the LSPR peak of AuNPs under the dark and under light
irradiation with wavelength of 450 nm (incident power: 111 mW), 462 nm (111 mW),
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490 nm (100 mW), and 517 nm (100 mW). Reprinted with permission from Ref.*®
Copyright 2020 American Chemical Society.

To further prove that the above reactions are reversible and indeed can reach
equilibria, the reaction was carried out in the reverse direction. The reactants started as
11.3 nm AuNPs (Figure 8D), gold(l) chloride, and iron(ll) chloride in CTAB solutions
(See the Methods section for details). The reactions were conducted under the same
irradiation conditions as their forward reaction counterparts. Figure 10 shows the
representative spectra at select time points and the kinetics of the reverse reaction under
490 nm irradiation. The LSPR band of the AuNPs increased over time and eventually
stopped changing when the particles grew to an average diameter of 19.3 nm (Figure 8E).
Reverse reactions under other wavelengths and under non-irradiation condition showed
similar growing processes (See Figure 18 and 19). The NP products of the reverse
reactions at equilibria tend to have more non-spherical shapes and wider size distributions
probably because the reaction condition is very different from that of common NP
growing procedures®’ (Figures 18 and 19). Due to this high degree of irregular growth,
the equilibrium points were observed to have high experimental errors. Therefore, the
reverse reaction data were not used for the redox potential calculations.
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Figure 10. Kinetics of photo-catalyzed growth reaction of 11.3 nm AuNPs under

irradiation of 490 nm light at the incident power of 100 mW. (A) Representative spectra
at select time points of irradiation. (B) Reaction kinetics monitored at the LSPR peak in
A. Reprinted with permission from Ref.3® Copyright 2020 American Chemical Society.

Once the reactions reach equilibria, the amount of gold etched can be calculated
based on the change of the LSPR peak because the molar absorption coefficient of gold
nanospheres at the LSPR peak is approximately proportional to the third power of their
radius.” 3 Chemical assays confirmed that all gold ions exist in the form of gold(l) in the
reaction mixture at equilibrium, presumably the gold(l11) ions that formed in the
intermediate step further reacted with the NPs and became gold(l) (See Supporting
Information and Figure 16). Therefore, the amount of gold etched is equal to the amount
of gold(l) ions in the equilibrium reaction solution. The concentration of iron(ll) in the
reaction mixtures can be determined through the phenanthroline assay*® (See Supporting
Information). The concentrations of other chemical substances in the equilibrium reaction

28



mixtures can be obtained based on the concentrations of gold(l) and iron(ll). Since the
concentrations of all the chemical substances at equilibrium are in the sub-millimolar
range, the activity coefficients are close to 1 and concentrations were used instead of
activities in the calculation of the redox potentials. The redox potential of the AuNPs,

NPy . i
[E£u+/Au] , can then be calculated using the Nernst equation. Here, n denotes the
number of gold atoms in each AuNP. Since there are no gold(I11) ions in the equilibrium
reaction solution, the chemical equations can be written as:
AuNP, + Fe3* 2 AuNP,_; + Au* + Fe?* 1)
Aut + 2Br~ = AuBr; (2

All Au* ions are assumed to exist as AuBr; because the concentration of
bromide ions (1.1 mM) added to the reaction mixture is several times higher than that of
Au* ions (< 0.2 mM) and the stability constant of AuBr; is very high:%°

[AuBry ]

— — 12 pg-2
B= [Aut][Br-]2 107°M ©)

For simplicity, the influence of the chloride complexes of Au* was ignored
because the stability constant of AuBr; is three orders of magnitude higher than that of
AuCl; % At equilibrium, the cell potential for chemical reaction (1) will be zero:

]NPn _ E [Au+][F€2+]
F [Fe3t]

Ecen = Elge3+/FeZ+ - [EXqu/Au =0 4)

where R is the ideal gas constant, T is temperature, and F is the Faraday constant.

Substitute equation (3) into equation (4):

NP, ~1[Fe2+
0 0 n  RT, [AuBrj][Fe?*] _
Ecen = E1:e3+/1~"e2+ - [EAu+/Au] T F nﬁ[Br—z]z[Fe3+] - ©)
Therefore,
NP, RT , [AuBry|[Fe?*]
0 1) MCTE] i |
[EAu+/Au] = Epestjper+ — F In ﬁ[Br—Z]Z[Fe3+] ®)

NPy

The calculated standard redox potentials for AuNPs, [Efl’qu / Au] , under

different irradiation conditions are summarized in Table 2 and plotted in Figure 11. The
standard redox potential under the non-irradiation condition is lower than the bulk value
(1.83 V vs SHE).*! This is consistent with theoretical predictions and previous
experimental studies where metallic NPs were found to have lower redox potential than
bulk metals.*>** Interestingly, the redox potential decreases as the irradiation wavelength

decreases. The redox potential [EXuBrZ- / Au]NP" was also calculated (See Supporting

NP,
Information, Table 2, and Figure 20) and showed the same trend as [EXqu/Au] " A very
similar change was also observed for a sample of smaller size (11.3 nm average diameter,
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see Figure 21 and Table 3) which implies that the influence of NP size to the redox
potential is negligible when the size changes within the range of about 10 to 30 nm. The
half-cell potential of each reaction was calculated as well and showed the same
wavelength dependent trend (Figure 22).
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Figure 11. Wavelength dependence of the standard redox potential [E£u+ / Au] of

AUNPs under photoexcitation at the incident power of ~100 mW, compared with non-
irradiation condition (shaded area). Experimental uncertainty is reported as one standard
error. The right vertical axis shows the Fermi level (Eg.,-m;) corresponding to the redox
potential relative to the vacuum level: Er.ppi(eV) = —4.44 eV —e -

Ereqox (V vs SHE).* Reprinted with permission from Ref.* Copyright 2020 American
Chemical Society.

With regard to the influence of the optical power to the redox potential, we found
that the redox potential tends to decrease as power increases (Figure 23, 24, and Table 4).
At various excitation wavelengths, the decrease of photoredox potential was between
0.02-0.08V when the incident power increased within the range of 10 mW to 190 mW.
This trend is consistent with the report by Jain et al. where higher optical power leads to a
larger accumulation of hot electrons on polyvinylpyrrolidone (PVP) stabilized AuNPs.?
The accumulation of electrons on gold NPs was proposed to raise the quasi-Fermi
level,? which is equivalent to lowering the photoredox potential.

Discussions

As we expected, the redox potentials at photostationary states are different from the redox
potential under non-photoexcitation. The decrease in the redox potential at the
photostationary state must come from the rise of the Fermi level, which is a result of
accumulation of electrons on the particles. This result can only be explained by the fact
that the quenching of hot holes through oxidative etching of the gold atoms is faster than
the quenching of hot electrons by iron(l11). Some of the hot electrons and the
accumulated ground state electrons on the particles are scavenged by iron(l11) in the
solution, but the accumulation of electrons will eventually reach a photostationary state
where the particles are charged at the ground state. As the photocatalyzed reactions
proceed to the photostationary state, the electrochemical reactions between the two haft
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cells, gold(1)/gold(0)ne and iron(I11)/iron(I1) will reach an equilibrium, and the photo-
charged particles will reach a steady-state photoredox potential. Briefly, photoexcitation
and hole quenching are utilized to charge the AuNPs, but their catalytic activity increases
due to a decrease in redox potential at the ground state.

The wavelength dependence of the redox potential is somewhat surprising but not
contradictory to the literature. In the ferricyanide-to-ferrocyanide reduction reaction
catalyzed by colloidal AuNPs under 488 nm photoexcitation at around 500 m\W, Jain et
al. estimated a rise of the Fermi level or a built-up photoelectrochemical potential up to
240 mV in the AuNPs compared to the Fermi level of bulk gold under non-
photoirradiation condition.?® They also observed that the rise of the quasi-Fermi level
under interband excitation using a 488 nm laser is larger than that under plasmon
excitation using a 514.5 nm laser. The data support their argument that the built-up
photoelectrochemical potential effectively reduces the activation energy of the
ferricyanide-to-ferrocyanide reaction. In electrochemical cells made by Ag or Au NPs
adsorbed on electrodes,?® *° quenching the hot holes by oxidizing citrate ligands on the
particles results in a cathodic photovoltage under open circuit in the cell. The
photovoltage increases with increasing photon energy due to the more effective
quenching of deeper d-band holes generated under photoexcitation of higher energy
photons. All of these previous works pave the way for this study: the photostationary-
state redox potential of the NP photocatalysts can be tuned by changing the excitation
wavelength.
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Figure 12. Scheme illustrating the wavelength dependence of the redox potential at
photostationary states under photoexcitation of different wavelengths. (A) Interband
excitation using shorter (purple) wavelength light. (B) Interband excitation using longer
(blue) wavelength light. (C) Plasmon excitation (olive). The energy on the left axis is
relative to the vacuum level. Reprinted with permission from Ref.®> Copyright 2020
American Chemical Society.

