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ABSTRACT: Creating free-standing gold nanoparticles (Au NPs) with large
pores is desirable because the exterior and interior voids can enhance
electrocatalytic activity, mass transport, and optical extinction properties.
However, the high mobility and significant positive reduction potential of Au
precursors make it challenging to create Au NPs with pores of sufficient size to
strongly interact with light. We demonstrate a method to synthesize
mesoporous Au NPs with large, tunable pores. L-Cysteine acts as a ,
metallogelator to form a dense, less mobile Au(I)—thiolate precursor that S R R con g R
traps aggregated block copolymer micelles and facilitates the reduction of

mesoporous Au NPs. Electron tomography measurements showed that the
pores were distributed throughout the interior and exterior of the particle.
Electrochemical methods were used to estimate the chemical reactivity of the surface active sites and estimate the accessible surface
area of the pores to ensure that the metal surfaces were maximally accessible to the environment. The 3D models generated by
tomography were then used to simulate their optical properties. Mesoporous Au NPs support multipolar plasmon resonances that
penetrate deep into the interior pores of the NP. A simple model indicates that porosity affects the local optical conductivity of the
NP by subdividing it into tiny nanoscale junctions that redshift the plasmon modes without changing the overall size or shape of the
NPs. Large pores promote symmetry breaking, causing the quadrupolar and dipolar modes to overlap and form strongly hybridized
plasmon modes. In the context of photocatalysis, porosity-induced symmetry breaking is advantageous because strong electric fields
of the plasmon are colocalized along concave/convex features where step-edges and kinks in the atomic structure generate numerous
catalytic active sites. Plasmon-enhanced photodegradation of metanil yellow was used to demonstrate the superior photocatalytic
properties of meso Au NPs versus nonporous Au NPs.
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Bl INTRODUCTION pathways for mass and thermal transport. Pores strongly
influence electrocatalytic activity by enabling guest molecules
to move from the outer part to the inner part of the porous
structure.”’

Au is an important metal in electrocatalysis and optical
applications due to its favorable electronic properties and
chemical stability.”*~>> Numerous methods have been
developed to create porous Au nanostructures, including
dealloying,” galvanic replacement,”” and various kinds of
hybrid templating approaches.”””” Templating methods use
materials including SiO, nanospheres,® polymeric particles,”'
polymer micelles®” to direct the growth of the metal sublattices
as it grows into a mesoporous structure. We previously
developed a colloidal method to create ultra-large pores in

The ability to control both the exterior surface and interior
voids of nanomaterials is important because surfaces and open
spaces create unique physicochemical properties and increase
the utilization efficiency of materials. Mesoporous chemistry
has been used to create Gpores in materials such as silica,"””
metal oxides,>" carbon,”® and metals”® that have enhanced
properties in diverse applications in drug delivery,” electro-
chemistry,'” biosensing,'" optics,'> theranostics,"” and energy
storage.' "> Adding pores in metals has three main advantages:
(i) the pores create convex/concave surfaces that expose and
help stabilize low coordination surface atoms.'”'” The
presence of unsaturated metal atoms and high index facets
can enhance the activity and selectivity of metal surfaces in
catalysis."® (ii) Pores in metal impose electromagnetic (EM)
boundary conditions that generate intense and highly Received:  April 13, 2022
contorted EM fields via surface plasmon resonances. For Revised:  July 4, 2022
example, core—shell Au NPs containing dielectric cores Published: August 12, 2022
support complex multipolar modes,'” and arranging them

into clusters can create artificial magnetism and sharp e
resonances with highly localized EM fields.”” (iii) Pores create
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various transition and coinage metals using chemical reduction
in the presence of block copolymer micelle (BCM) pore-
directing agents.”> This method is unique because it is
compatible with metal and nonmetal alloys with vastly different
surface energies, including Rh,** PdCu,”® and a-Con.*}’6 The
method is mainly driven by kinetics, which is particularly
advantageous in multicomponent reactions because the
constituent materials tend not to phase separate. The BCMs
are removed by washing with an appropriate solvent or thermal
treatment to expose the surface of the porous network. BCMs
are composed of polystyrene (PS) and polyethylene oxide
(PEO) blocks that form highly stable micelles due to the
opposing, segregated intramolecular forces associated with the
hydrophobic PS core and hydrophilic PEO shell. Continuous
compression of the PS core by the polar environment provides
structural integrity, while the PEO shell stabilizes the micelles
in solution and allows the BCMs to interact with metal
precursors.””** PS-b-PEO BCMs can have much larger
diameters than molecular surfactant micelles and are stable
over a wide range of solvent parameters, and their diameters
can be tuned via swelling with a cosolvent.”” BCMs are good
templates for growing porous metals because they can be
removed by using solvent or heat treatment to expose the
interior metal surfaces of the metal architecture. However,
making mesoporous Au NPs has been challenging because
solvated Au’* cations have relatively high mobility and
significant positive reduction potential. As a result, encapsulat-
ing BCMs is difficult and chemical reduction tends to form low
surface energy morphology NPs that are convex and
nonporous.

A significant advance in creating mesoporous Au NPs was
recently made by templating them with thiol-terminated C,,N-
SH amphiphilic micelles.”” Thiol-bearing molecules have long
been used in the Au nanocluster field as metallogelators that
convert Au(Ill) precursors into supramolecular assemblies of
Au(I) thiolates before reduction and the formation of the Au
cluster.* =" Metallogelation has the side effect of lowering the
mobility of Au via the Au(I)—thiolate complexes and helps the
Au metal precursor form and condense around the micelles
before reducing the Au(I) thiolates into Au’. However,
micelles using molecular surfactants have limited sizes, so the
maximum pore diameter using Cp,N-SH was ~5 nm. The
optical extinction properties of a mesoporous Au NP with $
nm diameter pores are not significantly different from a
nonporous Au NP at visible wavelengths because the
mesoporous features are too small to induce significant
anisotropy or disorder in the optical medium. Thus synthesiz-
ing Au NPs with larger pores is necessary to affect the local
surface plasmon resonance (LSPR) modes of the NP and
expose their interior metal interfaces to the environment where
they can participate in plasmon-based chemistry.

Creating BCMs bearing thiol functional groups is not an
ideal solution for making pores in Au NPs because the surface
density of the thiol groups would not be significant and
eventually cause the polymer to be less stable over time.
However, recently other research groups were using Au and -
cysteine (L-Cys) to make complex, free-standing 1-D and 2-D
nanostructures over a wide temperature and pH range via
Au(I)—thiolate bonds.** Therefore, we proposed a hybrid
approach where we remove the thiol group from the pore-
forming agent like in Lv, et al.”’ and delegate Au(I)—thiolate
bond formation to a separate molecule like L-Cys. Then the
Au(I)—Cys metallogelate network could physically trap the
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BCM pore forming agents to make mesoporous Au NPs. This
paper describes a process to implement thiol ligands in soft-
templating reactions with BCMs to synthesize mesoporous Au
NPs with ultra-large tunable pores and test their electro-
catalytic, optical, and photocatalytic properties. We explain
how pores break the symmetry of plasmon modes and create
strongly localized hybridized plasmon modes in an ultrahigh
surface area morphology that is advantageous for plasmon-
driven phenomena including photocatalysis.

