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Plasmonic substrates comprising gold nanostars
efficiently regenerate cofactor moleculest

Ana Sanchez-Iglesias,® Javier Barroso,” Diego M. Solis,© José M. Taboada,
Fernando Obelleiro, Valeri Pavlov,? Andrey Chuvilin® and Marek Grzelczak*®f

The light harvesting capacity of plasmonic nanoparticles is a fundamental feature for catalysing chemical
reactions close to their surface. The efficiency of the photochemical processes depends not only on the
geometrical aspects on a single particle level but also on the complexity of the multiparticle
architectures. Although, the effect of the particle geometry is progressively understood in the relevant
photochemical processes (water splitting and hydrogen evolution), there are experimental and
theoretical needs for understanding the role of the shape in the multiparticle systems in the
photocatalytic processes. Here we have shown that macroscopic plasmonic substrates comprising gold
nanostars exhibit better efficiencies than nanorods or cubes in the photoregeneration of cofactor
molecules. We performed photochemical and photoelectrochemical measurements, supported by
theoretical simulations, showing that the unique geometry of nanostars — radially distributed spikes —
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Introduction

The unique properties of surface plasmon resonance ensure the
consolidation of noble metal nanoparticles in photochemistry,
a field of research and technology commanded currently by
semiconductors.™ Some of the photochemical processes have
been proposed recently in which plasmonic nanoparticles
autonomously catalyse chemical reactions, such as water
oxidation,'® hydrogen evolution,'” Suzuki coupling,'®*® alcohol
oxidation**?* or reduction of nitroaromatic compounds.*

In a conventional photocatalytic system based on semi-
conductors, the performance in the catalytic process depends
on the band gap energy of the material. In plasmon-based
photochemistry, the photocatalytic capacity of particles is ruled
by the energy of the surface plasmons, which is in turn related
to the shape and size of the nanoparticles.”® In general, the
isotropic particles with a diameter below 20 nm in the colloidal
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contributes to stronger light absorption by the plasmonic film containing that type of nanoparticles.

phase absorb light in the visible spectral range (400-600 nm)
while anisotropic particles, of similar volume, absorb/scatter
light in the infrared spectral range (700-1200 nm). The optical
features of the particles can be further altered in a multiparticle
scenario, in which strong plasmon coupling enables intense
electric field enhancement, which benefits light-mater inter-
actions. Thus, the spectroscopic sensitivity to geometry on
single- and multi-particle levels can be exploited to construct
devices that absorb across the full solar spectrum.**?*
According to recent studies, plasmonic nanoparticles can
increase the rate of chemical reactions by multiple mechanisms
including the photo-thermal effect, electric near-field
enhancement, and generation of hot electrons.”** In all of
these mechanistic pathways, the particle shape plays an
important role. Long et al.>®* demonstrated that the plasmonic
Pd concave nanostructures exhibit superior catalytic perfor-
mance than cubes or octahedra. They ascribed such behavior to
the photothermal effect and local heat at the reaction sites.
Trinh et al® showed that plasmonic Pd hexagons are better
than, again, cubes and octahedra in plasmon-assisted Suzuki
coupling, driven by the hot electron pathway. From a broader
perspective, it becomes straightforward that the photocatalytic
efficiency of plasmonic nanoparticles increases with a decrease
in the symmetry and the volume of the nanocrystal.>””** For
example, gold nanorods exhibit better photocatalytic properties
than isotropic nanoparticles (spheres, cubes or plates), which is
due to the strong enhancement of the field inside the nano-
crystal.*® Thus, inspired by recent theoretical and experimental
developments, we expect that the branched nanoparticles can
bring a significant contribution to the plasmon-assisted
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photochemistry, in a similar manner to their contribution to the
field of surfaced enhanced spectroscopy.*® The presence of
multiple and non-evenly distributed spikes in the gold nano-
stars can improve light harvesting that in turn alters the
enhancement of electric near-field and the generation of ener-
getic charge carriers.*

The presence of co-catalyst on the particle surface can
additionally improve the rate of the desired reaction. While bare
plasmonic particles may exhibit negligible catalytic activity it
can be improved in the presence of a surface metal, such as Pt,*
Pd,** Co,'® or Ni.** These surface metals facilitate binding events
of the molecules that undergo chemical conversion, thereby
decreasing the kinetic energy required to run the reaction. The
spatial distribution of the co-catalyst on the photocatalyst metal
is also an important factor. Weng et al.*® have shown that non-
centrosymmetric architecture in the CdSe-Au-Pt hybrid system
improves hot electron transfer from Au and Pt subunits, mini-
mising their thermalisation. Thus, finding the most optimal
shape and surface properties of the plasmonic nanoparticles is
currently a key task in the strongly progressing field of all-metal
photochemistry.