As for the wavelength dependence of the photoredox potentials under the
interband excitations at 450 nm, 462 nm and 490 nm (Fig. 4), it can be attributed to the
difference in the energy of the hot holes generated by photons of different energy. It is
known that interband excitation promotes the transition of electrons from the d band to
the sp band of the metal and the hot electrons reside close to the Fermi level. Higher
energy photons generate hot holes that are deeper in the d band and are more oxidizing
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(Figure 12 A vs B). These highly oxidizing hot holes will be quenched by oxidizing gold
atoms to form gold(l) complexes more easily, which leads to the accumulation of more
electrons on the AuNPs. The accumulation of more electrons will lead to a larger rise of
the Fermi level and a larger decrease of the redox potential of the AuNPs, as illustrated
by Figure 12. As for the LSPR excitation by 517 nm light, the hole quenching is not as
efficient as under interband excitation,' 17 so a smaller decrease of redox potential was
observed.

The AuNP etching products end up to different sizes at different equilibria as seen
by the LSPR absorbance (Fig. 2B) and TEM. The equilibrium sizes are smaller for
shorter wavelength excitations, which raises concerns about the influence of particle size
on the calculated redox potential. There are two main concerns as the particles get
smaller: the decrease in the number of absorbed photons and the reduction of redox
potential. As mentioned in the results section, the decrease of absorbed photons,
equivalent to reducing the optical power of the incident light, slightly increases the
photoredox potential. This effect is very small within the range of change of absorbed
optical power across different wavelengths in this study compared to the wavelength-
dependent effect seen in Figure 11, thus it is not a concern. To address the size effect on
the redox potential, we refer to the size dependence of redox potential of metallic NPs
under non-photoexcited condition in previous theoretical studies*® because the
photoredox potential is calculated for the ground state of the particles in our experiment.
This value can be estimated by considering the change of free energy associated with the
change in surface area according to the following equation:#2 46

(] = (B ] -2 (2)

where Y is the surface tension of metal M, Vi, is the molar volume of the metal, F is the
Faraday constant, r is the radius of the NPs.

Take the etching reaction of 34.9 nm AuNPs at 490 nm (100 mW) as an example,
the average size of the AuNPs at equilibrium is 23.9 nm, whereas the size of the AUNPs
at equilibrium under non-irradiation etching condition is 32.0 nm. According to the above
equation, the change of redox potential due to a size decrease of 8.1 nm is 8.37 mV,
which is small compared to the experimentally observed redox potential change (114
mV) due to photoirradiation. The details of calculation according to the above equation
along with the size effect under photoexcitation of other wavelengths are discussed
further in the supporting information.

The accumulation of electrons on the NPs will also have an influence on the
above calculation of size effect on the redox potential. Due to our experimental
limitation, the actual number of accumulated electrons could not be determined (see SI).
Nevertheless, the size effect to the redox potential is very small and does not differ much
whether the accumulated electrons on the particles were considered or not, as is discussed
in the supporting information and Table 1. Taking the above example of etching 34.9 nm
AUNPs at 490 nm (100 mW), and assuming each particle has accumulated an imaginarily
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large number of electrons (such as 500 electrons), the reduction of redox potential due to
a size decrease of 8.1 nm is 8.47 mV. This value is close to 8.37 mV when no electrons
were assumed to have accumulated on the NPs. Thus, these arguments support our
conclusion that the observed reduction of redox potentials is not due to the reduction of
the particle size during our etching reaction. In fact, the redox potentials that we observed
for the etching of ~30 and ~ 11 nm AuNPs were in the same range (Fig 4 and Fig S7).
Taken together, the observed wavelength dependence of the redox potentials is mainly
due to the larger number of electrons accumulated on the NPs when shorter wavelength
photons were used, and not because of the smaller size of the NPs at equilibria.

The rise of local temperature around the NPs could affect the catalytic activities.*’

Under our experimental condition, the heat dissipation of the colloidal particles is very
effective and the average rise of temperature for each NP after a single photon absorption
is negligible, thus the local temperature has a negligible effect on the observed
catalysis.*> “® The rise of the solution temperature in our experiment is also neglectable,
thus heating has no effect on the calculated redox potential.

Lastly, we anticipate that our strategy of tuning the redox potential of metallic
NPs through photo-charging can be applied widely in many other chemical reactions. In
our experiment, we choose to quench the hot holes by etching the AuNP photocatalysts
because the reaction can be conveniently studied by monitoring the optical spectra of
AuNPs. Other hole quenchers, such as ethanol?® or citrate ligands,? “° have been
successfully used without etching the AuNP photocatalysts. We envision that many other
hole or electron quenchers can be used to tune the charge (hence the redox potential and
the photocatalytic performance) of metallic NP photocatalysts.

Conclusions

The photoredox potential of AUNP photocatalysts at the photostationary state was
determined under irradiation with various wavelengths. The potential decreases
significantly when shorter wavelength light was used. The deeper d-band hot holes
generated under shorter wavelength irradiation was proposed to contribute to the
observed wavelength dependence of the photoredox potential. Our results demonstrate
the tunability of photoredox potential of metallic NPs which predictably affects the
photocatalytic activities and selectivities. The ability to tune metallic NPs’ catalytic
activities and selectivities through light has potential applications in chemical synthesis,
especially for electron transfer reactions, and solar energy harvesting.
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Figure 13. The wavelength-dependent shift in the reduction potential is due to the
photocharging effect. Under photoexcitation, the holes oxidize the AuNPs, leading to the
accumulation of ground state electrons. This accumulation raises the Fermi level or
lowers the AUNP reduction potentials. Shorter wavelengths generate deeper holes, which
lead to greater photocharging and a larger shift in potential. Reprinted with permission
from Ref.3 Copyright 2020 American Chemical Society.

34



Ch. 3 — References

(1) Aslam, U.; Rao, V. G.; Chavez, S.; Linic, S. Catalytic conversion of solar to chemical
energy on plasmonic metal nanostructures. Nature Catalysis 2018, 1 (9), 656-665. DOI:
10.1038/s41929-018-0138-x.

(2) Zhou, L. A.; Swearer, D. F.; Zhang, C.; Robatjazi, H.; Zhao, H. Q.; Henderson, L.;
Dong, L. L.; Christopher, P.; Carter, E. A.; Nordlander, P.; et al. Quantifying hot carrier
and thermal contributions in plasmonic photocatalysis. Science 2018, 362 (6410), 69-+.
DOI: 10.1126/science.aat6967.

(3) Christopher, P.; Moskovits, M. Hot Charge Carrier Transmission from Plasmonic
Nanostructures. Annual Review of Physical Chemistry 2017, 68 (1), 379-398. DOI:
10.1146/annurev-physchem-052516-044948.

(4) Seemala, B.; Therrien, A. J.; Lou, M.; Li, K.; Finzel, J. P.; Qi, J.; Nordlander, P.;
Christopher, P. Plasmon-Mediated Catalytic O2 Dissociation on Ag Nanostructures: Hot
Electrons or Near Fields? ACS Energy Letters 2019, 1803-1809. DOI:
10.1021/acsenergylett.9b00990.

(5) Chang, L.; Besteiro, L. V.; Sun, J. C.; Santiago, E. Y.; Gray, S. K.; Wang, Z. M.;
Govorov, A. O. Electronic Structure of the Plasmons in Metal Nanocrystals: Fundamental
Limitations for the Energy Efficiency of Hot Electron Generation. ACS Energy Letters
2019, 4 (10), 2552-2568. DOI: 10.1021/acsenergylett.9b01617.

(6) DuChene, J. S.; Tagliabue, G.; Welch, A. J.; Cheng, W.-H.; Atwater, H. A. Hot Hole
Collection and Photoelectrochemical CO2 Reduction with Plasmonic Au/p-GaN
Photocathodes. Nano Lett. 2018, 18 (4), 2545-2550. DOI: 10.1021/acs.nanolett.8000241.
(7) Kim, Y.; Smith, J. G.; Jain, P. K. Harvesting multiple electron-hole pairs generated
through plasmonic excitation of Au nanoparticles. Nature Chemistry 2018, 10 (7), 763-
769. DOI: 10.1038/s41557-018-0054-3.