B RESULTS AND DISCUSSION

Synthesis of Mesoporous Au NPs. Mesoporous metal
NPs synthesized with BCMs typically follow this general
procedure:'**** the PS-b-PEO diblock copolymer is initially
dissolved in tetrahydrofuran (THF). This solution should be
clear, indicating that the PS-b-PEO is dissolved as a unimer.
Then metal precursor and some cosolvents like ethanol and
water are added, causing the solution to become cloudy due to
the assembly of the PS-b-PEO polymer chain into BCMs with
sufficient light scattering ability. Finally, the reducing agent is
added to the mixture, causing the solution to transform in
color as the metal is reduced to form the NPs. Then the
product is separated from excess reagents via consecutive
cycles of washing/centrifugation. Eventually, the final product
is imaged with scanning electron microscopy (SEM) to
evaluate the porous structure. This procedure works with
various metals with minor modifications, but it has failed to
generate mesoporous Au NPs until now. BCMs cannot be
embedded into the growing Au NPs under these conditions.
Instead, the Au aqua-complexes tend to reduce and form
nonporous Au NPs (Figure Sla). Therefore, we experimented
with different small molecules with thiol groups such as p-
mercaptobenzoic acid, glutathione, and 1-Cys to generate
lower-mobility Au(I)—thiolate intermediates before reduction
to the metal. By delegating Au—thiolate formation to thiol
molecules, the main role of the BCM is to serve as a steric
barrier and create open spaces inside the NPs.*® We also added
KOH to the reaction to modulate the kinetics of the reduction
reaction, which we will describe in detail later. Aqueous
solutions containing Au®" precursor are typically yellow, but
once the thiol molecules are added, the solutions become
cloudy and yellow, indicating Au(I)—thiolate formation. To
implement Au(I)—thiolates into the BCM synthetic method,
the standard method can be followed where Au®* precursor is
added to THF/ethanol containing PS-b-PEO. Then KOH and
the thiol molecules are added to form the Au(I)—thiolate
metallogel. The metallogel is then reduced by adding aqueous
AA to the solution. For the reaction with L-Cys, the solutions
appeared blue within ~5 s and eventually became red-blue
after ~30 s, while the final product using other thiol molecules
was black. The products were then centrifuged, washed, and
imaged in SEM. Figure S1b—d shows the products generated
using three thiol molecules: L-Cys, glutathione, and p-
mercaptobenzoic acid. Only 1-Cys created mesoporous Au
NPs, whereas the other ligands generated nonporous
aggregated Au NPs. In nanocluster synthesis methods, bulkier
ligands tend to impart better stability to Au nanoclusters.”’
However, intermediates with high stability are not as desirable
in mesoporous templating reactions because the organic
ligands must ultimately be displaced for significant metal-
lization to proceed. It has been reported that glutathione and
p-mercaptobenzoic acid have been used for the synthesis of
highly stable Au nanoclusters because bulky ligands can
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Figure 1. Mesoporous Au Nanoparticles. (a) SEM micrograph shows that the Au particles are relatively uniform in size. The surface of each particle
is riddled with tiny pores (inset; top). When KOH is added to the reagent solution, the solution turns from yellow (¢ = 10 s) to dark brown (t =
120 s), indicating the formation of nanoclusters (inset; bottom). (b) Raman spectra were collected as reagents were added to the reaction solution
containing BCMs. The characteristic Raman spectrum of HAuCl, shifted to lower frequencies and broadened upon the addition of KOH. (c)
Time-dependent UV—vis absorbance spectra were collected over time (¢ = 0 to 25.5 min; increment 1.5 min) to examine the formation of NPs.
Both PS-b-PEO and the AA reducing agent were omitted from the solution, yet the Au precursor [19.3 mM] was still reduced by L-Cys [1.63 mM]
upon the addition of KOH [63 mM]. (d) Positive-ion mode MALDI-TOF mass spectra of the as-prepared samples from the mixture solution

containing solvent, 1.-Cys, KOH, and HAuCl,.

promote steric effects.”** Therefore, they are not suitable for
this system because stable Au nanoclusters inhibit the growth
of crystalline Au metal around the BCMs. We speculate that L-
Cys works best in this reaction because it is less bulky and has
some ambidexterity because its amine, carboxylic acid, and
thiol groups can bind/unbind to Au surfaces depending on the
changing chemical environment.

The as-synthesized mesoporous Au NPs prepared with L-
Cys were then examined with SEM to measure their average
exterior dimensions. Figure la shows that the obtained
mesoporous NPs are well-dispersed and appear highly uniform
in shape and size. The average diameter of this sample was
estimated to be 120.2 + 9 nm after analyzing >200 NPs
(Figure S2). SEM imaging revealed that the surfaces of the
particles are decorated with abundant pores with a narrow size
distribution of 18.3 + 2 nm and pore walls with thicknesses of
17.3 + 2 nm (Figure S3a,b). Small-angle X-ray scattering
(SAXS) was used to measure the periodicity of mesoporous Au
NPs and estimate the pore-to-pore distance of the mesoporous
Au structure (Figure S3c). The SAXS measurements have a
broad peak at 0.204 nm™’, corresponding to a pore-to-pore
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distance of 32 nm. This observation is consistent with the
abovementioned pore size and pore wall thickness (i.e., 18.3 +
17.3 = 35.6 nm). In addition, Figure S4 shows that the
polymeric micelles were formed in solution, implying that the
pore structure is an inverse replica of the spherical polymeric
micelle. The resulting pore diameter is slightly smaller than the
size of polymeric micelles observed by TEM (~24 nm). The
difference in size is caused by the overgrowth of Au crystal
around BCM:s, which tends to slightly shrink the pore size. The
same results were previously reported when mesoporous PdCu
was prepared with PS-b-PEO BCMs.”> The synthesis
mechanism was examined using a combination of UV—vis
absorption spectroscopy and Raman spectroscopy to identify
any changes as PS-b-PEO, HAuCl,, L-Cys, and KOH reagents
are added in sequence. In the UV—vis spectra (Figure SSa),
most solutions containing [AuCl,]™ have an absorbance peak
at 4 = 325 nm associated with the ligand—metal charge
transfer. The shoulder peak at lower energies corresponds to
the d-d transition of the [AuCl,]” square planar ion. In the
presence of KOH, the UV—vis peak at 325 nm is severely
attenuated, indicating a chemical reaction and change in the
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Chem. Mater. 2022, 34, 7256—7270


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01125/suppl_file/cm2c01125_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01125/suppl_file/cm2c01125_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01125/suppl_file/cm2c01125_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01125/suppl_file/cm2c01125_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c01125/suppl_file/cm2c01125_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01125?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01125?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01125?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c01125?fig=fig1&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c01125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

