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Abstract:

After more than a decade, it is still unknown whether the plasmon-mediated
synthesis of silver nanostructures can be extended to the synthesis of other noble metals,
as the molecular mechanisms governing the growth process remain elusive. Herein, we
demonstrate the first plasmon-driven synthesis of gold nanoprisms and elucidate the
details of the photochemical growth mechanism at the single-nanoparticle level. Our
investigation reveals that the surfactant polyvinylpyrrolidone preferentially adsorbs along
the nanoprism perimeter and serves as a photochemical relay to direct the anisotropic
growth of gold nanoprisms. This discovery confers a wunique function to
polyvinylpyrrolidone that is fundamentally different from its widely accepted role as a
crystal-face-blocking ligand. Additionally, we find that nanocrystal twinning exerts a
profound influence on the kinetics of this photochemical process by controlling the
transport of plasmon-generated hot electrons to polyvinylpyrrolidone. These insights
establish a molecular-level description of the underlying mechanisms regulating the

plasmon-driven synthesis of gold nanoprisms.



The prospect of wielding light as a tool for sculpting plasmonic-metal
nanostructures has garnered immense scientific interest since the discovery of plasmon-
mediated silver (Ag) nanoprism growth in 2001'. Unfortunately—despite more than a
decade’s worth of investigation—the scope of this photochemical strategy remains
restricted solely to the synthesis of Ag-based nanostructures’. It is unknown whether this
elemental exclusivity is indicative of a fundamental limitation of plasmonic
photochemistry, or is merely a consequence of our insufficient understanding of the
plasmon-driven process at the molecular level. Numerous studies have shown that the
surface plasmon resonance (SPR) of the nanoparticle seeds must be excited to induce the
irreversible photo-oxidation of adsorbed citrate molecules, which then facilitate the
concomitant reduction of Ag precursors onto the metal nanocrystal®’. It has been
proposed that these photochemical reactions might be driven by highly energetic or “hot”
electron-hole pairs produced via Landau damping during optical excitation of surface

plasmons on the metal nanoparticlez’3’6’7

. Although such a process may occur, a
comprehensive description of the molecular mechanisms governing the evolution of
anisotropic nanostructures from isotropic seeds remains elusive due to the chemical
complexities inherent in the plasmon-mediated synthesis of Ag nanostructures®’"'?,
Gold (Au) nanostructures are anticipated to provide an ideal system for exploring
the plasmon-mediated growth process; they exhibit similar crystallographic structures
and plasmonic properties to Ag nanostructures, but boast superior resistance to both

chemical oxidation and electron-beam damage''®. A mechanistic investigation of these

photochemical reactions in nanomaterials composed of Au is therefore expected to lend



fundamental insight into this process and inform a more general description of plasmon-
mediated nanocrystal growth. Additionally, the reduction potentials of commonly used
Au precursors are less electrochemically demanding than those of Ag precursors (AuCly
/Au: 0.99 V vs. SHE and Ag'/Ag: 0.80 V vs. SHE)'"'®, suggesting that a similar
photochemical pathway should occur in Au-based systems. However, to our surprise, the
plasmon-driven synthesis of anisotropic Au nanostructures has yet to be achieved.

In this contribution, we expand the realm of noble metal nanostructures accessible
via plasmonic photochemistry with the demonstration of plasmon-driven Au nanoprism
synthesis. Growth studies at the single-nanoparticle level elucidate the mechanics of the
plasmon-driven process and unambiguously clarify the anisotropic growth mechanism.
Nanoscale secondary ion mass spectrometry (NanoSIMS)' was employed to probe the
physical location of the surfactant polyvinylpyrrolidone (PVP) on individual Au
nanostructures at the molecular level, revealing that it preferentially adsorbs onto twin-
plane defects along the nanoprism perimeter instead of the top {111} facets as previously
suggested. Electrochemical studies on Au nanocrystal electrodes further demonstrate that
adsorbed PVP facilitates plasmon-driven charge separation, indicating that this surfactant
performs a unique function as a photochemical relay to enable the anisotropic growth of
Au nanoprisms from spherical Au seeds. These findings assign a new role to this
ubiquitous surfactant that is distinct from its widely recognized function as a crystal-face-
blocking ligand in nanomaterials synthesis. Further investigation showed that nanocrystal
twinning itself regulates the transport of hot electrons under plasmon excitation, thereby