(8) Zhang, Y.; He, S.; Guo, W.; Hu, Y.; Huang, J.; Mulcahy, J. R.; Wei, W. D. Surface-
Plasmon-Driven Hot Electron Photochemistry. Chemical Reviews 2018, 118 (6), 2927-
2954. DOI: 10.1021/acs.chemrev.7b00430.

(9) Al-Zubeidi, A.; Hoener, B. S.; Collins, S. S. E.; Wang, W.; Kirchner, S. R.; Hosseini
Jebeli, S. A.; Joplin, A.; Chang, W.-S.; Link, S.; Landes, C. F. Hot Holes Assist
Plasmonic Nanoelectrode Dissolution. Nano Lett. 2019, 19 (2), 1301-1306. DOI:
10.1021/acs.nanolett.8b04894.

(10) Huang, Y.; Liu, Z.; Gao, G.; Xiao, Q.; Martens, W.; Du, A.; Sarina, S.; Guo, C.;
Zhu, H. Visible light-driven selective hydrogenation of unsaturated aromatics in an
aqueous solution by direct photocatalysis of Au nanoparticles. Catalysis Science &
Technology 2018, 8 (3), 726-734, 10.1039/C7CY02291C. DOI: 10.1039/C7CY02291C.
(11) Kazuma, E.; Kim, Y. Mechanistic Studies of Plasmon Chemistry on Metal Catalysts.
Angewandte Chemie-International Edition 2019, 58 (15), 4800-4808. DOI:
10.1002/anie.201811234.

(12) Zhang, Z. L.; Zhang, C. Y.; Zheng, H. R.; Xu, H. X. Plasmon-Driven Catalysis on
Molecules and Nanomaterials. Accounts of Chemical Research 2019, 52 (9), 2506-2515.
DOI: 10.1021/acs.accounts.9b00224.

(13) Yu, Y.; Wijesekara, K. D.; Xi, X.; Willets, K. A. Quantifying Wavelength-
Dependent Plasmonic Hot Carrier Energy Distributions at Metal/Semiconductor
Interfaces. ACS Nano 2019, 13 (3), 3629-3637. DOI: 10.1021/acsnano.9b00219.

35



(14) Gellé, A.; Jin, T.; de la Garza, L.; Price, G. D.; Besteiro, L. V.; Moores, A.
Applications of Plasmon-Enhanced Nanocatalysis to Organic Transformations. Chemical
Reviews 2019. DOI: 10.1021/acs.chemrev.9b00187.

(15) Zhao, J.; Nguyen, S. C.; Ye, R.; Ye, B. H.; Weller, H.; Somorjai, G. A.; Alivisatos,
A.P.; Toste, F. D. A Comparison of Photocatalytic Activities of Gold Nanoparticles
Following Plasmonic and Interband Excitation and a Strategy for Harnessing Interband
Hot Carriers for Solution Phase Photocatalysis. Acs Central Science 2017, 3 (5), 482-488,
Article. DOI: 10.1021/acscentsci.7b00122.

(16) Zheng, B. Y.; Zhao, H.; Manjavacas, A.; McClain, M.; Nordlander, P.; Halas, N. J.
Distinguishing between plasmon-induced and photoexcited carriers in a device geometry.
Nature Communications 2015, 6 (1), 7797. DOI: 10.1038/ncomms8797.

(17) Mao, Z.; Vang, H.; Garcia, A.; Tohti, A.; Stokes, B. J.; Nguyen, S. C. Carrier
Diffusion—The Main Contribution to Size-Dependent Photocatalytic Activity of
Colloidal Gold Nanoparticles. ACS Catal. 2019, 9 (5), 4211-4217. DOI:
10.1021/acscatal.9b00390.

(18) Yu, Y.; Sundaresan, V.; Willets, K. A. Hot Carriers versus Thermal Effects:
Resolving the Enhancement Mechanisms for Plasmon-Mediated Photoelectrochemical
Reactions. Journal of Physical Chemistry C 2018, 122 (9), 5040-5048. DOI:
10.1021/acs.jpcc.7b12080.

(19) Cortes, E. Efficiency and Bond Selectivity in Plasmon-Induced Photochemistry.
Advanced Optical Materials 2017, 5 (15). DOI: ARTN 1700191

10.1002/adom.201700191.

(20) Boerigter, C.; Campana, R.; Morabito, M.; Linic, S. Evidence and implications of
direct charge excitation as the dominant mechanism in plasmon-mediated photocatalysis.
Nature Communications 2016, 7 (1), 10545. DOI: 10.1038/ncomms10545.

(21) Kale, M. J.; Avanesian, T.; Xin, H.; Yan, J.; Christopher, P. Controlling Catalytic
Selectivity on Metal Nanoparticles by Direct Photoexcitation of Adsorbate—Metal Bonds.
Nano Lett. 2014, 14 (9), 5405-5412. DOI: 10.1021/n1502571b.

(22) Yan, L.; Wang, F. W.; Meng, S. Quantum Mode Selectivity of Plasmon-Induced
Water Splitting on Gold Nanoparticles. ACS Nano 2016, 10 (5), 5452-5458. DOI:
10.1021/acsnano.6b01840.

(23) Zhu, H. M.; Yang, Y.; Wu, K. F.; Lian, T. Q. Charge Transfer Dynamics from
Photoexcited Semiconductor Quantum Dots. Annual Review of Physical Chemistry 2016,
67, 259-281. DOI: 10.1146/annurev-physchem-040215-112128.

(24) Yan, Y.; Crisp, R. W.; Gu, J.; Chernomordik, B. D.; Pach, G. F.; Marshall, A. R.;
Turner, J. A.; Beard, M. C. Multiple Exciton Generation for Photoelectrochemical
Hydrogen Evolution Reactions with Quantum Yields Exceeding 100%. Nature Energy
2017, 2 (5). DOI: ARTN 17052

10.1038/nenergy.2017.52.

(25) Twilton, J.; Le, C.; Zhang, P.; Shaw, M. H.; Evans, R. W.; MacMillan, D. W. C. The
Merger of Transition Metal and Photocatalysis. Nature Reviews Chemistry 2017, 1 (7).
DOI: UNSP 0052

10.1038/s41570-017-0052.

36



(26) Romero, N. A.; Nicewicz, D. A. Organic Photoredox Catalysis. Chemical Reviews
2016, 116 (17), 10075-10166. DOI: 10.1021/acs.chemrev.6b00057.

(27) Minutella, E.; Schulz, F.; Lange, H. Excitation-Dependence of Plasmon-Induced Hot
Electrons in Gold Nanoparticles. Journal of Physical Chemistry Letters 2017, 8 (19),
4925-4929. DOI: 10.1021/acs.jpclett.7b02043.

(28) Kim, Y.; Torres, D. D.; Jain, P. K. Activation Energies of Plasmonic Catalysts. Nano
Lett. 2016, 16 (5), 3399-3407. DOI: 10.1021/acs.nanolett.6b01373.

(29) Thrall, E. S.; Steinberg, A. P.; Wu, X. M.; Brus, L. E. The Role of Photon Energy
and Semiconductor Substrate in the Plasmon-Mediated Photooxidation of Citrate by
Silver Nanoparticles. Journal of Physical Chemistry C 2013, 117 (49), 26238-26247.
DOI: 10.1021/jp409586z.

(30) Schlather, A. E.; Manjavacas, A.; Lauchner, A.; Marangoni, V. S.; DeSantis, C. J.;
Nordlander, P.; Halas, N. J. Hot Hole Photoelectrochemistry on Au@SiO2@Au
Nanoparticles. The Journal of Physical Chemistry Letters 2017, 8 (9), 2060-2067. DOI:
10.1021/acs.jpclett.7b00563.

(31) Wilson, A. J.; Mohan, V.; Jain, P. K. Mechanistic Understanding of Plasmon-
Enhanced Electrochemistry. The Journal of Physical Chemistry C 2019, 123 (48), 29360-
29369. DOI: 10.1021/acs.jpcc.9b10473.