Au’* coordination sites. Interestingly, Au nanoclusters
formation seems to occur after the addition of KOH, as the
color of the solution becomes black and turbid. Wavelengths
<300 nm cannot be measured due to the strong absorption of
the solvent in this region. Figures 1b and S5b show the Raman
spectra of the same solutions. [AuCl,]™ ions have Raman peaks
at 350 and 326 cm™' due to symmetric (Alg) and
antisymmetric stretching (Blg) modes, respectively. Even
when 1-Cys is added to the reaction mixture, there is little
change in the Raman spectrum. However, the Raman spectrum
changes quite drastically upon the addition of KOH, and two
Raman peaks at ~333 and 265 cm™' emerge. Strongly basic
conditions will deprotonate all L-Cys ligands to form the
thiolate anion (RS™). Then the thiolate anion can readily
interact with the Au precursor to form oligomeric or polymeric
[Au-SR], complexes."*° Researchers have examined the
Raman vibrations of monomeric RS-Au'-SR and dimeric RS-
Au-SR-Au’-SR structures on the surface of Au clusters.”'
These motifs generate Raman bands in the 250—350 cm™
range that are associated with Au—S stretching. In Figure 1b,
the 333 and 265 cm™' Raman bands created upon the addition
of KOH match the radial vibrations of [Au-SR], in Au clusters
versus other potential moieties; thus, we assume that the
addition of KOH creates polymeric Au complexes and even
some Au clusters or particles capped with L-Cys. The
interaction between Au and L-Cys in basic conditions was
monitored over time in the absence of PS-b-PEO and AA using
UV—vis spectrophotometry. Interestingly, the UV—vis data
(Figure 1c) indicates that the Au precursor [19.3 mM] was
reduced by L-Cys [1.63 mM] in the presence of KOH, as can
be seen in the gradual increase of the absorption peak at ~580
nm. The solution appeared black (inset Figure 1a), which is a
signal that tiny Au NPs or clusters have been formed. This
observation is consistent with other reports showing that
peptides with cysteine residues can form Au clusters.””>’
Indeed, metal nanoclusters have even been prepared using L-
Cys as a reducing agent.””>> KOH strongly regulates the
reaction, and sufficient basicity is essential to enhance the
reducin§ capability of L-Cys (Figure S6), as noted in related
studies.”® ™" The abovementioned solution was collected and
measured in high-resolution TEM (HRTEM) (Figure S7).
HRTEM shows that tiny <2 nm diameter Au NPs form in the
absence of AA and PS-b-PEO. The size of these particles could
be smaller but likely aggregate due to the 200 kV electron
beam in TEM. In addition, matrix-assisted laser desorption/
ionization-time-of-flight (MALDI-TOF) analyses of the above-
mentioned solution show the presence of molecules with
masses ~3417 and ~3401 Da, indicating that small Au
nanoclusters are present upon the addition of KOH (Figure
1d). Also, washed samples have XPS peaks for Au(I) and
Au(0)%° (Figure S8), and EDX can detect a small amount of
sulfur (Figure S9) indicating that the particles are capped with
Au(1)—Cys sites.

Control experiments were performed to study the role of
each component in the synthesis process. L-Cys impedes the
random growth of Au; however, the porous framework fails to
form without the presence of BCMs (Figure S10a). The
omission of KOH results in large 2.5 um diameter particles
(Figure S10b). These results combined with earlier observa-
tions indicate that KOH increases the reducing power of the
solvent and, thus, increases nucleation, which will decrease the
final size of the NPs. Considering all of the data together, we
concluded that the formation of mesoporous Au NPs proceeds
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as follows (Figure 2a). Aqueous solutions initially drive PS-b-
PEO to form core—shell BCMs in solution (Figure 2b,c). Then

Figure 2. Synthesis procedure for mesoporous Au NPs. (a) Proposed
mechanism for the assembly of mesoporous Au NPs using BCMs as
sacrificial templates. 1L-Cys and KOH initiate gelation of the Au
precursor and the formation of clusters that adsorb inside the PEO
shell of the BCMs. They cause the BCMs to aggregate and form
mesoporous NPs with metals that are chemically sintered together
with the aid of the AA reducing agent. The BCMs are removed with
mixed solvents of ethanol/THF to reveal mesopores in the metal NPs.
(bc) TEM images of PSg000-b-PEO;5y micelles formed in an
aqueous solution (b) with HAuCl, and (c) without HAuCl,. The
black dots in (b) are Au nanoparticles formed by the reduction of
HAuCl, with the electron beam. The emergence of scattering by the
micelles via the Tyndall effect is shown in the inset. (d) TEM image
of a BCM at the earliest stages of the reduction process as Au NPs
surround the spherical micelle. (e) TEM image of mesoporous Au
NPs in the presence of BCMs. (b,c) Scale bars, 50 nm. (d,e) Scale
bars, 20 nm.

L-Cys causes the Au(I)—thiolate to form and associate with the
surface of the BCMs. KOH destabilizes the Au(I)—thiolate and
then clusters form on the outside shell of the BCMs (Figure
2d). Figure S11a shows both the growing mesoporous Au NPs
and the Au-capped micelles. Finally, AA triggers the
aggregation of the micelles and overgrowth as they begin to
form the mesoporous Au NPs in Figure 2e. Figure S11 shows
that the SEM images recorded from the samples collected at
different reaction times correlate well with the proposed
mechanism. This method is conceptually different than
methods that use thiol-terminated C,,N-SH amphiphilic
micelle templates®® because the metallogelation reaction is
independent of the BCM. Hence the pore size of the Au NPs
can be increased or decreased by changing the number and
ratio of homopolymer subunits (e.g., PS) using a wide range of
commercially available BCMs.*?

All observations of the reaction indicate that three main
variables can be optimized: (i) choice of an appropriate
molecular ligand for Au. Thiol ligands modulate the kinetics of
nucleation,” in addition to directing crystal growth. Of the
thiol molecules we tested, L-Cys seems to satisfy these criteria
best, but there may be additional molecules that will work. The
concentration of L-Cys used in the reaction is also critical. As
shown in Figure S12a, reactions deficient in L-Cys [1 mM]
cannot promote the formation of mesoporous Au NPs because
there are insufficient ligands to bind all Au*" and generate the
Au(I)—thiolate. This free Au®* is too mobile and does not
associate with the PEO moieties of the BCMs. Thus,
encapsulation of the BCMs does not occur. By increasing
the concentration of 1-Cys [S mM], the low-mobility of
Au(I)—thiolate becomes sufficient for interacting with the
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BCMs, which in turn form ~100 nm sized particles with
irregular pores (Figure S12b). Compared to reactions with the
same KOH concentration, particles with larger diameters and
interconnected pore walls can be obtained from the higher
concentration of L-Cys [10 mM] (Figure S12c). Thus 1-Cys
mainly affects nucleation by creating less mobile, dense Au(I)—
thiolate intermediates that can be reduced with AA. Higher 1-
Cys concentrations are necessary to decrease the self-
nucleation of the precursor and provide adequate time for
Au(I)—thiolate to fully encapsulate the BCMs. (ii) The use of
KOH to increase the pH value of the solution favors the
destabilization of the Au(I)—thiolate and the formation of
nanoclusters. The pH sensitivity of the reaction enables
modulation of the reducing power of the reaction and NP size
control." Careful control of pH concentration determined the
final size of the mesoporous Au NPs (Figure S13a—c) and
reactions with [KOH] from 37.2, 40.0, and 42.9 mM resulted
in mesoporous Au NPs with average sizes of 230.2 + 27, 180.7
+ 18, and 120.2 + 9 nm, respectively (denoted as meso-
Au230, meso-Aul80, and meso-Aul20, respectively) (Figure
S13d—f). Figure S14 demonstrates that changing the pH
concentration to control the size of the porous particle can also
be carried out with a different base. (iii) The concentration of
AA chemical reducing agent. AA is a mild reducing agent
frequently used in seed-mediated NP synthesis methods
because it cannot readily reduce Au’". Hence AA mainly
participates in nanocrystal growth because it cannot easily
nucleate the AuCl, starting material under mild conditions.
Figure S15 shows experiments using different reducing
agents.”” AA mainly affects how the Au forms around the
BCM template by reducing Au(I)—thiolate or helping sinter
the NPs together via some form of oriented attachment.
Insufficient AA concentration impairs micelle encapsulation,
allowing the BCMs to escape into the solvent and resulting in
nonporous facetted Au particles with minimal energy surfaces
relative to the porous structure (Figure S16).