modulating the photochemical growth kinetics of Au nanocrystals based upon their



intrinsic structural differences. These mechanistic insights inspired the development of a
simple method for selectively producing hexagonal or triangular Au nanoprisms in high
yield (~90%), demonstrating the general utility of plasmonic photochemistry for

manipulating the growth of noble metal nanocrystals.
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Figure 1 | Plasmon-driven synthesis of Au nanostructures. a, TEM image of the Au
nanocrystals used as plasmonic seeds for the growth of Au nanostructures. b, Extinction
spectrum of the Au seed solution (black curve) displaying a prominent SPR feature at 512
nm. The amount of Au precursor (HAuCls) consumed in the growth solution was
correlated with the SPR of these seeds (red points) after 1 h of irradiation with various
excitation wavelengths. ¢, SEM image of the final products obtained via irradiation of the

growth solution with 4ijpc = 500 £ 10 nm light for 2 h. d, Influence of incident light power



on the amount (umol) of HAuCly consumed in the growth solution during 1 h of
irradiation (Aipe = 500 £ 10 nm). All error bars in (b) and (d) indicate one standard

deviation about the mean from three independent trials.

Pseudo-spherical Au nanoparticles with an average size of ca. 7 = 3 nm (Fig. 1a)
were used as seeds for the plasmon-driven growth of anisotropic Au nanoprisms (see
Methods). The photochemical reaction was initiated by irradiating an aqueous growth
solution containing the Au seeds, tetrachloroauric acid (HAuCls), PVP, and methanol
with Aipe = 500 = 10 nm light to ensure that the incident excitation wavelength (Adinc) was
commensurate with the SPR of the Au seeds (Fig. 1b, black curve). Scanning electron
microscopy (SEM) revealed that a mixture of Au nanoprisms and Au nanospheres were
produced after 2 h of irradiation (Fig. 1c). The nanoprisms exhibit either triangular or
hexagonal morphologies predominantly enclosed by {111} facets with an average edge
length (/) of 496 + 68 nm and an average thickness (%) of 22.0 £ 0.4 nm (Supplementary
Fig. 1). The average diameter (d) of the Au nanospheres was 105 £ 14 nm. The
photochemical growth process was monitored spectroscopically over the course of the 2 h
reaction and correlated with the structural evolution of these Au nanocrystals via electron
microscopy (Supplementary Fig. 2). The extinction spectra displayed the simultaneous
emergence of two distinctive SPR features indicative of the concurrent growth of both
pseudo-spherical nanoparticles (1 ~550 nm) and nanoprisms (A ~1100 nm)*’. Periodic
inspection of the nanocrystal morphology by SEM demonstrates that both nanostructures

evolve independently over the 2 h reaction (Supplementary Fig. 2 and Fig. 3). The



nanoprisms (both triangular and hexagonal) were obtained with a ca. 21% yield (by
shape), consistent with the percentage of planar-twinned nanocrystals observed in the
seed solution (Supplementary Fig. 4). Such a correlation confirms that nanoprism growth

proceeds via a seed-mediated pathway'**

. Further investigation of the growth process
shows that the reduction of HAuCly increased linearly with the incident light intensity
(Fig. 1d): this relationship is indicative of a photochemical reaction driven by visible light.
A series of bandpass filters were then used to examine the influence of the incident
wavelength (4inc) on the reduction of Au precursors (HAuCly). As shown in Fig. 1b (red
points) and Supplementary Fig. 5, the visible-light-driven production of Au
nanostructures was directly correlated with the optical properties of the Au seeds. These

data confirm that SPR excitation of the Au nanocrystals is required to initiate the

photochemical reaction.

Epc = 1.29 eV

Before

Figure 2 | The influence of plasmonic hot spots on Au nanoprism growth. a-e, ADF-

STEM image with corresponding EELS maps acquired from a single Au hexagonal



nanoprism. f-j, ADF-STEM image with corresponding EELS maps acquired from a
single Au triangular nanoprism. Scale bars in STEM images (a) and (f) also apply to their
respective EELS maps. The common EELS intensity scale is linear and expressed in
arbitrary units. k-p, SEM images of Au nanoprisms before irradiation (k, m, o) and after
irradiation (I, n, p) with various excitation wavelengths (4inc) while immobilized on a Si
substrate: (k, 1) 520 nm, (m, n) 780 nm, (0, p) 960 nm. Dashed white lines indicate the

initial Au nanoprism dimensions to aid comparison. All scale bars represent 100 nm.