(32) Subramanian, V.; Wolf, E. E.; Kamat, P. V. Green Emission to Probe Photoinduced
Charging Events in ZnO-Au Nanoparticles. Charge Distribution and Fermi-Level
Equilibration. Journal of Physical Chemistry B 2003, 107 (30), 7479-7485. DOI:
10.1021/jp0275037.

(33) Subramanian, V.; Wolf, E. E.; Kamat, P. V. Catalysis with TiO2/Gold
Nanocomposites. Effect of Metal Particle Size on the Fermi Level Equilibration. Journal
of the American Chemical Society 2004, 126 (15), 4943-4950. DOI: 10.1021/ja0315199.
(34) Reiss, H. The Fermi level and the redox potential. The Journal of Physical
Chemistry 1985, 89 (18), 3783-3791. DOI: 10.1021/j100264a005.

(35) Mao, Z.; Espinoza, R.; Garcia, A.; Enwright, A.; Vang, H.; Nguyen, S. C. Tuning
Redox Potential of Gold Nanoparticle Photocatalysts by Light. ACS Nano 2020, 14 (6),
7038-7045. DOI: 10.1021/acsnan0.0c01704.

(36) Bates, H. G. C.; Uri, N. Oxidation of Aromatic Compounds in Aqueous Solution by
Free Radicals Produced by Photo-Excited Electron Transfer in Iron Complexes. Journal
of the American Chemical Society 1953, 75 (11), 2754-2759. DOI: DOI
10.1021/ja01107a062.

(37) Zheng, Y. Q.; Zhong, X. L.; Li, Z. Y.; Xia, Y. N. Successive, Seed-Mediated
Growth for the Synthesis of Single-Crystal Gold Nanospheres with Uniform Diameters
Controlled in the Range of 5-150 nm. Particle & Particle Systems Characterization 2014,
31 (2), 266-273. DOI: 10.1002/ppsc.201300256.

(38) Near, R. D.; Hayden, S. C.; Hunter, R. E.; Thackston, D.; El-Sayed, M. A. Rapid and
Efficient Prediction of Optical Extinction Coefficients for Gold Nanospheres and Gold
Nanorods. The Journal of Physical Chemistry C 2013, 117 (45), 23950-23955. DOI:
10.1021/jp4082596.

(39) Saywell, L. G.; Cunningham, B. B. Determination of Iron: Colorimetric o-
Phenanthroline Method. Industrial & Engineering Chemistry Analytical Edition 1937, 9
(2), 67-69. DOI: 10.1021/ac50106a005.

37



(40) Nicol, M. J.; Fleming, C. A.; Paul, R. L. The chemistry of the extraction of gold. In
The Extractive Metallurgy of Gold in South Africa, Stanley, G. G. Ed.; VVol. Chapter 15;
South African Institute of Mining and Metallurgy, 1987; pp 831-906.

(41) Zou, R.; Guo, X.; Yang, J.; Li, D.; Peng, F.; Zhang, L.; Wang, H.; Yu, H. Selective
etching of gold nanorods by ferric chloride at room temperature. CrystEngComm 2009,
11 (12), 2797-2803, 10.1039/B911902G. DOI: 10.1039/B911902G.

(42) Scanlon, M. D.; Peljo, P.; Méndez, M. A.; Smirnov, E.; Girault, H. H. Charging and
discharging at the nanoscale: Fermi level equilibration of metallic nanoparticles. Chem.
Sci. 2015, 6 (5), 2705-2720, 10.1039/C5SC00461F. DOI: 10.1039/C5SCO00461F.

(43) Al-Zubeidi, A.; Hoener, B. S.; Collins, S. S. E.; Wang, W. X.; Kirchner, S. R;
Jebeli, S. A. H.; Joplin, A.; Chang, W. S.; Link, S.; Landes, C. F. Hot Holes Assist
Plasmonic Nanoelectrode Dissolution. Nano Letters 2019, 19 (2), 1301-1306. DOI:
10.1021/acs.nanolett.8b04894.

(44) Masitas, R. A.; Zamborini, F. P. Oxidation of Highly Unstable <4 nm Diameter
Gold Nanoparticles 850 mV Negative of the Bulk Oxidation Potential. Journal of the
American Chemical Society 2012, 134 (11), 5014-5017. DOI: 10.1021/ja2108933.

(45) Haram, S. K. Semiconductor Electrodes. In Handbook of Electrochemistry, Zoski, C.
G. Ed.; Elsevier, 2007; p 342.

(46) Plieth, W. J. Electrochemical properties of small clusters of metal atoms and their
role in the surface enhanced Raman scattering. The Journal of Physical Chemistry 1982,
86 (16), 3166-3170. DOI: 10.1021/j100213a020.

(47) Sivan, Y.; Baraban, J.; Un, I. W.; Dubi, Y. Comment on "Quantifying Hot Carrier
and Thermal Contributions in Plasmonic Photocatalysis”. Science 2019, 364 (6439). DOI:
ARTN eaaw9367

10.1126/science.aaw9367.

(48) Nguyen, S. C.; Zhang, Q.; Manthiram, K.; Ye, X. C.; Lomont, J. P.; Harris, C. B.;
Weller, H.; Alivisatos, A. P. Study of Heat Transfer Dynamics from Gold Nanorods to
the Environment via Time-Resolved Infrared Spectroscopy. ACS Nano 2016, 10 (2),
2144-2151. DOI: 10.1021/acsnano.5b06623.

(49) Schlather, A. E.; Manjavacas, A.; Lauchner, A.; Marangoni, V. S.; DeSantis, C. J.;
Nordlander, P.; Halas, N. J. Hot Hole Photoelectrochemistry on Au@SiO.@Au
Nanoparticles. J. Phys. Chem. Lett. 2017, 8 (9), 2060-2067. DOI:
10.1021/acs.jpclett.7b00563.

38



Ch. 4 Conclusion and Outlook

39



Conclusion

To conclude this body of work, the standard redox potentials of NPs can be determined
using the Galvanic equilibration method. Galvanic equilibration is a powerful method
that can be used to investigate the electrochemical properties of colloidal NPs that are
otherwise challenging through other means. In a Galvanic equilibration reaction, the NPs
are coupled to a redox probe that, once at equilibrium, the standard Gibbs free energy of
the reaction or the standard reduction potential of the reaction can be determined. This
approach has allowed us to investigate many physical and chemical factors that influence
the reduction potential of NPs, such as light excitation, size, and local environment.

For metallic NPs, particle size was shown to be a major contributor to their
reduction potential. This size trend was demonstrated by synthesizing spherical AUNPs
with precise diameters and allowing them to undergo galvanic equilibration with the
Fe%*2* redox couple. Each size yielded different equilibrium constants, and by using the
Nernst equation, the reduction potentials were determined. These reduction potentials
were shown to follow the theoretical trends predicted by Plieth. In general, the shift in
reduction potentials followed an inverse radius trend, decreasing from 0.248 V to 0.311 V
for diameters from 74 nm to 4.4 nm, respectively.

Furthermore, this approach makes it possible to investigate the local
environmental effects. We found that the CTA" surfactant acts as a stabilizer and lowers
the standard reduction potentials. Additionally, the surfactant micelles were shown to
play a critical Kinetic role in the reaction. In the absence of the micelle, the galvanic
reactions were kinetically sluggish.

Under photoexcitation, the AUNPs were demonstrated to possess different
reduction potentials using the same techniques. Since the galvanic equilibration technique
preserves the colloidal integrity of the particles, in practical terms, the photon efficiency
can be easily measured as a function of incident power and wavelength. Our approach
determined the reduction potentials to shift negatively with shorter excitation
wavelengths, as shown as a decrease from 1.403 mV to 1.280 mV for the Au*® couple
when excited at 490 nm and 450 nm, respectively. This shift was induced by the
photocharging in the AuNPs after being irradiated by light in the presence of Fe®*.
Photocharging raises the Fermi level due to the accumulation of electrons.

These examples demonstrate the versatility of the galvanic equilibration of the
AUuNPs to determine the reduction potentials. This technique's main advantage is
measuring the standard reduction potentials of colloidal NPs.
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Outlook

As discussed previously, galvanic equilibration was used to investigate the
electrochemical properties of AuNPs in relation to electronic excitation, size, and local
environment. However, this approach can potentially be adapted to other NPs with
different elemental compositions, including non-metals, and dimensions. One avenue of
interest is exploring how the crystallographic shape of NP affects the reductions
potentials.
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Figure 14. Scheme illustrating the crystallographic shapes of monofaceted NPs. For a
face centered cubic crystal lattice, (100), (110), and (111) facets will yield cubes,
rhombic dodecahedron, and octahedron nanocrystals, respectively. According to Plieth’s
equation, each of these nanocrystals should possess different reduction potentials due to
the differences in surface tension.