3D Morphology of Mesoporous Au Nanoparticles.
TEM images confirm that the porous network extends
throughout the NP to create a 3D open network (Figure
3a). HRTEM on a highly magnified domain near the edge of
the particles has lattice fringes associated with {220} diffraction
planes (d = 0.14 nm) of the fcc Au lattice (Figure 3b).”* The
thorough observation of HRTEM combined with the XRD
pattern (Figure S17) of the sample further confirms that the
porous structure is composed of highly crystalline Au metal.
Step and kink sites associated with low-coordinated atoms
were observed on the periphery of the particle (Figure S18).
These unsaturated atomic structures are promising active
catalytic sites known to boost electrocatalytic activity in metal
electrodes.””® To visualize the internal structure of the
mesoporous Au NPs, STEM-HAADEF-tomography was used to
create 3D model structures for meso-Aul20, meso-Aul80, and
meso-Au230 (Figure 3c—e). The interior space of the NPs can
be observed as semi-ordered interconnected pores that extend
throughout the metal structures. As the overall particle size
increased, there was no collapse in the structure, indicating that
the micelles and metal precursor conucleate and grow outward
as more metal and micelles are added to the growing particle
which is controlled by pH. However, as seen in the 120 nm
diameter sample, there are limits to the number of BCMs that
a single particle can accommodate. Thus smaller size BCMs are
required for making spherical pores in sub-100 nm
mesoporous NPs.
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Figure 3. Structural characterization of mesoporous Au NPs
synthesized with PS,g000-b-PEO;500 BCMs. (a) Bright-field TEM
image of mesoporous Au NPs. (b) HRTEM image of the edge of a
pore. STEM-HAADF tomography of mesoporous Au NPs with
different particle sizes: (c) 120, (d) 180, and (e) 230 nm. Cross
sections were taken from the x-axis (top row) and y-axis (middle
row). The 3-dimensional models of each particle are shown in the
bottom row.

Estimating Reactivity and Accessibility of Au Pores
via Electrochemistry. Electrochemistry is a well-known
application for mesoporous metal architectures. However,
electrochemistry can also be used as a tool to study the
structural properties and surface area of porous architectures
via the reactivity of the active sites and the electrochemical
active surface area (ECSA). We initially examined the
performance of the mesoporous Au NPs for the ethanol
oxidation reaction (EOR) because the porous structure
increases the surface area of the NP and the convex/concave
shape of the pores exposes unsaturated metal atoms that can
participate as active sites in catalytic reactions. Quasi-spherical
Au NPs with the equivalent size were also prepared as a
control structure and evaluated alongside the mesoporous Au
NPs (Figure S19). Figure 4a shows the ECSA data for
mesoporous Au NPs (120 nm) with the nonporous quasi-
spherical Au NPs (denoted as nonporous Aul20) generated
using cyclic voltammetry (CV) in 0.5 M H,SO, at a scan rate
of SO mV s™'. The CV curves from meso-Aul20 and
nonporous Aul20 possess a pair of peaks in the forward
scans from 1.0 to 1.5 V Ag/AgCl) and in the backward scan
from 1.2 to 0.75S V (vs Ag/AgCl). They correspond to the
characteristic of the Au electrode where the broad anodic peak
in the forward scan is ascribed to the formation of the Au oxide
layer and the second peak in the backward scan indicates the
reduction of the oxide layer. The mass-normalized ECSA of
meso-Aul20 is estimated to be 6.1 m* g”', which is higher than
that of nonporous Aul20 (1.2 m* g”") (inset Figure 4a), and
this value is comparable to the porous Au NPs that have been
reported previously.”**” This enhancement suggests that the
meso-Aul20 NP has more exposed catalytic active sites than
smooth nonporous Aul20 NPs. Furthermore, electrocatalytic
oxidation of ethanol was performed to probe the electro-
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Figure 4. Electrocatalytic performance of mesoporous Au NPs versus nonporous Au NPs. (a) CV curves of the meso-Au120 and nonporous Aul20
NPs in 0.5 M H,SO, with the scan rate of S0 mV s, and the corresponding ECSA (inset). The catalytic ethanol electrooxidation measurements in
the form of (b) cyclic voltammograms in 1 M NaOH and 1 M CH;CH,OH with the scan rate of 50 mV s/, (c) summary of mass and specific
activities over EOR, and (d) i—t curves of meso-Aul20 and nonporous Aul20 NPs at potentials of 0.12 and 0.25 V, respectively.

catalytic activity and stability of the meso-Aul20 and
nonporous Aul20. There are two peaks in the CV curve
with 1 M ethanol and 1 M NaOH solution (Figure 4b) that
exhibit the characteristic behavior of the Au electrode for EOR.
For meso-Aul20, the broad oxidation peak with the maximum
current density of 331.2 mA mg ™" at 0.13 V is observed in the
forward scan ranging from —0.3 to 0.4 V, which can be
attributed to the four-electron transfer of ethanol electro-
oxidation.®®®” In the backward scan, the second anodic peak is
located at —0.02 V, indicating a reduction of the hydroxy layer
of Au and thorough removal of the intermediate carbonaceous
species formed during the forward scan. On the other hand,
the peak potential of the nonporous Aul20 is observed at a
more positive potential of 0.26 V with a peak current density of
10.8 mA mg™'. The result demonstrates that the as-prepared
Au NPs with porous architectures possess a mass activity ~31
times higher in electrocatalytic performance of EOR compared
with its quasi-spherical counterpart. The specific activity of
5.41 mA cm™? from mesoporous Au NPs is also higher than
that of the nonporous Au NPs with 0.88 mA cm™, indicating
that highly active sites are more exposed (Figure 4c).
Poisoning of active sites by intermediate carbonaceous species
is a significant problem in EOR. The ability of a catalyst to
resist poisoning can be measured using the ratio of peak
current densities for the forward and backward anodic peaks
(I/I,)—a larger ratio indicates a higher resistance.”® Non-
porous Aul20 and meso-Aul20 NPs exhibited an I;/I, of 5.7
and 8.1, respectively. The result demonstrates that the meso-
Aul20 NPs outperform nonporous Aul20 in oxidizing the
intermediate carbonaceous species.

Chronoamperometry (CA) was employed to evaluate the
stability of the mesoporous Au catalysts in the EOR (Figure
4d). The current—time response was recorded at 0.12 and 0.25
V for meso-Aul20 and nonporous Aul20, respectively. The
current density of meso-Aul20 and nonporous Aul20 decrease
at the beginning of the measurement and then reach a steady
state after 1200 s. The blocking of active sites likely causes this
gradual deterioration due to the accumulation of carbonaceous
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species.”” The meso-Au120 exhibited slower deterioration with
the steady-state current density of 40 mA mg™', whereas the
currents of nonporous Aul20 significantly diminished to 0.3
mA mg ™", This result is in good agreement with the tendency
of meso-Aul20 to resist poisoning in EOR more effectively.
Accordingly, the meso-Aul20 shows superior electrocatalytic
performance to the quasi-spherical Au nanoparticles. For
comparison, the reported catalysts for EOR are listed in Table
S1. The as-prepared meso-Aul20 is even outstanding versus
other Au-based catalysts. This observation implies that the
synthetic method creates structures with 3D interconnected
pores that enable good mass and electron transfer properties
while exposing numerous low-coordinated atoms for catalysis.