It has long been suspected that the spatially inhomogeneous distribution of enhanced
electromagnetic fields, or “hot spots,” generated via plasmon excitation may direct the

42 We therefore

evolution of anisotropic Ag nanostructures from isotropic seeds
examined this possibility in our Au system by using annular dark-field scanning
transmission electron microscopy (ADF-STEM) in tandem with electron energy loss
spectroscopy (EELS) to map the spatial distribution of plasmon modes on a single Au
hexagonal nanoprism (Fig. 2, a to e) and a single Au triangular nanoprism (Fig. 2, f to j).
These EELS maps depict the spatial variation of distinct plasmon modes along the
nanoprisms, as the hot spots clearly shift from the center of the nanoprisms (~2.4 eV) to
their perimeter (~1.3 eV) with decreasing energy (compare Fig. 2b to Fig. 2e). The
influence of these hot spots on the nanostructure growth process was then investigated by
monitoring the growth of individual nanoprisms immobilized on a silicon (Si) substrate

while hot spots on different positions of these nanostructures were selectively excited

with specific irradiation wavelengths (Aine = 520 nm, 780 nm, 960 nm). These



wavelengths were chosen to coincide with the optically accessible (i.e. bright) plasmon
modes of the Au nanoprisms observable from the extinction spectrum®*. Despite the
anisotropic distribution of these different hot spots on the nanoprisms (Fig. 2, a to j),
significant growth occurred only along the nanoprism perimeter (Fig. 2, k to p). Our
finding is consistent with previous growth studies on Ag nanoparticles: isotropic
nanocrystal growth was consistently observed despite manipulating the spatial orientation
of the plasmonic hot spots by varying the incident light polarization'®. This discrepancy
between the near-field distribution and the nanoprism growth direction -clearly
demonstrates that the anisotropic morphology is not determined by the spatial distribution
of these plasmonic hot spots.

Although the possibility of local photothermal heating must be considered in a
plasmon-driven reaction’, the excellent thermal conductivity of Au ensures that an
isotropic temperature distribution is rapidly (~ps—ns) established on the entire
nanoparticle surface”. This thermal uniformity renders such a process incapable of
promoting the anisotropic growth of nanoprisms. Since the bulk solution temperature
measured under low-power continuous light irradiation (32 °C after 2 h) can be used as a
surrogate for the nanoparticle surface temperature®, the growth solution was incubated at
32 °C in the dark for 2 h to assess a potential photothermal contribution; however, no
detectable growth was observed (Supplementary Fig. 6). It is further noted that the linear
relationship observed between the plasmon-driven reduction of HAuCl, and the incident
light intensity (Fig. 1d) is the signature of an electron-driven photochemical reaction,

rather than a photothermal process**’.



Taken together, these observations strongly suggest that the plasmon-mediated
production of hot electron-hole pairs drives the photochemistry necessary for
nanomaterials growth. The hot holes should be quickly scavenged by the sacrificial
reagent methanol, which is oxidized to yield formaldehyde as a photochemical byproduct
(Supplementary Fig. 7). Hot electrons then readily reduce Au precursors from solution to
enable the plasmon-driven growth of Au nanostructures while. However, it is unlikely
that these hot electrons can directly reduce the Au precursors due to the incommensurate
timescales between the hot electron lifetime (~fs—ps)™*® and the slow kinetics of HAuCl,
reduction (~ps—ms)*’. This plasmon-driven photocatalytic model therefore requires an
intervening chemical species adsorbed on the Au nanoparticle surface that can prolong
their lifetime and foster the multi-electron reduction of HAuCly. A cursory examination
of our growth solution composition implies that the surfactant PVP is the only constituent
capable of performing the aforementioned function (Supplementary Fig. 7 and Fig. 8). It
must be noted that PVP itself is incapable of directly reducing the Au precursor under our
experimental conditions (Supplementary Fig. 9). Further experiments show that the
surface charge of PVP is dependent upon solution pH (Supplementary Fig. 10) and that
Au nanoprisms were only observed when a positive surface charge was imparted to PVP
by the acidic (pH 3) growth solution (Supplementary Fig. 11). It is also noted that Au
nanoprisms grow if the PVP monomer (N-methyl-2-pyrrolidone) is substituted for the

polymer (Supplementary Fig. 12), indicating that the ¥ -lactam ring comprises the critical

chemical moiety in PVP that enables anisotropic growth. All these results suggest that