The shape of the NP is especially important in terms of catalytic applications.® 2
In catalysis, the adsorption/desorption dynamics of the adsorbates depend on the atomic
arrangement at the surface, or facets. Since NPs with different crystallographic shapes are
composed of one or more surface facets, different shapes will possess unique catalytic
activities. This is also true for the electrochemical stability of metallic NPs.

NPs possessing different crystallographic features will have different reduction
potentials. Recall that Plieth’s equation relates the size to not only the reduction
potentials but also factors in the surface tension of the NP. The surface tension of these
NPs is determined by their facets, which vary amongst different crystallographic shapes.
Thus, the reduction potentials of various shapes can be determined from their overall
surface tension. However, calculating the surface tension of complex shapes containing
multiple facets may not be straight forward.

Furthermore, non-spherical NPs possess corners and edges with different surface
tensions that complicate theoretical interpretations. Deconvoluting these factors may pose
a serious technical challenge. Nonetheless, Galvanic equilibration is a potentially

41



powerful technique that can be broadly implemented to better understand the
electrochemical and catalytic properties of colloidal nanomaterials.
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Appendix 1 — Ch. 2 Methods

Chemicals and Materials

All purchased reagents were used without any further purification unless otherwise
stated. L-Ascorbic acid (AA, >99%), gold(111) chloride trihydrate (HAuCl4-3H20,
99.995%), 1,10-phenanthroline (PT, >99%), and sodium borohydride (NaBH4, 99.99%)
were purchased form Sigma-Aldrich. Ammonium iron(Il) sulfate hexahydrate
((NH4)2Fe(S0O4)2:6H20, 99%), cetyltrimethylammonium bromide (CTAB, >98.0%),
and cetyltrimethylammonium chloride (CTAC, >95.0%) were purchased from Tokyo
Chemical Industry Co., Ltd. Iron(l11) chloride hexahydrate (FeCI3-6H20, 99+%) and
hydroxylamine hydrochloride (NH20H-HCI, 99+%) were purchased from Acros.
Hydrochloric acid (HCI, 36.5%, 99.999% trace metal basis) was purchased from Alfa
Aesar. Acetic acid (99.9%) and sodium acetate (>99.7%) were purchased from Fisher
Scientific. All water used for the synthesis of the AuNPs and etching reactions was
purified using the Milli-Q 1Q7000 system. [copy paste from ACS Nano 2020]

Instrumentation

The synthesized gold nanospheres were characterized using a FEI TALOS F200C G2
transmission electron microscope (TEM) operated at 200 kV. The reaction kinetics were
monitored using UV—vis spectrometers (Ocean Optics, Maya 2000 Pro or USB 4000).
The reaction mixtures were prepared in 1 cm path length quartz cuvettes from Spectrocell
(R- 3010-T). Caps with an opening on top were used to seal the cuvettes with rubber
septa. The samples were then purged using nitrogen gas on a Schlenk line to get rid of
oxygen.

AUNP seed-mediated synthesis

The AuNPs used in this study were synthesized by following the procedures reported by
Zheng and coworkers except that the volumes were scaled up by 20 times to obtain more
particles per synthesis.® For the largest AuNPs (74 nm), the procedure was slightly
modified following the procedures reported by Lee and coworkers to obtain consistent
size and shape distributions.*

Etching Reactions of AUNPs by FeCls

In a1 cm path length cuvette, aliquots of AuUNPs in 20 mM CTAC were injected into a
solution containing 0.267 mM FeClz and 1.1 mM CTAC, and brought up to 2 mL using
Milli-Q H20. The initial LSRP OD of the AuNPs was maintained approximately between
0.7 ~ 1.0 for a total colloidal Au® range of 0.2 — 0.25 mM. All reaction solutions were
acidified to pH 2 using HCI and purged with N2 for 20 minutes. After purging, the
cuvettes were sealed and stirred in the absence of light. Their UV-Vis spectra was
measured to monitor the AuNP extinction at different points in time to the state of the
reaction until the reaction reached equilibrium.

Etching Reactions of AuNPs by FeCls under various CTAC concentrations
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Analysis of Fe?* by chemical assay

The concentration of iron(l1) in a reaction mixture can be analyzed through the
phenanthroline (PT) procedure.> ® A standard curve was first built using standard
solutions of (NH4)2Fe(SO4)? at various concentrations (7.2, 14.3, 28.6, 35.8, 43.0, 64.4,
and 58.9 uM). First, in a 50 mL volumetric flask half full with water, a proper amount of
stock (NH4)2Fe(SO4)? (0.358 mM) solution was added followed by 5 mL of sodium
acetate buffer (0.735 M in 1.566 M acetic acid), 1 mL of NH,OH-HCI (0.144 M), and 2.5
mL of PT (11.1 mM). The solution was diluted to 50 mL using water and thoroughly
mixed. The absorbance at 511 nm of each standard solution was measured using a UV-
Vis spectrometer in 1-cm pathlength cuvettes and plotted against its concentration to
obtain the molar extinction coefficient for the Fe(PT)s?* complex.

Analysis of Fe?* in the equilibrated reactions was performed in a similar manner as the
standards. First, 1 mL of the reaction solution was centrifuged to separate the AuNPs
from the solution. The centrifugation speed and time was adjusted accordingly for each
size. After separating the supernatant from the AuNP sediment, 200 uL of the
supernatant was transferred into a 1-cm pathlength cuvette containing 200 uL of the
acetate buffer and 100 uL of the phenanthroline solution and brought up to 2 mL with
Milli-Q H20. The UV-Vis spectrum of the mixture was recorded and the absorbance
value at 511 nm was used to calculate the iron(Il) concentration through the standard
curve. The calculated concentration was multiplied by 10 to get the iron(Il) concentration
in the equilibrium reaction mixture.
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Appendix 2 — Ch. 3 Methods

Methods
Chemicals and Materials

All purchased reagents were used without any further purification unless otherwise
stated. L-ascorbic acid (AA, >99%), gold (I11) chloride trihydrate (HAuUCls-3H0,
99.995%), 1,10-phenanthroline (PT, >99%), and sodium borohydride (NaBHa4, 99.99%)
were purchased form Sigma-Aldrich. Ammonium iron(Il) sulfate hexahydrate
((NH4)2Fe(S04)2:6H20, 99%), cetyltrimethylammonium bromide (CTAB, >98.0%),
cetyltrimethylammonium chloride (CTAC, >95.0%), and potassium bromide (KBr,
>99%) were purchased from Tokyo Chemical Industry Co., LTD. Iron (IIT) chloride
hexahydrate (FeClz-6H20, 99+%) and hydroxylamine hydrochloride (NH2OH-HCI,
99+%) were purchased from ACROS. Hydrochloric acid (HCI, 36.5%, 99.999% trace
metal basis) was purchased from Alfa Aesar. Acetic acid (99.9%), and sodium acetate
(>99.7%) were purchased from Fisher Scientific. All water used for the synthesis of the
AUNPs and etching reactions was purified using the Milli-Q 1Q7000 system.

Instrumentation

The synthesized gold nanospheres were characterized using a JEOL JEM-2010 or FEI
TALOS F200C G2 transmission electron microscope (TEM) operated at 200 kV. The
reaction kinetics were monitored using UV-Vis spectrometers (Ocean Optics, Maya 2000
Pro or USB 4000). The reaction mixtures were prepared in 1-cm pathlength quartz
cuvettes from Spectrocell (R-3010-T). Caps with an opening on top were used to seal the
cuvettes with rubber septa. The samples were then purged using argon or nitrogen gas on
Schlenk line to get rid of oxygen. Photoreactions were conducted with constant stirring at
700 rpm under irradiation using light emitting diodes (LEDSs) of different wavelengths:
Thorlabs M450LP1 (center wavelength: 442 nm), M470L3 (center wavelength: 462 nm),
M490L4 (center wavelength: 485 nm), and M530L3(center wavelength: 517 nm).
Longpass filters with a cutoff wavelength at 446 nm (Thorlabs FELH0450) were inserted
in front of the 442 nm, 462 nm, and 485 nm LEDs, whereas longpass filters with a cutoff
wavelength at 495 nm (Thorlabs FGL495) were used for the 517 nm LEDs. This is to
prevent or reduce photoinduced reduction of iron(111) chloride by blue light.” The spectra
of the LED and longpass filter combinations are presented in Figure 15. The center
wavelength of the LED and longpass filter combinations are 450 nm, 462 nm, 490 nm,
and 517 nm respectively. The LED light was focused to a spot size of less than 1 cm x 1
cm to ensure that all the light passes through the cuvette during photoreaction. The
optical power was measured using Thorlabs power meters (PM100D with a S170C photo
sensor).