ECSAs of the three batches of particles (i.e., meso-Aul20,
180, and 230) were measured to determine if the
interconnected and accessible porous network is maintained
as the particles increase in size. Figure S20a shows the CV
curves from the gold oxide striping of all mesoporous Au
samples. The calculated ECSA for meso-Au decreased with the
increase in particle size, which was 6.1, 5.7, and 5.4 m? g_1 for
meso-Aul20, meso-Aul80, and meso-Au230, respectively
(Figure S20b). Thus, the smaller particles with the porous
architecture will provide a larger surface area for catalysis.
ECSA allows us to roughly estimate the surface area of single
particles and compare them to the total surface area provided
by the tomography models (see Note S#1). Tomography
models provide an upper bound of surface area because all
surface areas, even inaccessible pores, can be measured. The
ECSA indicates that the mesoporous particles have more
surface area than hard spheres and a large proportion of their
pores are accessible. Figure S21a displays the characteristic CV
of ethanol electrooxidation and particle size-dependent EOR of
mesoporous Au NPs. The apparent tendency of peak potential
and the corresponding current density over the size of particles
are observed. In the forward scan, the peak potential shifts
from 0.13 to 0.15 V as the size of the particles increase from
120 to 230 nm. This observation indicates that the process of
ethanol electrooxidation was more easily triggered on
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Figure S. Experimental and simulated optical properties of mesoporous Au NP samples synthesized with PS;gp-b-PEO;509 BCMs. The overall
diameter of the particles was 120 nm [(a)b) meso-Aul20], 180 nm [(c,d) meso-Aul80], and 230 nm [(ef) meso-Au230]. The UV—vis
spectrophotometry measurements (a,c,e) show that the plasmon resonance redshifts as the size of the particle increases. The tomography structures
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b,d,f). Peaks in the spectra were examined using their current density map bisecting the center of the NPs (b,d,f right top) and 3D surface charge
map (b,d,f right bottom) to identify the dipolar (D) and quadrupolar (Q) modes. In the simulated maps, light is incident from right to left and the

polarization of the electric field is parallel to the page.

mesoporous Au NPs with smaller diameters. In addition, the
easier ethanol electrooxidation takes place on the smaller
particles of meso-Au is also confirmed by the increase of
current density as the size of the particle decreases. The
current density of meso-Aul20, meso-Aul80, and meso-Au230
are 331.2 mA mg~"' (5.41 mA cm™?), 295.9 mA mg~" (5.23 mA
cm™?), and 270.4 mA mg™' (5.18 mA cm?), respectively
(Figure S21b). The stability test of EOR performance also
suggests that the more stable and higher steady-state current
density of EOR can be achieved with the smaller size of
mesoporous Au particles (Figure S21c). Smaller mesoporous
Au NPs have higher electrocatalytic activity because they
exposed more concave/convex surfaces that supported
numerous low-coordinated atoms that are good active sites.
This result further indicates that the high controllability of size
without compromising the porous features can be effectively
achieved via careful control of KOH concentration, hence,
providing a higher number of active sites when the particle size
is smaller. Linear sweep voltammetry measurements at various
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scan rates were also carried out to examine the mass transfer
properties of the mesoporous Au NPs with different sizes of
particles for EOR. As shown in Figure S22a—c, the peak
current density of EOR by all catalysts increases with the
increasing scan rate. In addition, the peak current densities for
all samples have a linear relationship with the square root of
scan rate (Figure S22d) showcasing that the EOR by
mesoporous Au NPs is a diffusion-controlled process.”””" In
this case, the diffusion efficiency of each catalyst is represented
by the slope. As the slope value increases with the decrease of
the size of the particle, it suggests that the electron and mass
transfer on the mesoporous Au NPs is improved when the size
of the particle is smaller.”” This result accounts for some of the
increase in the catalytic activity of the smaller diameter
mesoporous Au NPs.

Characterizing the Optical Properties of Mesoporous
Au Nanoparticles. The optical properties of metal nano-
structures with subwavelength voids, holes, and gaps have long
been a topic of fascination because nanoscale noble metals
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Figure 6. Simulated optical properties of a 180 nm diameter Au NP as pores are added to the structure. (a) Extinction, scattering, and absorbance
cross sections for a single 180 nm diameter spherical Au NP perforated with a bcc array of 18 nm diameter pores spaced by 17 nm. The particle
supports a dipolar (D) and quadrupolar (Q) resonance. Electric field maps (left) and 3D charge polarization maps (middle, right) for the D
resonance (b) and Q resonance (c). A charge is piled up on the left side of the D-resonance, causing it to overlap spatially and hybridize with the
Q-resonance. The cross section of the polarization maps (right) shows that even the surfaces of the interior pores are polarized toward the overall
polarization of the mesoporous Au NP. (c) Diameter of the nanoparticle and pore spacing were fixed (i.e., d = 180 nm and s = 17 nm) and the
diameter of the pores (a) was varied from 0 to 27 nm in 3 nm increments. Increasing pore size causes the Q and D modes to redshift. (d) Redshift
can be explained in part by symmetry breaking and plasmon hybridization theory (e). Spherical NPs support primitive D® and Q° modes.
Increasing pore size causes the D° and Q° modes to spatially overlap and hybridize, forming antibonding Q and bonding D modes. A similar
phenomenon can be observed by increasing the diameter of solid Au NPs (see Figure S24). (f) Extinction, scattering, and absorbance cross sections
of a 180 nm diameter Au NP perforated with a random arrangement of a = 18 nm diameter pores. The extinction of the NP with ordered pores was
included for comparison showing that ordering has minimal impact on LSPR.

support collective excitations of free electrons called surface
plasmons that can focus and manipulate light.”” For example,
early research in plasmonics showed that light could couple to
surface plasmons in metal films and travel through
subwavelength holes.”*”* Also, dielectric cavities in the center
of core—shell Au NPs create tunable multipolar modes."
Arranging NPs into electrically capacitive clusters generate
collective broad-band hybridized modes.”%”® Additionally,
concave and convex metallic features are capable of collecting
and focusing light.”*’” Mesoporous Au NPs are relevant in this
context because they combine all of these aspects into an
analogous structure, but one that is conductive instead of
capacitive. Researchers working on mesoporous chemistry
have briefly explored the optical properties of mesoporous
metals. For example, etched and dealloyed porous metal NPs
support LSPRs that enhance Raman scattering’® and the local
electric field intensity.”® However, no work has studied how
arrays of pores affect the optical extinction properties and
wavelength-dependent plasmon modes of mesoporous NPs. At
the very least, pores should affect the optical conductivity of
the structure and enable one additional degree of freedom
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besides size and shape to tune the plasmon resonance of the
particles.