PVP could fulfill a complementary role in the plasmon-driven process: the electrostatic

10



force from positively-charged PVP molecules would induce the formation of an electrical
adlayer on the Au nanocrystal surface capable of coulombically attracting hot electrons
generated via plasmon excitation. Additionally, this positively-charged adlayer should
permit PVP molecules to capture negatively-charged Au precursors (AuCly) from
solution and form a PVP-metal complex for facilitating reduction reactions on the Au
nanostructure surface™”.

Electrochemical evidence for the direct involvement of PVP in the plasmon-driven
growth of Au nanoprisms is obtained by monitoring the open-circuit voltage (Vo) of Au
nanocrystal electrodes under visible-light irradiation (see Methods). As the photovoltage
(Voh = Voc, tight — Vo, dark) established under steady-state conditions corresponds to the
accumulation of hot electrons within the Au nanocrystals, chronopotentiometry'**' was
used to assess the ability for adsorbed PVP molecules to participate in plasmon-driven
photochemistry. Upon exposure to visible-light irradiation (Ainc > 495 nm), a prompt rise
in photovoltage (Vpn ~28 mV) was observed from the Au nanoparticles functionalized
with PVP, while only a modest photovoltage (V,n ~6 mV) was established in the absence

of this surfactant (Supplementary Fig. 13). These results demonstrate that adsorbed PVP

molecules assist with the accumulation of hot electrons on the Au nanocrystals.
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Figure 3 | The role of PVP in directing the anisotropic growth of Au nanoprisms. a,
SEM image of Au nanostructures obtained after 2 h of photochemical growth. b,c,
NanoSIMS images obtained from the Au nanostructures in (a) showing the elemental
distributions of "*’Au (red) signals (b) and '*C'*N" (green) signals (c). The scale bar in
(a) also applies to images (b) and (c¢). d,e, SEM images of individual Au nanoprisms and
pseudo-spherical nanoparticles before growth (d) and after growth (e) under A, = 500 +
10 nm light irradiation for 30 min. Dashed white and red lines indicate the initial

dimensions of the nanoprisms and nanoparticles, respectively.

This proposed function for PVP implies that the physical location of this surfactant

should play a critical role in determining the anisotropic growth of the Au nanoprisms.

Accordingly, NanoSIMS was used to probe the spatial distribution of PVP molecules on

12



individual Au nanoprisms (Fig. 3, a to c). As shown in Fig. 3c, C'""N" signals
attributable to adsorbed PVP molecules were primarily detected from the perimeters of
the nanoprisms rather than their top {111} facets, while '*C'*N" signals were observed
from the entire surface of the pseudo-spherical nanoparticles. This discovery is striking,
as it shows that PVP is serving a distinct function from its widely accepted role as a

21,32-36
=", Instead,

crystal-face-blocking ligand in shape-controlled nanomaterials synthesis
these NanoSIMS results reinforce our proposed role for PVP as an electrochemical relay.
The adsorption of positively-charged PVP molecules constitutes an electrical adlayer
along the Au nanoprism perimeter; this formed PVP-Au interface facilitates charge
separation by coulombically attracting the hot electrons produced via optical excitation to
the nanoprism edge. Meanwhile, the positively-charged electrical adlayer also interacts
with negatively-charged Au precursors (AuCly) in solution to form a surfactant-metal
precursor complex® along the nanoprism perimeter. Thus, these two functions
cooperatively couple hot electrons with Au precursors to preferentially promote lateral
growth and facilitate the formation of anisotropic Au nanoprisms (Fig. 1c). It is noted that
only irregularly-shaped Au nanostructures were obtained when PVP was excluded from
the growth solution (Supplementary Fig. 14), demonstrating that this surfactant performs
an integral function in regulating the structural evolution of anisotropic Au nanoprisms
from isotropic seeds.