The present work focuses on the comparative study of the
shape effect of the gold nanoparticles on the photoregeneration
of the coenzyme molecules (nicotinamide adenine dinucleotide
- NADH) using triethanolamine (TEAOH) as a sacrificial agent.
We have recently shown that Pt-decorated gold nanorods can
regenerate NADH when irradiated with visible or infrared
light.*®* Here, we tested cubes, rods and star-like nanoparticles
in photochemical and photoelectrochemical experiments,
showing that gold nanostars are the most catalytically active.
We attribute such behaviour to the greater capacity of light
harvesting by nanostars in aggregated state - plasmonic
substrates — as compared to rods or cubes. Numerical simula-
tions of the multiparticle system confirmed experimental
evidence.

Fabrication of plasmonic substrates
containing particles of different shapes

Prior to the synthesis of the particles we assumed that the star-
like geometry consists of isotropic cores and one-dimensional
spikes pointing outwards. Thus, to perform a comparative
photochemical study as precise as possible, we decided to
synthesise cube-like nanoparticles with dimensions similar to
that of nanostar cores, and nanorods with dimensions similar
to that of nanostar spikes. We chose a seed-mediated growth
approach to obtain nanoparticles of three desired shapes:
cubic,” rodlike,*® and star-like* (Fig. 1). For gold nanocubes,
the mean value of the edge was equal to 31.9 &+ 1.9 nm. For gold
nanorods, the average width and length were 45.2 £+ 5.1 and
10.9 + 1.0 nm, respectively (aspect ratio = 4.1). In the case of
nanostars, the core diameter was 39.9 + 5.9 nm. Regarding the
spikes, the length and width at the base were 41.8 9.6 and 13.1
+ 2.8 nm, respectively. Detailed geometrical characterization
and TEM images of the nanoparticles are provided in the ESI
(see Fig. S1 and S2t). The as-prepared particles were stabilised
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Fig. 1 Electron microscopy analysis of Pt-coated gold nanoparticles
with different shapes: cube (a—c), rod (d—f) and star (g—i). SEM images
(a, d, and g) and EDX mapping (b, e, and h) confirming the presence of
Pt on the gold surface. (c, f, i) HRTEM images of the nanoparticles
showing epitaxial overgrowth of the Pt domains. All particles were
covered with 10% mol of Pt.

with a cationic surfactant (cethyltrimethylammonium bromide
- CTAB) in water. Since the presence of Pt is essential in the
photochemical reaction,* we subjected the as-prepared parti-
cles toward the overgrowth with Pt. The reduction of Pt took
place in the presence of Ag" ions that ensured the formation of
small domains, partially covering the surface. In the absence of
silver, the platinum reduces in the form of a compact shell
hindering the interaction of light with gold and thus decreasing
the photochemical performance.’**

The analysis by Scanning Electron Microscopy (SEM)
confirmed the presence of Pt on Au particles. As shown in
Fig. 1a, d and g, the presence of bright spots on the particle
surface correspond to Pt domains. The EDX mapping on the
individual particle further revealed that Pt domains distribute
mostly on the edges of cubes and stars, while in the case of
gold nanorods, Pt locates only on the tips. Such a difference in
spatial distribution relates to the crystalline structure of the
initial gold nanoparticles. Single-crystalline gold nanorods
exhibit higher surface anisotropy that allows Pt deposition
only on the tips. The lateral part of the rods is blocked by
silver-based species.*® Although cubes are also single-crystal-
line, the surface energy is rather isotropic — equally covered by
{100} facets. Thus, the Pt reduction takes places simulta-
neously on the edges and the flat parts. In the case of nano-
stars, the Pt reduction takes place on the whole spike surface.
Although the star tips are highly anisotropic, the twinned
planes (visible on HRTEM images) serve as nucleation points
for Pt,** leading to the homogenous distribution of co-catalyst
domains.