Synthesis of Gold Nanospheres

The gold nanospheres used in this study were prepared following the same procedures as
reported by Zheng et al., except that the volumes of reagents used for the synthesis of 10
nm to 35 nm particles were scaled up by 100 times so that more particles can be prepared
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through each synthesis. The final synthesized particles were collected by centrifugation
and washed with 100 mM CTAC for three times. The product gold nanospheres were
stored in 100 mM CTAC for later use.

Etching Reactions of Gold Nanospheres Using Iron(l11) under Dark and Photo-
Irradiation Conditions

In a 1-cm pathlength cuvette, solutions of FeCls (4 mM, 125 pL), gold nanospheres (in 20
mM CTAC, 150 pL), and CTAB (2 mM, 1.1 mL, pH 1.75) were diluted to 2 mL using
water. The absorbance of the gold nanospheres at the surface plasmon resonance band is
controlled at 0.83 OD at the beginning of the reaction by adjusting the gold nanosphere
concentration in the 20 mM CTAC solution. With stirring, the reaction mixture was
purged using argon or nitrogen gas for 20 minutes and sealed tightly. Before beginning
the reaction, each sample’s UV-Vis absorption spectrum was recorded. The reactions
were allowed to proceed with stirring (700 rpm) under dark or constant light illumination
using LEDs of different wavelengths (450, 462, 490, and 517 nm). Their spectra were
recorded at different time intervals until the reactions reached equilibria.

Reverse Reaction of Gold Nanospheres Using Iron(l1) under Dark and Photo-
Excitation

These reactions were performed similarly to the iron(l11) etching reactions mentioned
above with some changes to the reaction mixtures. In a 1-cm pathlength cuvette, FeCl,
(6.236 mM, 64 pL), 11.3 nm diameter gold nanospheres (in H2O, 200 pL), freshly
prepared AuCly (1.67 mM in 20 mM CTAC, 240 pL), and CTAB (2 mM pH 1.75, 1100
pL) were diluted to 2 mL using water. The absorbance at LSPR at the start of each
reaction was ca. 0.026 OD. The samples were purged using high-purity nitrogen gas for
20 minutes under constant stirring. The reactions were allowed to react under similar
conditions as mentioned previously.

Preparation of AuClz in 20 mM CTAC solution

Due to the lack of commercially available halide gold(I) precursors, AuCl>” was prepared
by photo-reduction of solutions of HAuClys in the presence of CTAC. Briefly, in a loosely-
capped cuvette, HAuCl4 (25 mM, 133.6 pL) and CTAC (100 mM, 400 pL) were diluted to
2 mL and illuminated using a 375 nm LED for 15 minutes. The solution turns from cloudy
yellow to colorless, which indicates the reduction of Au(Ill) to Au(l). The reduction is
complete when the UV-Vis absorbance peak at 330 nm is no longer detected.® Prior to each
use, the AuCl,™ solution was warmed in a 60 °C water bath for 30 seconds to re-dissolve
the AuCly™ precipitates.

Quialitative test of gold(1) and gold(I11) in equilibrium reaction mixtures

For the qualitative test of gold(IIl), after a reaction has reached equilibrium, 200 uL of the
reaction mixture was transferred to a 2-mm pathlength cuvette and a spectrum was recorded
immediately. This is followed by the addition of 10 uL of concentrated phosphoric acid
(85%) to ““shield” the yellow color of FeBrs; and FeCls because phosphoric acid can form a
colorless complex with Fe**.% 1 Then, 200 uL of CTAB (100 mM) was added to the 200
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uL reaction mixture in the cuvette and a second spectrum was recorded. Judging by the
presence or absence of the gold(II)-CTAB complex absorption peak at ~ 390 nm, the
presence or absence of gold(III) in the equilibrium reaction mixture can be tested. In all the
reactions, gold(III) was not detected.

As for the qualitative test of gold(I), the same procedure described above was used with
two modifications. Firstly, the reaction mixture was centrifuged at high speed (14,500 rpm)
for 15 min to remove all the AuNPs in the reaction mixture. Secondly, after the addition of
CTAB (the solution remains colorless at this step), 100 uL. of 30% hydrogen peroxide was
added. The solution immediately turned yellow with the appearance of an absorption peak
at 390 nm, which is due to the oxidation of Au(l) to Au(Ill) by hydrogen peroxide. The
Au(IIT) and Au(I) tests proved that the etching product at equilibrium was Au(I) instead of
Au(III), which is consistent with previous reports.” ' 1> Example spectra for these test can
be found in Figure 16.

Quantitative analysis of iron(I1) in equilibrium reaction mixtures

The concentration of iron(Il) in a reaction mixture can be analyzed through the
phenanthroline (PT) procedure.> '* A standard curve was first built using standard solutions
of (NHa4)2Fe(SOas)zat various concentrations (7.2, 14.3, 28.6, 35.8, 43.0, 64.4, and 58.9
uM). First, in a 50 mL volumetric flask half full with water, a proper amount of stock
(NH4)2Fe(SO4)2 (0.358 mM) solution was added followed by 5 mL of sodium acetate
buffer (0.735 M in 1.566 M acetic acid), 1 mL of NH>OH-HCI (0.144 M), and 2.5 mL of
PT (11.1 mM). The solution was diluted to 50 mL using water and thoroughly mixed. The
absorbance at 511 nm of each standard solution was measured using a UV-Vis
spectrometer in 1-cm pathlength cuvettes and plotted against its concentration to obtain the
molar extinction coefficient for the Fe(PT);** complex.

After each reaction reaches equilibrium, 1 mL of the reaction mixture was centrifuged at
14,500 rpm for 15 min to remove all AuNPs. Then 200 uL of the supernatant was mixed
in a 1-cm pathlength cuvette with 200 uL of the acetate buffer and 100 uL of the
phenanthroline solution. Water was then added to bring the total volume to 2 mL. The UV-
Vis spectrum of the mixture was taken and the absorbance value at 511 nm was used to
calculate the iron(Il) concentration through the standard curve. The calculated
concentration was multiplied by 10 to get the iron(II) concentration in the equilibrium
reaction mixture.

Calculations of iron(I11) and gold(l) concentrations in equilibrium reaction mixtures

The concentration of iron(Ill) in the equilibrium reaction mixtures can be calculated by
subtracting the iron(Il) concentration at reaction equilibrium from the total iron(III)
concentration that was in the reaction mixture in the beginning. The iron(IIl) concentration
in the stock solution was confirmed to be accurate using a previously reported
photochemical phenanthroline method.® !> '* Since there was no gold(Ill) complex
detected at reaction equilibrium (see Figure 16), the reaction products were gold(I) and
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iron(II). The concentration of gold(I) can be calculated using the amount of gold etched,
which can be easily calculated using the absorbance change of the plasmon resonance peak
because the molar absorption coefficient of gold nanospheres is proportional to the third
power of the diameter.'> ' Considering that the stability constant of AuBr2™ complex is
very high (~10'%)!” and the amount of bromide ions in the reaction mixture is several times
higher than that of the total amount of gold (>4 times), we assume that all the gold(I) ions
exist in the AuBr2” complex to simplify the calculations. Therefore, the AuBry
concentration is estimated as the same as the amount of gold etched. The free bromide ion
concentration is estimated as the total bromide ion concentration subtracted by two times
the concentration of AuBr>".