To further confirm that PVP dictates the direction of Au nanostructure growth, an

increased amount of PVP (20 times more) was used in the growth solution to promote

adsorption onto the top and bottom {111} facets and induce vertical growth. As expected,

13



thicker (4 = 49 + 8 nm) Au nanoprisms were obtained with increased PVP concentrations
(Supplementary Fig. 15). Subsequent inspection of these nanoprisms with NanoSIMS
revealed the adsorption of PVP onto their top {111} facets with increased surfactant
concentrations, as '*C'*N’ signals were observed from the entire surface of the Au
nanoprisms (Supplementary Fig. 16). These results confirm that PVP is performing a
unique function as a photocatalytic intermediary, directing the growth trajectory of Au
nanostructures by sequestering the hot electrons produced via plasmon excitation at the
nanoprism perimeter where they catalyze the reduction of AuCly ions and preferentially
promote lateral growth.

The twin planes exposed along the nanoprism perimeter exhibit structural defects
such as kinks, steps, and high-index facets (Supplementary Fig. 17) that impart increased
surface energies to these unique structural sites’”?7. It has been reported that these
defects prompt surfactant adsorption to minimize the surface energy of the metal
nanocrystal®, as confirmed by the occurrence of *C'*N" signals from adsorbed PVP
molecules covering the entire surface of the multiply-twinned nanoparticles (Fig. 3c).
Thus, these twin-plane defects capped with PVP serve as the reactive sites for
nanomaterials growth.

Since hot electrons are known to exhibit substantial mean free paths (/mg ~150 nm)
in Au nanostructures™, their transport to the active site is anticipated to constitute a
critical step in the plasmon-driven growth mechanism. The inconsistency observed
between the physical locations of plasmonic hot spots and the nanoprism growth

direction (Fig. 2) implies that these hot electrons must travel significant distances along

14



the Au nanocrystals prior to catalyzing the reduction of AuCly species. The ballistic
mean free path /[, of hot electrons can be hindered by scattering off crystal defects,
phonons, impurities, etc., with the various contributions adding together according to

Matthiessen’s rule: (Zngp)"' = (letect)’ + (phonon) " + (limpurity)” +... 2>

. Thus, twin-plane
defects within the Au nanocrystals are anticipated to attenuate the mean free path of these
hot electrons by increasing their scattering rate, which ultimately lowers the overall

photochemical quantum vyield of the reaction®*'

. The hot electrons within the planar-
twinned nanocrystals should be scattered less than those within the multiply-twinned
nanocrystals, and thereby accumulate more readily under optical excitation. Indeed,
open-circuit photovoltage measurements demonstrate that the planar-twinned nanoprisms
exhibit a much larger photovoltage (Vpn ~60 mV) under visible-light irradiation (Ainc >
495 nm) than that of the multiply-twinned nanocrystals (V,n ~30 mV) (Supplementary
Fig. 22). Single-nanoparticle growth studies further revealed that the penta-twinned
nanoparticles displayed minimal growth under optical excitation, while the increased size
of the planar-twinned nanoprisms was clearly evident (Fig. 3, d and e). This observation
indicates that SPR excitation manipulates the growth rate of the Au seeds based upon
their internal crystal structure. Further analysis of the growth kinetics at the single-
nanoparticle level (Supplementary Fig. 18 to 21) unambiguously reveals the pivotal role

of plasmon excitation in preferentially promoting the reaction rate of the planar-twinned

nanostructures relative to their multiply-twinned counterparts (Supplementary Table 1).
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Figure 4 | Plasmon-driven synthesis of Au nanoprisms in high purity. a, SEM image
of Au hexagonal nanoprisms obtained via the seed separation method. The insets show (i)
a high-magnification SEM image of a single hexagonal nanoprism and (ii) a NanoSIMS
image showing the elemental distribution of "*C'*N”signals (green) from adsorbed PVP
on a hexagonal nanoprism. b, SEM image of Au triangular nanoprisms obtained via the
seed separation method with the addition of iodide (I'). The insets show (i) a high-
magnification SEM image of a single triangular nanoprism and (ii) a NanoSIMS image
showing the elemental distribution of "*C'*N”signals (green) and '*'T signals (blue) from

a triangular nanoprism. The scale bars in all insets represent 200 nm.