This journal is © The Royal Society of Chemistry 2016
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The HRTEM analysis revealed that Pt domains are crystalline
(Fig. 1c, f and i), thus, confirming the presence of tight heter-
ojunctions between both metals (for more detailed character-
isation see ESI, Fig. S31). Importantly, the size of Pt domains
was similar in all samples: 2.0 + 0.4 nm (nanostars), 2.4 & 0.5
nm (nanocubes) and 2.8 £ 0.5 nm (nanorods).

The UV-vis-NIR measurements of the colloidal solutions of
bare and Pt-coated particles confirmed successful Pt reduction.
Regardless of the initial shape of gold particles, the presence of
platinum caused the redshift of localised surface plasmon
bands (LSPB) that is due to the relative changes in the aspect
ratio. For the gold nanocubes, the plasmon band shifted from
557 to 570 nm (Fig. 2a), while in the case of nanorods and
nanostars the longitudinal plasmon bands redshifted by 57 and
36 nm, respectively (Fig. 2b and c). To further confirm such
optical behavior we performed numerical simulations of the
particles with different morphologies using water as a medium.
We employed the methodology that implements accelerated
calculations based on surface integral equations with the
method of moments formulation and the multilevel fast
multipole algorithm.*>** The input parameters of individual
particles were based on the TEM and SEM measurements. For
nanocubes, Pt was located on the edges, while for nanorods, on
the tips (Fig. 2d and e — insets). In the case of nanostars, the Pt
shell was placed on the entire surface of spikes (Fig. 2f - inset)
(for detailed parameterisation of each particle see Fig. S4t). The
simulated spectra correlate well with experimental results,
showing the expected redshift and dumping of the plasmon
band, confirming the strong interaction between both
metals.****
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Fig. 2 Optical characterisation of the nanoparticles in solution. (a—c)
Experimental and (d—f) simulated spectra of the bare gold (red) and Pt-
coated (grey) nanoparticles with cubic (a, d), rod-like (b, ) and star-like
morphology (c, f). Insets in (d—f) represent three-dimensional images
of the particles used in simulations.
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Photochemistry and
photoelectrochemical characterisation
of plasmonic substrates

Prior to photochemical characterisation, the particles were
immobilised on the solid substrate (plasmonic substrate).** Slow
evaporation of the solution containing bare gold particles or Pt-
coated on a glass substrate led to the formation of opaque films
consisting of randomly distributed particles (Fig. S71). In all
cases we maintained a constant amount of metallic gold (5 mg).

Plasmonic substrates containing different particle shapes
were subjected toward NADH photoregeneration. In a typical
experiment, the substrate was immersed in a mixture (1 mL)
containing NAD" (1 mM), phosphate buffer (pH 8) and TEAOH
(1 M). The reduction of NAD" was initiated under light irradi-
ation (400-1200 nm, 150 mW cm?®) at 35 °C. The plasmonic
substrates could be removed from the solution at any time for
spectroscopic validation of the regeneration process (Fig. S57).
Since NADH exhibits a characteristic absorption band at
340 nm (molar absorption coefficient 6220 M~' em™"), UV-vis
spectroscopy provides a convenient qualitative control of the
process. Overall, six substrates were evaluated, three containing
bare gold nanoparticles and other three containing Pt-coated
nanoparticles. Regardless of the particle shape, the regenera-
tion of NADH was found to be ~6 times higher for Pt-coated
particles as compared to the bare ones. Importantly, the best
performing nanoparticles were gold nanostars both without
and with Pt on the surface, suggesting that branched geometry
is more efficient in the present process (Fig. 3).