NP,
Calculation of redox potential [EguBrE / Au]

As for the calculation of [EQ, 5, Au]NP”, we combine equations (1) and (2) in the main text
to get:

AuNP, + Fe3* + 2Br~ < AuNP,_, + Fe** + AuBry (S1)

At equilibrium, the cell potential will be zero:

_ 0 0 NP,  RT, [AuBrj|[Fe?*]
Econ = Epgat jpoze = [Euprsm] = T e (82)
Therefore,
EO NP, EO RT [AuBrE][Fez+] 3
[ AuBrz_/Au] = ERedtpett T R n—[Br_]z[Feg,Jr] ( )

Calculation of the half-cell potential

The cathode (Fe3* + e~ — Fe?*) half-cell potential and the anode half-cell potential
(Au* + e~ - Au) of the reaction should be equal at equilibrium. So, we only need to
calculate the cathode half-cell potential:

RT Fe?*
Erequction = E}?e3+/pez+ - ?ln {Fe3+} (S4)

Example calculation of the redox potential

To demonstrate how to calculate the redox potentials, we choose to use as an example one
of the data sets for the photoinduced oxidative etching of 34.9 nm AuNPs under 490 nm
light irradiation at 100 mW incident power. The initial plasmon absorbance of the sample
was 0.82 OD, whereas that of the sample at the equilibrium was 0.41 OD. Since the molar
absorption coefficient of gold nanospheres at the surface plasmon peak is roughly
proportional to third power of the radius,'® we can estimate the number of etched gold
atoms based on the decrease of the plasmon absorbance. Details of this calculation has been
reported in a previous paper published by this group.'> This number is equal to the number
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of gold(I) ions formed during the etching reaction because there was no gold(IIl) present
in the equilibrium solution mixture. Since the solubility constant of AuBr, is three orders
of magnitude higher than that of AuCl;, all gold(I) ions are assumed to exist in the form
of AuBr; . Therefore, the AuBr; concentration can be estimated to be 1.05 X 10 M. The
concentration of bromide ions in the beginning of the reaction (from CTAB) is 1.10 X 10
3 M. Therefore, the concentration of free bromide ions at the equilibrium is 1.10 X 10 M
—1.05%x 10*M x 2=28.90 x 10* M. The total iron(III) concentration at the beginning of
the etching reaction is 2.52 X 10 M. The concentration of iron(II) at the equilibrium was
determined to be 9.06 X 10~ M through the phenanthroline assay. So the concentration of
iron(III) at the equilibrium is 2.52 X 10% M - 9.06 X 10> M = 1.62 x 10** M. The stability
constant of AuBr; is 1 X 10'> M2.!7 The standard redox potential Elge3+/Fe2+ is 0.77 V.?

The ideal gas constant R = 8.314 J - mol! - K'!, the temperature T is 298 K, and the
Faraday’s constant F = 96485.33 C mol ™.

NPy,
The redox potential [EXuJ, / Au] can be calculated using equation (6) in the main text:
NPy RT , [AuBry|[Fe?*]
0 _ 0 —
[EAu+/Au] = EFe3+/Fez+ —Flnm— 1.37V

The redox potential [E o Bry/ Au]NPn can be calculated using equation (S3) in the supporting

information;

NP, RT I [AuBry |[Fe?*]

F U Br12[Fe3 ]

[EXuBrz_/Au] = E}?e3+/1:62+ - 0.66V

The half-cell potential can be calculated using equation (S4) in the supporting information:

RT , [Fe?*
Ereauction = E;?e3+/pez+ - Fln% =0.79V

Estimation of the influence of gold nanosphere size on the redox potential

The difference between the redox potential of small metallic nanospheres from the bulk
value can be estimated according to the following equation,'® 1

] =[] =222 ()
(S5)

where Y is the surface tension, Vi, is the molar volume, r is the radius of the nanosphere,
F is the Faraday constant, n is the number of metal atoms in each NP (NP).

Basically, smaller particles have lower redox potential. To estimate the effect of particle
size on the redox potential in our etching experiment, we need to estimate the reduction of
redox potential when we assume the AuNP size changes from its equilibrium value under
the dark condition (r4) to that under photoirradiation condition of wavelength A (r,):
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NP
0 — (= 2Wm) (L) _ (_2Vm) (L W) (L _ 1

48, = () G) - () R =G5 oo

For gold, the surface tension at 25 °C is 1.88 I m?, Vi is 10.21 cm® mol™!, F = 96485.33 C

mol!. The average diameters (D = 2r) of the gold nanospheres under dark and

photoirradiation conditions of different wavelengths are listed in Table 1. The calculated

change of redox potential due to size effect are presented as well. As we can see, the

calculated size effect is much smaller than the experimental value. Thus, the size effect is
not the main contributing factor to the wavelength-dependent change of redox potential.

It is important to note that equation (S5) does not include the effect of the charge of the
metallic NPs. According to Lee et al.,?” the redox potential with the combination of charge

effect and size effect taken into account is

NP, bulk 2YV. 1 1% ZZeZ
™ = ™ - 2250+
/ / F \r 8nFr* 4mege,

(S7)

where z is the number of charges on each NP, g, = 8.85 X 107'2 F/m is the vacuum
permittivity, €, is the relative permittivity of the surrounding medium (in this case, it is
water: €, = 80.2 at room temperature ). The sign of the last term will be positive if z is
positive and negative if z is negative. In this study, the sign should be negative because the
NPs are photocharged with electrons.

The number of accumulated charges on the AuNPs in this study cannot be determined
directly from the concentrations of hole quencher and electron acceptor because the
experimental errors of iron(II) and gold(I) concentrations are larger than their discrepancy.
According to other studies, the number of electrons or holes that can be accumulated on a
metallic NP or semiconductor NP with a size around 10 to 15 nm has been reported to be
in the range of 10 to 500.'% 226 Using these reference numbers, we can evaluate the
influence of the size of charged AuNPs to the redox potential in our study by assuming
each particle has an average number of charges within a range of 10 to 500 electrons. Using
equation (S7), we can estimate the size effect on the redox potential with charges on each
NP taken into account in our etching experiment. The reduction of redox potential, when
we assume the AuNP size changes from its equilibrium value under the dark condition (74)
to that under photoirradiation condition of wavelength A (7;), can be calculated as
(assuming the number of electrons accumulated on each particle is the same):

485 ], =[(-") ) - i - [T () -
t/m Size and Charge 87TF1"14 ATEQEY L]
Vin  z2%e? 2YVin 1 Vin z%e? 1 1
] - () - D) B (-2 s
8TFrq* 4Meg €S F rd T2 8TF 4TEgEy \T) rd
The results of this estimation are listed in Table 1 which show that the size effect to the
redox potential does not differ much no matter whether the particles were charged or not.
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Tables

Table 1. Comparison of the size and charge effects (equation S6) on the redox potential to
that of photoirradiation at different wavelengths. Reprinted with permission from Ref.?’
Copyright 2020 American Chemical Society.

Wavelength (nm) Dark 517 490 462 450
Incident Power (mW) NA 100 100 111 111
Average equilibrium 32.0 27.7 23.9 12.5 12.9
diameter (nm)
Np NA 3.81 8.37 38.6 36.6
|aES,. /Au] (mV)
Np NA 3.81 8.37 38.6 36.6
AEO N ] . . . .
[ Au”/Au Size and 10 e~
(m V)
[AE ]NP NA 3.85 8.47 40.5 38.2
Au*/Au Size and 500 e~
(mV)
Np NA 77.0 114 177 200
|AES + au (mV)
Nernst
Notes:
o NP
1. [AE Ry Au] is the calculated reduction of redox potential due to the decrease in
Size

the equilibrium gold nanosphere sizes under photoirradiation of a certain
wavelength versus the dark condition.

[A ut/ Au] is the calculated reduction of redox potential due to the
Size and 10 e~

decrease in the equilibrium gold nanosphere sizes under photoirradiation of a
certain wavelength versus the dark condition, assuming that each particle has 10
electrons.

[A ut/ Au] is the calculated reduction of redox potential due to the
Size and 500 e~

decrease in the equilibrium gold nanosphere sizes under photoirradiation of a
certain wavelength versus the dark condition, assuming that each particle has 500

electrons.
NP

[A E° ut) Au]zv , is the reduction of the redox potential under photoirradiation of
erns

a certain wavelength compared to that of the dark condition, calculated using the
Nernst equation based on experimental data.
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5. Three batches of NP samples with average sizes of 30.9. 32.8, and 34.9 nm were
used for the etching reactions.
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NP, i i i i
Table 2. Calculated redox potential [Eﬁw / Au] (using equation 6 in the main text),

[EXuBTZ- / Au]NP" (using equation S3), incident power, absorbed power, and average
diameter of NPs at equilibria as a function of irradiation wavelength for the
photooxidative etching reaction. Reprinted with permission from Ref.?” Copyright 2020
American Chemical Society.