The ability to modulate the growth kinetics of structurally distinct Au nanocrystals
via SPR excitation inspired the development of a novel seed separation strategy for
selectively preparing planar-twinned Au nanoprisms (see Supplementary Scheme 1). To
date, the synthesis of planar-twinned Au nanostructures in high yields remains

challenging due to the diverse distribution of nanocrystal structures present in the initial
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. 224244
seed solution™

. Here, we exploit the disparate growth kinetics of different twinned
nanocrystals to separate the Au seeds based upon their intrinsic structural characteristics
(Supplementary Table 1). The growth solution was first incubated in the dark to
preferentially enlarge the multiply-twinned seeds, while rendering the planar-twinned
seeds relatively unreactive as their growth rates are vastly reduced in the dark
(Supplementary Fig. 20 and Fig. 21). These multiply-twinned nanoparticles were then
large enough (4 > 100 nm) to be easily separated from the planar-twinned seeds (d ~15
nm) by centrifugation (Supplementary Fig. 20). The supernatant, now highly enriched
with planar-twinned nanocrystals (Supplementary Fig. 23), was then irradiated to produce
Au hexagonal nanoprisms in exceptionally high yield (~90%), as shown in Fig. 4a and
Supplementary Fig. 24. The monodisperse nature of the final products was also
confirmed by UV-Vis spectroscopy (Supplementary Fig. 25), demonstrating the utility of
this unique synthetic approach for producing planar-twinned Au nanoprisms in excellent
purity. Additional architectural control was achieved through the inclusion of iodide to
the growth solution (20 puM Nal), which allowed the production of Au triangular
nanoprisms with sharp tips (Fig. 4b and Fig. 4bi). Inspection of these nanoprisms by
NanoSIMS revealed that *’T" (blue) was distributed across the entire {111} surface (Fig.
4bii and Supplementary Fig. 26), while '*C'*N" signals (green) from adsorbed PVP were
still obtained along the triangular nanoprism perimeter (Fig. 4bii). These results are
consistent with previous growth studies suggesting that iodide promotes triangular
nanoprism growth by passivating Au {111} facets®>**. Such clear delineation between

the adsorption locations of these two distinct surface species highlights the merits of
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combining complementary capping agents to tune nanocrystal growth via this plasmon-
driven synthesis strategy.

These findings significantly broaden the scope of noble metal architectures
accessible by plasmonic photochemistry through the realization of plasmon-driven Au
nanoprism synthesis. Systematic evaluation of the growth mechanism at the single-
nanoparticle level reveals that the surfactant PVP serves as a photochemical relay to
direct the evolution of anisotropic Au nanoprisms from pseudo-spherical Au seeds:
preferential adsorption of PVP onto twin boundaries along the nanocrystal perimeter
promotes lateral growth by coupling the photo-generated hot electrons produced on the
nanoparticle surface with gold precursors in solution. Our studies elucidate the critical
role of adsorbed surface molecules in plasmonic photochemistry, conferring additional
chemical functionality to surfactants in the plasmon-driven synthesis of noble metal
nanostructures. Further growth studies on individual nanoparticles exposed that
nanocrystal twinning regulates the reduction kinetics of the plasmon-driven process,
revealing a new route to manipulate photochemical reactions via the intrinsic structural
features of the nanocrystal itself. This insight inspired a strategy for exploiting SPR
excitation to selectively express the planar-twinned seed morphology and produce
hexagonal or triangular Au nanoprisms in high yield (~90%). Taken together, these
studies elucidate the fundamental physicochemical processes that regulate the plasmon-
driven synthesis of noble metal nanostructures at the molecular level and illustrate the
importance of collectively controlling the interaction among light, surfactants, and

nanocrystal twinning to effectively harness plasmon-driven photochemistry for

18



nanomaterials synthesis (Supplementary Figure S27).
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Methods
Synthesis of Au nanoprisms