Typically, the photoregeneration of NADH involves the
transfer of 2e- and H' from TEAOH to NADH, which is
accomplished by simultaneous oxidation and reduction reac-
tions. To ensure that the process takes place on the particle
surface, we evaluated the interaction of TEAOH molecules with

Light
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Eo_mf TEAOH= NAD*
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Cubes Rods Stars

Fig. 3 Photochemical regeneration of cofactor molecules (NADH)
under visible light irradiation on the plasmonic substrate containing
different particles shapes. (inset) Scheme showing the reaction of
simultaneous oxidation of TEAOH and reduction of NAD* to NADH.
The final concentration of NADH after a two hour reaction in the
presence of plasmonic substrate containing different particle shapes.
Red bars represented the concentration of the NADH when bare
nanoparticles were used; the grey columns correspond to Pt-coated
nanoparticles. In all experiments, the substrates were immersed in the
solution containing TEAOH (1 M), NAD™ (1 mM) and phosphate buffer
(pH 8) and irradiated with light (400-1200 nm, 150 mW cm™2) at 35 °C
for two hours.
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plasmonic nanoparticles by comparing the position of the
maximum of LSPB in water and 0.1 M TEAOH. The LSPB blue
shifted 2 nm in the case of cubes and 3 nm for nanorods and
stars (Fig. S61). Such behavior is typical for the particles that are
exposed to the electron-rich environment and proves the
spontaneous electron injection from the molecules to parti-
cles.*® Although the Pt domains are crucial for the oxidation of
TEAOH molecules, it is hard to assess to what extent the
reduction of NAD" to NADH takes place on platinum.* Since the
photooxidation of TEAOH is a multistep process involving the
formation of many intermediate species,*” we found it appro-
priate to perform separate photoelectrochemical analysis of the
oxidation reaction.

Photoelectrochemical measurements confirmed the trends
observed for different particle shapes in photochemical reac-
tions. We performed photoelectrochemical studies of TEAOH
oxidation on the electrode coated with nanoparticles. We used
a three-electrode system (DropSens) consisting of a carbon
working electrode, silver pseudo-reference, and carbon counter
electrode. The solutions containing particles were drop-cast on
the working electrodes and slowly evaporated under ambient
conditions to maximise their homogenous distribution.
Although we noticed the inevitable formation of coffee rings on
the electrode edges, the surface coverage was similar in all
samples containing particles of different shapes (Fig. S77).

The electrode was covered with a 0.05 mL of the solution
containing TEAOH (1 M) and phosphate buffer. To obtain the
amperometric i-t curve, the current was stabilised for 6 min at
circuit potential (ca. —0.36 V). Then the light was switched on
for 10 seconds and an immediate increase in the current was
observed (Fig. 4). We noticed that the presence of Pt on the gold
surface was crucial to oxidise TEAOH. In the presence of Pt, the
photocurrent was approximately ten times higher as compared
to the photocurrent obtained from the bare gold nanoparticles
regardless of their shape (red line in Fig. 4a, S8 and S9t). Such
improvement is due to the low interfacial energy barrier
between Pt and Au and suggests the contribution of the pho-
toelectrocatalytic process.*®

For all the particles coated with Pt, the photocurrent con-
sisted of two temporal components: a fast component that
increased with time constant ~0.5 s and an additional slow
component that constantly increased with a time of ~10 s
(Fig. 4a). The origin of the “fast” components is the contribu-
tion of the photoelectrocatalytic process that can involve hot
electron generation that immediately flow to the counter elec-
trode.*® The “slow” components are a result of the photothermal
effect of the illumination.” Importantly, the magnitude of
photocurrent, for both slow and fast components, depends on
the particle shape and increases in the following order: cubes,
rods, and stars, which is in good agreement with photochemical
reactions (Fig. 3). The photocurrent of the nanostars added 250
pA cm™? after 10 s of illumination, which is 3.5 and 1.5 times
higher than that of nanocubes and nanorods, respectively. A
similar trend has been observed for the “fast” component: the
photocurrent of the nanostars was 2.5 and 1.5 times higher than
that of the nanocubes and nanorods, respectively. SEM
inspection confirmed morphological stability of the
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Fig. 4 Photoelectrochemical characterisation of TEAOH oxidation on
the nanoparticles with different shapes. (a) Amperometric i—t curves
for bare cubes, rods and stars (red lines) and platinum-coated (grey
lines). Photocurrent exhibits ‘fast’ (0.5 s) and ‘slow’ components (10 s).
(b) Fast current component for three samples containing Pt-coated
particles of different shapes showing better performance of stars than
rods and cubes. In all experiments, the electrodes were immersed in
the solution containing TEAOH (1 M), phosphate buffer (pH 8) and
irradiated with light (400-1200 nm, 150 mW cm™2) at 0 V at 25 °C.
Each electrode was covered by the same amount of nanoparticles in
terms of metallic gold.

nanoparticles (Fig. S1071). Overall, the photoelectrochemical
measurements correlate with photochemical reactions,
showing that the photoelectrocatalytic effect plays an important
role and is strictly related to the particle shape.