We took the three 3D models in Figure 3c—e and input
them into a computational electrodynamics solver (Lumerical
Solutions). The model used polarized plane-wave excitation
and the Au material was modeled using the optical constants
described by McPeak,”” and the pores and background were
set to a refractive index of 1.333. For reference, we collected
the UV—vis spectra for each batch of particles from which the
particles were taken (Figure Sa,c,e). As expected, the plasmon
resonance redshifts and broadens as the average diameter of
the mesoporous Au NPs in each ensemble solution increases in
size from 120 to 180 to 230 nm. The tomography structures in
Figure 3 were input into our model to calculate the normalized
extinction, scattering, and absorbance cross sections of the
corresponding mesoporous Au NP models (left Figure Sb,d,f).
The modeled spectra qualitatively match the UV—vis spectra,
but the experimental spectra are broader, likely because there is
some variation in the size and internal structure of each particle
in the ensemble (Figures S2, S3, and S13); additionally, UV—
vis spectrophotometry uses unpolarized light which may
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contribute some broadening as particles are randomly oriented
in solution. Meso-Aul20 supports a resonance in the location
of the UV—vis spectrum (left Figure Sb). Plasmon modes were
examined by plotting the current density map and 3D charge
polarization. Current density (J) is a useful way to detect
regions inside the metal that contribute to the highest electric
field enhancement inside the pores. The modeled particle
supports strong J that penetrates to the interior of the particle
and the charge polarization plots indicate that the particle
supports dipolar (D) and quadrupolar (Q) modes (right
Figure Sb). The larger meso-Aul80 NP and meso-Au230NP
both support D and Q modes that also appear to redshift and
broaden as the overall diameter of the NP increases (right
Figure 5d,f). In all cases, the J plots show that the plasmon
affects both the exterior and interior spaces of the structure and
enables more surface area of the structure to contribute to the
overall electric field enhancement. We synthesized mesoporous
Au NPs with roughly the same outer diameter (d = 120 nm)
but using BCMs having increasing diameters (p = 12, 18, and
23 nm) using PS;q000-b-PEOy4100, PSig000-b-PEO7500, and
PSy3000-b-PEOy¢ 000, respectively (Figure S23a—f). The UV—
vis spectra of these samples show that the plasmon resonance
redshifts and broadens simply by increasing the diameter of the
BCM, which proves that porosity is an additional dimension to
tune the plasmon wavelength of mesoporous metal NPs while
keeping its outer dimensions constant (Figure 823g).
Mesoporous Au NPs have attractive properties for photo-
catalysis because they possess numerous low-coordinated
atoms and have strong scattering and absorbance properties
at visible wavelengths. To better understand how porosity
affects plasmon modes, we created some simple models of
nonporous and porous Au NPs with a fixed d of 180 nm to
roughly approximate meso-Aul80 (Figure Sc,d). Meso-Aul80
was chosen because it had the most distinct pores in
tomography and showed E-field penetration to the interior
of the particle. First, we simulated the extinction, scattering,
and absorbance cross sections of a 180 nm diameter Au sphere
perforated with a body-centered cubic (bcc) array of 18 nm
diameter pores (a) spaced 17 nm edge-to-edge (s) to match
the rough dimensions of the meso-Aul80 sample (Figure 6a)
and reflect the entire ensemble measured in the SAXS data
(Figure S3a,b). The model Au NP has two strong peaks at 4 =
561 nm and A = 730 nm. In Figure 6b, we mapped the electric
field profile (left), 3D charge polarization map (middle), and
3D charge polarization cross section (right) for the peak at A =
730 nm. The plane wave excitation source is incident from
right to left, and polarization is indicated by the red arrow. The
simulations indicate that the peak at 730 nm is a dipolar (D)
resonance and that the charge is piling up on the side of the
particle furthest away from the source. The 3D cross section
shows how the surfaces of the pores are polarized in phase with
the overall polarization of the Au NP. The peak at A = 561 nm
appears to be a quadrupolar (Q) mode (Figure 6¢c) based on
its electric field and charge map. The individual polarization of
each pore in the Q mode is dipolar and rotated to be in phase
with the overall Q mode based on the pore location. Only the
pore at the center of the 180 nm diameter particle is
quadrupolar. To understand the coupling mechanism, we
simulated the same Au NP but with different pore sizes (a = 0,
3,6,9,12,15, 18,21, 24, and 27 nm) and fixed pore locations
(Figure 6d). Increasing pore size causes the D and Q
resonances to redshift; redshifting accelerates and the Q
mode increasingly adopts a Fano lineshape as the pores begin
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to overlap at a = 27 nm. This behavior is similar to the effect of
NP size, where increasing the diameter of a spherical Au NP
causes the Q resonance to emerge and redshift with the D
resonance (Figure S24). Increasing pore size causes symmetry
breaking as the particle becomes sufficiently large to experience
an electric field with a time-dependent phase. Symmetry
breaking is frequently used to obtain plasmon modes with
larger local field enhancements due to the asgmmetric spatial
arrangement of charge in hybridized modes.*”*'

Porosity also induces symmetry breaking in spherical NPs
because it facilitates the emergence of hybridized D and Q
modes, which are superpositions of primitive (i.e.,, unhybri-
dized) dipolar (D°) modes and quadrupolar (Q°) modes.
Porosity clearly helps precipitate the piling charge in the D
mode (Figure 6b; middle), causing it to shift to the aft section
of the Au NP and spatially overlap with the Q mode (Figure
6¢c; middle). We hypothesize that the pores simultaneously
affect the energy of the unhybridized D° and Q° modes by
decreasing the overall optical conductivity of the entire
structure. Optically induced transfer of charge across
conductive junctions shifts the plasmon resonance to lower
energies as the metal junction becomes thinner.** Figure 6e
shows an energy diagram describing the effect of porosity on
hybridization. Increasing a creates thinner pore walls, allowing
the plasmonic wavefunctions of D° and Q° to mix and form
hybridized bonding (D + Q) and higher energy antibonding
(D — Q) modes with highly localized electric fields at visible
wavelengths. The D mode is a broad radiant mode, while the
Q mode is intrinsically a narrow subradiant mode. Changing a
controls the amount that these modes overlap spectrally and
causes them to interfere and generate an increasingly narrow Q
mode, which is characteristic of Fano resonances. We also
observed a similar effect in 120 nm diameter Au NPs
perforated an array of pores with the same spacing and
varying pore diameter (Figure S25) and observe red-shifting of
the D mode and the emergence of a strong Q mode. In
addition, the pores inside the as-synthesized particles are not
ordered in a perfect bec array like the simple model in Figure
6a,b. Figure 6f shows the simulated cross sections for a 180 nm
diameter particle with randomly distributed 18 nm diameter
pores using a similar number of pores as the ordered array
(Figure 6a). Interestingly, the location and shape of the D and
Q modes are roughly identical in both ordered and disordered
pores, indicating that conductive coupling is the primary
mechanism and that local optical conductivity dominates the
properties of the nanoparticle rather than the periodic spacing
of the pores. However, it is worth noting that larger
overlapping pores may allow interpore coupling because the
length scale of the plasmon would be much larger. Nanoscale
junctions and interfaces should impact the lossiness of the
plasmon mode, but the magnitude of its contribution to the
optical properties in the mesoporous particles prepared in the
experiment is unknown. We modeled the 180 nm diameter
ordered NP model, shown in Figure 6a, and the tomography-
generated meso-Aul80 NP using a Drude model (DM) for Au
that removed the contribution of interband transitions (Figure
S26). Then, we increased the collision frequency of the DM to
observe how a reduction in the mean free path of electrons
(A.) via structure might impact optical properties. In both
structures, we observed no significant change in the extinction,
absorbance, and scattering spectra, indicating that the interior
features are still relatively large to contribute to a significant
loss via 4. As the pore walls narrow and become atomistic
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Figure 7. Photocatalytic performance of mesoporous Au NPs vs nonporous Au NPs. (a) Optical spectra of ME, meso-Aul20, nonporousAul20,
and marked laser wavelengths used in this study, (b) UV spectra for photodegradation of ME using meso-Aul20, (c) kinetic measurements of ME
plasmon-driven degradation using meso-Aul20 and nonporous Aul20 with 633 and 450 nm laser and corresponding photodegradation kinetic

curves using first-order reaction fitting (d).