Pseudo-spherical Au seeds were prepared according to a previously described
method®. A photochemical growth solution was prepared by adding 5 mg of PVP to a
mixture of 10 mL Nanopure™ H,0 and 1 mL methanol. Then, 0.8 mL of a 10 mM
HAuCly aqueous solution and 2 pL of the above-mentioned Au seed solution were added
into the mixture and gently mixed. For the growth of triangular Au nanoprisms, 20 uL of
10 mM Nal was also added to this solution. The growth solution was illuminated for 2 h
with a halogen lamp (Dolan Jenner, Model No. MI-150) equipped with a bandpass filter
(Thor Labs, Inc.) under an incident power of I, ~12 mW/cm® on the sample surface. The
standard growth protocol involved the use of a 500 + 10 nm bandpass filter. For
wavelength-dependent growth experiments, the solution was illuminated with various
bandpass filters from i, = 480—660 nm, each exhibiting a bandwidth (FWHM) of 10 + 2
nm. Nanostructure growth products were collected after synthesis by centrifugation at
5,000 rpm for 5 min and redispersed in Nanopure™ H,0. This procedure was repeated
two more times to remove excess surfactants from the nanostructure surface before

characterization of the samples by electron microscopy.

Single-nanoparticle growth experiments conducted on a Si substrate
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Smaller Au nanoprisms and Au nanospheres were obtained using the above-
described synthetic method with a shorter irradiation time. After the reaction these
products were centrifuged and washed with Nanopure™ H,O three times. The
nanostructures were then immobilized on the Si substrate by drop-casting a small aliquot
onto the substrate and allowing it to thoroughly dry in a desiccator. The substrate was
then immersed in a fresh growth solution (as prepared above) to conduct further
experiments under dark or light conditions. All Si substrates were marked to provide a
means of inspecting an individual nanocrystal before growth commenced and then
relocating the same nanostructure after the reaction was ceased. This approach enabled
the observation of the growth trajectories of individual Au nanoparticles. For comparison
with the hot spot distribution observed from the EELS maps, the samples were
illuminated for 30 min under the following incident wavelengths: Ainc = 520 £ 10 nm
(~2.4 eV), Ainc = 780 £ 10 nm (~1.6 V), or Aipc = 960 £ 10 nm (~1.3 eV). The substrate
was illuminated for 30 min with a halogen lamp (Dolan Jenner, Model No. MI-150)
equipped with a bandpass filter (Thor Labs, Inc.) under an incident power of I ~12

mW/cm” on the sample surface.

Electrochemistry

Electrochemical experiments were conducted via the construction of a three-electrode
electrochemical cell controlled by a potentiostat (EC Epsilon, Bioanalytical Systems,
Inc.) with a Au nanocrystal working photoelectrode, a Pt wire auxiliary electrode, and a

Ag/AgCl reference electrode all immersed in a supporting electrolyte of 0.1 M NaSO4
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with 10% (vol%) methanol (tuned to pH 3.0 via HCI addition). The Au nanocrystal
photoelectrodes were prepared as follows: Au nanoparticles without PVP were first
obtained via UV-light irradiation (Ainc = 280—400 nm) of an aqueous HAuCl, solution to
photochemically reduce this metal precursor directly into Au nanoparticles in the absence
of any surfactants. These Au nanoparticles were then deposited onto the fluorine-doped
tin oxide (FTO) glass substrate by drop-casting and subsequent heating at 150 °C for 20
min to ensure sufficient adhesion with the underlying substrate. The working electrode
area was 2 cm’. The photoanode was illuminated through the FTO glass substrate with an
ozone-free 300 W Xe lamp (Newport Corp.) equipped with a 495 nm longpass filter
(Newport Corp.) under an incident power of Iy ~1.5 W/cm®. To modify the nanocrystals
with PVP, the exact same Au nanoparticle electrode was then dipped into an aqueous
solution containing 5 mg/mL PVP for 10 min to allow PVP adsorption. The Au
nanoparticle electrode (now functionalized with PVP molecules) was then copiously
rinsed with Nanopure™ H,0 to remove any molecules not specifically bound to the Au
nanoparticles. The photoelectrode was then illuminated under identical conditions as
before to provide a direct comparison of the photovoltage obtained from the exact same

Au nanoparticle electrode with and without PVP.
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