Since the presence of Pt on the gold particle surface was
crucial for achieving the photochemical reaction, we measured
the relative amount of this metal for different plasmonic
substrates. For estimation of the Pt/Au ratio we used XPS
techniques (Fig. S111), showing that stars and cubes contained
a similar amount of surface platinum with respect to gold: Pt/Au
= 0.22 (stars) and Pt/Au = 0.20 (cubes). Gold nanorods con-
tained less Pt (Pt/Au = 0.09) that is due to the limited surface
area accessible for Pt - tips. Relatively similar values of Pt and
Au for different shapes suggest that the morphology of the
initial particles is a key parameter that determines the distri-
bution of the particles in the film and defines their interaction
with incident light.

Optical properties of plasmonic
substrates — experimental and
numerical characterisation

Based on the experimental results we assume that better light
absorption determines the superior photocatalytic performance

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Optical characterisation of the plasmonic substrate. (a) Spectral feature of the lamp used in all experiments. (b) Diffuse reflection spectra
of substrates comprising cubes, rods and stars, showing better light harvesting capacity by star-containing plasmonic substrates. (inset) Images
of the substrates comprising gold nanoparticles. (c) Simulated scattering cross-section spectra of the substrate comprising three different
morphologies. (d) Top view (upper panel) and side view (lower panel) of modelled architectures used for spectra simulations in (c): nanoparticles
with different geometries compacted in a 0.3 um® box (minimum surface-to-surface separation is 1 nm).

of the substrate containing nanostars, as compared to the
nanorods or cubes. Visual inspection shows that the substrates
containing cubes and rods are shinier than the substrates
containing nanostars, which are practically black (see inset in
Fig. 5b). Diffuse reflection measurements confirmed such
observations, revealing that the substrates containing gold
nanorods or cubes reflect more light in the spectral range above
500 nm (Fig. 5b). The difference in light reflection for all shapes
is even more pronounced at the maximum of the intensity of the
incident light (ca. 700 nm) that we used in all experiments
(Fig. 5a), additionally affecting the photochemical performance.

To further correlate our experimental results, we simulated
the scattering cross-section spectra of substrates comprising
nanoparticles with different shapes. Each model plasmonic
substrate contained randomly packed particles: 2194 (cubes),
8071 (rods) and 501 (nanostars), filling a film-like box of 0.03
um?® (Fig. 5d), with a minimum distance between the particle
surface of 1 nm. The calculated scattering spectra displayed
typical broadening, suggesting multiple plasmon couplings,
which are in good agreement with the experimental reflectance
spectra (compare Fig. 5b and c). These results indicate that
nanostars in the aggregated mode scatter less amount of light as
compared to the nanocubes or nanorods. We hypothesise, then,
that such an optical response is related to the intrinsic shape of
the individual building blocks. During the drying process, the
nanorods or cubes sediment in-parallel to the substrate surface,
pointing sidewise toward the incident light, thereby increasing
the contribution of the specular reflection. In the case of

This journal is © The Royal Society of Chemistry 2016

nanostars, however, radial distribution of spikes increases the
diffuse reflection, and, therefore, minimise the amount of light
that is bounced back to the medium. Such difference in optical
properties in the aggregated state is especially visible in the case
of gold nanorods and nanostars. Although the maximum of
LSPB for both geometries in solution is very similar (Fig. 2), the
reflectance above 800 nm is much larger in the case of nanorods
than for stars, confirming more efficient light absorption by the
plasmonic substrate containing nanostars.

It is important to stress, that spike-like, or conical shape is
more appropriate for photochemical application than nano-
rods, or cylinders. Although, we cannot compare, at the present
stage, the performance of spike only and nanorods, we can
support our speculation by the recent work by Weng et al.,*® who
showed that nanoparticles that lack the central symmetry
exhibit better performance due to the more efficient charge
separation. Single spike located on the star core is a non-
centrosymmetric object because of its unequal width on the
tips. Therefore, we postulate that the unique geometry of the
spike tips can render better photochemical conversion on
nanostars than other shapes.