junctions, nonlocal effects such as spatial dispersion emerge
and require more sophisticated models to quantify absolute
loss mechanisms.*

Plasmon-Enhanced Photocatalysis with Mesoporous
Au Nanoparticles. In the context of photocatalysis, symmetry
breaking with mesopores is advantageous over other methods
using NPs with dielectric®” and metal®" substrates in addition
to core—shell NPs** because mesoporous metals expose more
of the metal surface to the environment. This can lead to a
synergistic effect where E-fields from hybridized modes are
colocalized to regions with numerous atomic step edges and
kinks where catalytic active sites in metals are most dense.
Porosity is also important in organic catalytic transformations
because it maximizes the number of interaction events between
the reactant, metal surface, and plasmon-driven electric field
(and any resulting heat). To examine the effect of the plasmon
on an organic reaction, we used the plasmon-driven
degradation of metanil yellow (ME) as a model reaction.
ME is an azo-dye that is an environmental pollutant®® and a
known carcinogen®® that absorbs strongly at blue wavelengths.
We examined the photocatalytic performance of meso-Aul20
NP because it has the largest surface area as estimated with
ECSA and supports hybridized plasmon modes. We used
nonporous 120 nm diameter Au NPs (ie., “nonporous
Aul20”) to compare performance in the plasmon-enhanced
degradation of aqueous ME because both particles have similar
plasmon resonances in a similar range (550—650 nm) and
were found to have a large electrochemically active surface area
in EOR. An equal amount of meso-Aul20 and nonporous
Aul20 were mixed with 15 mg/L ME and illuminated with
diodes at various excitation wavelengths (1, = 450, 633, and
785 nm). The kinetic rate of degradation was tracked using the
ME absorbance peak at 435 nm (Figure 7ab). Control
experiments illuminating neat ME in water using 450 and 633
nm light showed negligible photodissociation (Figure 7c,d).
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According to the kinetic measurements (Figure 7b,c),
mixing of meso-Aul20 with ME solution led to the adsorption
of ME inside meso-Aul120 pores within the first 45 min (Figure
7b). Further illumination with 633 nm laser light led to a
significant decrease in ME concentration with almost
quantitative degradation within 300 min. We also calculated
the kinetic rate constants using the first-order kinetic equation:
In(C,/C,) = —kt. The ke Was found to be 6.74 x 107
min~" for 4., = 633 nm. In the case of nonporous Aul20 NP,
no adsorption was observed after mixing; photocatalytic ME
degradation at 4., = 633 nm proceeded with k,50r0us A = 148
X 107 min~". The increase in plasmon-driven degradation rate
by 4.5 times indicates the impact of the porous gold structure.
We examined ME degradation on meso-Aul20 using 4., = 450
and 785 nm to observe the effect of irradiation off-resonance in
the regions where Au permittivity has a high and low imaginary
component, respectively (Figure S27). In both cases, ME
photodegradation was ~10X less efficient than 4., = 633 which
overlaps primarily with the hybridized D plasmon mode. These
results show that NPs with mesoporous structures promote
plasmon-driven reactions, enabling researchers to use more
gentle reaction conditions (ie., lower temperature, pressure,
reaction time, and catalyst amount) compared to nonporous
NPs. Tuning porosity has a dual effect on both the number and
density of active sites of the metal and the wavelength and
bandwidth of the plasmon resonances.

B CONCLUSIONS

We have developed a simple wet chemical strategy to
synthesize mesoporous Au NPs with large pores via the
chemical reduction in the presence of the diblock copolymer
PS-b-PEO BCMs and L-Cys thiol ligand. The role of L-Cys is to
form a dense Au(I)—thiolate metallogel matrix around the
BCMs, effectively trapping BCMs so that the metal can be
reduced around them. Delegating metallogel formation to L-
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Cys instead of a functional group covalently bound to the
micelle allows us to use commercially available BCMs as
opposed to bespoke custom-synthesized molecules. The
combination of L-Cys and AA enables more control over the
reduction reaction because the reaction is more gentle.
Surprisingly, we observed the presence of Au nanoclusters
which are even less mobile and indicate that the NPs form via a
complex pathway from Au®* to Au(I)—thiolates to clusters to
NPs. The diameters and pore sizes of the as-prepared
mesoporous Au NPs were highly uniform and had a narrow
size distribution. Control over particle size is achieved by
changing the KOH concentration, while tailoring the different
pore sizes of the Au NPs could be obtained by changing the
molecular weight of the BCMs. We used STEM tomography to
make 3D models of different size particles, proving that the
pores were dispersed throughout the interior and exterior of
the particle. Electrochemistry was used to estimate the
reactivity and accessible surface area of the network of pores
in the mesoporous Au NPs. In the EOR, surface active sites
demonstrated good reactivity and ECSA measurements
demonstrate the accessibility of the open porous architecture.
Consequently, the mesoporous Au NPs had improved
electrocatalytic activity in the EOR compared to nonporous
Au NPs with similar sizes. Comparing the tomography models
with ECSA is useful because it shows that much of the porous
network is accessible to the environment.

The tomography models were input directly into a
computational electrodynamics code to describe their plasmon
modes and light-focusing properties, which had never been
done before for mesoporous metal particles of this size. We
used a simple model to show how mesopores in Au NPs
induce symmetry breaking, enabling continuous tuning of
strongly hybridized D and Q modes via pore size. Increasing
pore size subdivides the particles into an interconnected
network of nanoscale junctions with local optical conductances
that shift the resonance wavelength of the plasmon modes and
induce symmetry-breaking of the plasmon modes. Symmetry-
breaking has been observed in numerous structures, but these
are either solid convex structures with minimal surface area or
are NP clusters held together with weak van der Waals forces
or chemical bonds. Symmetry-breaking with mesopores is
uniquely suited for photocatalysis because it maximizes
exposure of the metal surface for catalysis in a rugged free-
standing structure that can be suspended in solution.
Colocalizing the hybridized plasmon resonances to the porous
structure enhances plasmonic reactions. We compared
mesoporous Au NPs to nonporous Au NPs using the
plasmon-driven degradation of ME. Mesoporous NPs had a
photocatalytic degradation rate ~4.5-times faster than the
nonporous Au NPs and achieved almost quantitative
degradation of ME. Mesoporous NPs can be synthesized in
numerous plasmonic metals, alloys, and metal borides.
Designing plasmonic structures that colocalize electric fields
with active sites and maximize interaction with the plasmon-
driven electric field should enable light-driven organic
transformations using more gentle reaction conditions.