Wavelength [ B0 . ]NP " S ]NP 1 Incident | Absorbed D eq
(nm) Au”/Au uBrs [Au Power Power (nm)
450 1.280 = 0.004 | 0.570 +0.004 111 6.25 12.9

462 1.30 £0.01 0.59 £0.01 111 9.74 12.5
490 1.37+0.01 0.66 +0.01 100 43.8 23.9

517 1.403 +£0.008 | 0.693 +£0.008 100 67.5 27.7
Dark 1.480 +0.004 | 0.770 £ 0.004 NA NA 32.0

Notes: The etching reactions were conducted for three batches of NPs with average
diameters of 30.9 nm, 32.8 nm, and 34.9 nm. D_eq is the average diameter of the NPs at
equilibria. Absorbed power is the average absorbed power by the reaction mixture at
equilibria.

NPy,
Table 3. Calculated redox potential [Eﬁm / Au] (using equation 6 in the main text),
incident power, absorbed power, and average diameter of NPs at equilibria as a function
of irradiation wavelength for the etching of nanospheres with an initial size of 11.3 nm.
Reprinted with permission from Ref.?” Copyright 2020 American Chemical Society.

Wavelength [ B . ]N Pn | Incident Absorbed D _eq (nm)
(nm) Aw”/Au Power Power (mW)
(V vs SHE) (W)
450 1.2922 +0.0001 111 9.40 3.70
462 1.302 + 0.003 117 13.9 3.79
490 1.4010 £ 0.0003 110 68.1 10.2
517 1.430 + 0.002 95.8 72.5 10.8
Dark 1.455 +0.002 NA NA 10.9

Notes: D _eq is the average diameter of the NPs at equilibria. Absorbed power is the
average absorbed power by the reaction mixture at equilibria.
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Table 4. Calculated redox potential (using equation 6 in the main text) presented as a
function of optical power Reprinted with permission from Ref.?” Copyright 2020
American Chemical Society.

Wavelength | Incident Absorbed | D_eq (nm) [Eo . ]"”’n
(nm) Power Power Au” /Au
450 11.0 0.38 6.81 1.334 £ 0.006
55.1 5.69 10.9 1.290 + 0.008
111 6.25 12.9 1.280 £ 0.004
462 18.7 1.28 8.36 1.316 +0.001
111 9.74 125 1.30 £ 0.01
191 21.9 13.8 1.298 + 0.003
490 10.3 7.01 29.1 1.451 + 0.005
46.2 28.2 29.1 1.437 £ 0.001
101 43.8 23.9 1.37 £0.01
517 16.0 11.2 27.2 1.440 + 0.007
100 67.5 27.7 1.403 £ 0.008
164 107 31.1 1.406 + 0.008

Notes: D _eq is the average diameter of the NPs at equilibria. Absorbed power is the
average absorbed power by the reaction mixture at equilibria. The etching reactions were
conducted for three batches of NPs with average diameters of 30.9 nm, 32.8 nm, and 34.9
nm.
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Figures

450 nm LED + 446 nm LP
462 nm LED + 446 nm LP
490 nm LED + 446 nm LP
517 nm LED + 495 nm LP

Intensity (a.u.)

¥ T Y T
440 480 520 560 600 640 680
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Figure 15. Spectra of the LEDs (along with longpass filters) used in this study. The peaks
of the spectra are at 450 nm (purple), 462 nm (blue), 490 nm (cyan), and 517 nm (olive)
respectively. LP stands for longpass filter. Reprinted with permission from Ref.?’
Copyright 2020 American Chemical Society.
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Figure 16. UV-Vis spectra showing the absence of gold(lIl) ions (A) and presence of
gold(l) ions (B) in the equilibrium reaction mixture. The tests were done using the
equilibrium reaction mixture without (A) and with (B) gold nanospheres removed
through centrifugation. The black lines represent the spectra of the reaction mixture, the
red lines represent the spectra when phosphoric acid was added into the reaction mixture,
the blue lines represent the spectra when both phosphoric acid and CTAB were added,
and the olive line in (B) represents the spectrum of the supernatant when phosphoric acid,
CTAB and hydrogen peroxide were added successively. Details of these experiments can
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be found on page 3 of the supporting information. Reprinted with permission from Ref.?’
Copyright 2020 American Chemical Society.
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Figure 17. Reaction kinetics of the photooxidative etching and regrowth of the 30.9 nm
AUNPs monitored at the LSPR peak. The reaction mixture was irradiated by a 450 nm
LED at 110 mW incident power for 70 hours, during which the reaction reached
equilibrium. Then, the light was turned off after which the particles started to regrow
slowly (gray shaded area). Reprinted with permission from Ref.?” Copyright 2020
American Chemical Society.
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Figure 18. Time-dependent spectral change (A) and kinetics (B, monitored at the LSPR
peak of the gold nanospheres) of the reverse reaction starting with 11.3 nm gold
nanospheres under 450 nm irradiation at 100 mW. The inset in panel B shows the TEM
image of the NPs at the equilibrium of the reverse reaction. Reprinted with permission
from Ref.2” Copyright 2020 American Chemical Society.
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Figure 19. Time-dependent spectral change (A) and kinetics (B, monitored at the LSPR
peak of the gold nanospheres) of the reverse reaction starting with 11.3 nm gold
nanospheres under dark. The inset in panel B shows the TEM image of the NPs at the
equilibrium of the reverse reaction. Reprinted with permission from Ref.?” Copyright
2020 American Chemical Society.

It can be seen from Figure S4 and S5 that although most of the particles at the reverse
reaction equilibria are spherical and have similar size, some particles are smaller or larger,
or have grown into irregular shapes. A shoulder at long wavelength also appeared in the
UV-Vis spectra of the reverse reaction solution under dark, which indicates the possible
presence of AuNPs of non-spherical shapes (e.g. nanocubes, nanorods, or octahedrons).
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Figure 20. The dependence of the redox potential [EXuBrz- / Au]NP” of gold nanospheres on
the wavelength of photoirradiation at incident power of about 100 mW (etching gold
nanospheres with average sizes of 30.8, 32.8, and 34.9 nm), compared with dark
condition (shaded area). The right vertical axis shows the Fermi level

(Erermi) corresponding to the redox potential relative to the vacuum level: Epgpmi(eV) =
—4.44 eV — e E,0q0.(V vs SHE).? Experimental uncertainty is reported as one
standard error. Reprinted with permission from Ref.?” Copyright 2020 American
Chemical Society.
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Figure 21. The dependence of the redox potential [Eju+ / Au] of gold nanospheres on

the wavelength of photoirradiation at incident power of about 100 mW (etching 11.3 nm
gold nanospheres), compared with dark condition (shaded area). The right vertical axis
shows the Fermi level (Er.,-m;) corresponding to the redox potential relative to the
vacuum level: Ergpmi(eV) = —4.44 eV — e - E, 40, (V vs SHE).? Experimental
uncertainty is reported as one standard error. Reprinted with permission from Ref.?’
Copyright 2020 American Chemical Society.
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Figure 22. The dependence of the reduction half-cell potential of the reaction mixture on
the wavelength of photoirradiation at the incident power of about 100 mW (etching gold
nanospheres with average sizes of 30.8, 32.8, and 34.9 nm), compared with dark
condition (shaded area). The right vertical axis shows the Fermi level

(Erermi) corresponding to the redox potential relative to the vacuum level: Epgpmi(eV) =
—4.44 eV — e Erpquction(V vs SHE).?8 Experimental uncertainty is reported as one
standard error. Reprinted with permission from Ref.2” Copyright 2020 American
Chemical Society.
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Figure 23. The dependence of redox potential E2u+ Jau of AuNPs (etching 30 nm gold
nanospheres) on incident optical power under light irradiation of 450 nm (A, blue), 462
nm (B, cyan), 490 nm (C, purple), and 517 nm (D, olive). Experimental uncertainty is
reported as one standard error. Reprinted with permission from Ref.?” Copyright 2020
American Chemical Society.
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Figure 24. The dependence of redox potential EXqu/Au* of AuNPs (etching 30 nm gold

nanospheres) on absorbed optical power under light irradiation of 450 nm (A, blue), 462
nm (B, cyan), 490 nm (C, purple), and 517 nm (D, olive). The absorbed power is the
power absorbed by the sample at equilibrium at the excitation wavelength. Experimental
uncertainty is reported as one standard error. Reprinted with permission from Ref.?’
Copyright 2020 American Chemical Society.
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