B EXPERIMENTAL DETAILS

Materials. Polystyrene-b-poly(ethylene oxide) (PS-b-PEO) di-
block copolymers with 18,000 (PS) and 7500 (PEO) molecular
weight subunits were acquired from the Polymer Source. THF,
tetrachloroauric acid trihydrate (HAuCl,-3H,0), potassium hydrox-
ide (KOH), sodium hydroxide (NaOH), polyvinylpyrrolidone (PVP),
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trisodium citrate (Na,Ctr), L-ascorbic acid (AA), and trans-2-[3-(4-
tert-butylphenyl)-2-methyl-2-propenylidene Jmalononitrile (DCTB,
>99%), dichloromethane, glutathione, p-mercaptobenzoic, and
hydrazine were purchased from the Sigma-Aldrich. Ethanol, L-Cys,
and ME (Acid Yellow 36) were purchased from the Merck and Tokyo
chemical industry. All chemicals were used without further
purification. Deionized water was obtained with a Milli-Q water
purification system (18.2 MQ-cm) and used to prepare aqueous
solutions.

Preparation of Mesoporous Au Nanoparticles. BCMs were
used as pore-directing agents to assemble the mesoporous Au NPs in
the presence of a chemical reducing agent. In a typical synthesis, 1.25
mg of polystyrene-b-poly(ethylene oxide) (PS;g00-b-PEO;500) was
completely dissolved in 0.25 mL of THF at 40 °C. Then 125 uL of
ethanol, 57 yL of 750 mM KOH, and 127 uL of aqueous 10 mM L-
Cys were added to the abovementioned solution in sequence and
mixed for 20 min in an ice bath under gentle stirring. Then a cold
solution of aqueous 80 mM HAuCl, (188 uL) followed by 100 mM
AA (250 uL) was added to the abovementioned solution and stirred
for 2 min. In this timeframe, the color of the solution changed from
dark transparent yellow to colorless, then red-blue as the final product
was generated. The reaction mixture was stirred for another 1 h in the
ice bath. The samples were collected by centrifugation at 14,000 rpm
for 15 min and then washed using THF/ethanol (1:1) and
centrifuged again. This process was repeated 8-times to remove the
polymer micelle templates. The impact of other thiol ligands such as
glutathione and p-mercaptobenzoic were examined and compared
with L-Cys.

Preparation of Nonporous Quasi-Spherical Au Nano-
particles as Experimental Controls in Electrocatalysis. Au
NPs with an average diameter of 30 nm were initially synthesized to
serve as seeds to generate large NPs. An aqueous solution (2 mL)
containing PVP (280 mM) and HAuCl, (5 mM) was added to a flask
under gentle stirring. Then 0.5 mL of 30 mM AA was quickly added
to the mixture. The solution changed from colorless to red, indicating
the formation of small Au NPs (“seed solution”). Next, 227 uL of 80
mM HAuCl,, 39.6 uL of water, and 176 yL 40 mM Na;Ctr were
added to a 2 mL vial and gently mixed, then 150 yL of the seed
solution was added, and the whole solution was mixed at room
temperature for 1 h. Finally, the product was washed with water and
followed by centrifugation at 14,000 rpm for 5 min.

Characterization. The morphology and interior structure of the
mesoporous Au NPs was initially checked with a field-emission
scanning electron microscope (SEM, JEOL JSM-7100F; 15 kV) and a
transmission electron microscope (TEM, Hitachi HF5000; 200 kV).
Raman spectra were recorded on a laser-scanning Raman microscope
(Renishaw) using an excitation wavelength of A = 785 nm. UV—vis
absorption spectra were collected on a Cary 4000 UV—Vis
spectrometer. MALDI-TOF mass spectrometry measurements were
carried out using a JEOL Spiral TOF with the matrix of DCTB in
dichloromethane. The ratio of matrix to analyte was 1:100 and mixed
in a microcentrifuge tube; 1 yL of this solution was dried on the
sample plate in air. An X-ray diffractometer was used to examine the
crystallinity of the samples (XRD; Rigaku Smartlab; Cu Ka 40 kV, 40
mA at 2° min~"). The spacing of the pores was measured by using
SAXS (Rigaku NANO-Viewer; 40 kV, 30 mA at 700 mm). The 3D
structure of one of the particles was examined using scanning TEM
tomography using a high-angle annular dark-field detector (STEM-
HAADF-tomography, Thermo Scientific TALOS F200X). The
tomography sections were acquired using a 400 nm field of view
with a dwell time of 2 ys and tilted from —69 to +69° and acquired at
3° increments. The images were aligned and converted into 3D stacks
using a software package called Inspect3D. Then the samples were
converted into a 3D image using Fiji (ImageJ) bundle and then
transformed into an STL file. The resulting STL file was then
imported into a 3D EM simulator (Lumerical-Ansys). The optical
properties of Au were simulated using optical constants from
McPeak.”” The background refractive index of the simulation was
set to n = 1.333 to mimic water.
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Electrochemical Characterization. CV and CA measurements
were carried out on a CHI 760E electrochemical analyzer (CHI
Instrument, USA). All electrochemical measurements were performed
with a three-electrode configuration: a Pt wire counter electrode, a
standard calomel electrode (SCE) reference electrode, and a glassy
carbon working electrode coated with the Au catalyst. Unless stated
otherwise, all potentials are reported versus SCE. All catalysts were
dispersed via ultrasonication (1 mg mL™"), and then, a tiny amount (2
uL) of this suspension was drop-cast onto the glassy carbon electrode
surface and dried in air for 12 h. The ECSA of the sample was
measured using CV in the 0.5 M H,SO, at a scan rate of SO mV s™".
The charge passed during the reduction of oxide monolayer on Au
was recorded and integrated from the current during the reduction of
gold oxide. By following the equation of Q, = 2eNAI' A, where Q, is
the charge passed associated with the reduction of oxide monolayer
and on the basic assumption that the charge associated with the
reduction of oxide species on the smooth Au surface is equivalent to
400 uC cm™2, the ECSA of the sample is A = Q,/400 uC cm™ area.”’
Specific surface area was obtained by dividing the ECSA by the
sample mass. Before all analytical electrochemical measurements, the
electrode was activated via CV in 1 M NaOH over a potential window
of —1 to 0.6 V until the curves became stable and exhibited the typical
behavior of a clean Au electrode. All electrochemistry experiments
were carried out at room temperature.

Degradation Experiments. Degradation experiments were
studied with a concentration of ME of 15 mg/L. The plasmonic
degradation was performed using 2 mL of ME solution with meso-
Aul20 or nonporous Aul20 (17 mg/L) in a quartz cuvette, and the
system was mixed using magnetic stirring (200 rpm) for 45 min and
subjected to 633 nm (laser, Thorlabs, PL45S0B), 450 nm (laser,
Thorlabs, HL63163DG) or 785 nm (LED, Thorlabs, P M780LP1)
irradiation (60 mW). The probes (150 yL) were taken after a definite
time, centrifugated to remove Au NPs, and 100 4L ME was analyzed
by UV—vis to quantify absorbance at 435 nm.

For the quantitative evaluation of the degradation efficacy, a
pseudo-first kinetic model has been suggested. Therefore, the
obtained kinetic data were fitted according to the equation

In(C,/C,) = —kt

where C, (mg/L)—the concentration of the solution at time t; C,
(mg/L)—the initial concentration of ME, t (min)—the time of
illumination, and k—the first-order rate constant.

B ASSOCIATED CONTENT
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SEM, TEM, and SAXS data describing particle size and
pore wall size estimates; UV—vis and Raman data
examining particle growth; electrochemistry measure-
ments examining the surface area and reactivity of the
various mesoporous Au NPs and comparison to the
performance of other materials in the literature; and
optical simulations of solid Au spheres and mesoporous
Au NPs (PDF)
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