Finally, the unique geometry of nanostars — radial spike
distribution - hinders close contact between the particles in the
plasmonic film, facilitating the formation of the pores that
improves the access of the molecules to the particle surface.
Thus, the active surface area of the plasmonic substrate con-
taining nanostars can be higher than that of the nanorods and
cubes (Fig. S121).
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Conclusions

In conclusion, we studied the shape effect of the platinum
coated gold nanoparticles on the photoregeneration of cofactor
molecules. In photochemical and photoelectrochemical
measurements, we found that substrates comprising branched
nanoparticles are better photocatalysts as compared to the rod-
or cube-like particles. We explain such behaviour by the
geometrical features of gold nanostars that efficiently harvest
the light improving photoelectrocatalytic effect. Future studies
envisage the study of photochemical performance using nano-
stars with different spike lengths. This work opens up possi-
bilities for efficient all-metal photochemistry and establish the
basement for the design of plasmonic catalytic materials.

Experimental

Materials

Gold(m) chloride hydrate (HAuCl), sodium citrate tribasic
dihydrate, hexadecyltrimethylammonium bromide (CTAB),
hexadecyltrimethylammonium chloride (CTAC), silver nitrate
(AgNO3), hydrochloric acid (HCI), ascorbic acid, sodium boro-
hydride (NaBH,) and potassium(u) tetrachloroplatinate
(K,PtCly) were purchased from Sigma-Aldrich and were used
without further purification.

Characterisation

Spectroscopy. UV-vis spectra were collected using a scanning
spectrophotometer Agilent 8453 UV/vis diode-array spectro-
photometer. Diffuse reflection spectra were recorded with
a spectrophotometer Maya2000 Pro (Ocean Optics) equipped
with a reflection probe (Ocean Optics, QR400-7-UV-BX) located
in a 6.35 mm holder used as a reference diffuse reflectance
standard (PTFE, WS-1). The illumination source was a 150 W
quartz halogen fiber optic illuminator (Fiber-Lite® MI-150™,
Dolan-Jenner Industries). XPS experiments were performed in
a SPECS Sage HR 100 spectrometer with a non-monochromatic
X-ray source (Magnesium Ko line of 1253.6 eV energy and 250
W). The samples were placed perpendicular to the analyser axis
and calibrated using the 3ds/, line of Ag with a full width at half
maximum (FWHM) of 1.1 eV. The selected resolution for the
spectra was 15 eV of pass energy and 0.15 eV per step. All
measurements were performed in an ultrahigh vacuum (UHV)
chamber at a pressure around 5 x 10~ mbar.

Electron microscopy. (Scanning) Transmission electron
microscopy ((S)TEM) images were collected with a JEOL JEM-
1400PLUS operating at 120 kV and Titan 60-300 TEM/STEM
(FEI, Netherlands) operating at 300 kV. EDX mapping was per-
formed in scanning mode using Spectral Imaging (SI) capa-
bility. Scanning electron microscopy (SEM) images were
acquired using a Dual Beam SEM/FIB Helios 450S microscope
(FEI, Netherlands) at 5 and 10 kV acceleration voltages.

Photoelectrochemistry. Electrochemical measurements were
performed with an Autolab PGSTAT302N potentiostat
controlled by the NOVA software. We used disposable screen-
printed carbon electrodes (SPCES, DropSens) that consist of
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a three-electrode system supported on a ceramic substrate. The
working electrode consists of carbon (4 mm diameter). Silver
and carbon were used as the pseudo-reference and counter
electrodes, respectively. All measurements were carried out at
room temperature.

Optical modelling. Spectral simulations were carried out
using a numerical method based on the surface integral equa-
tion-method of moments (SIE-MoM) formulation (M3 solver).*>
With this methodology, the metallic nanostructures are
replaced by equivalent electric and magnetic currents placed
over the particle boundary surfaces and interfaces. This brings
about important advantages with respect to volumetric
approaches, strongly reducing the computation domain as only
the material boundaries and interfaces must be parameterized.
Additionally, this methodology yields very accurate and stable
solutions, particularly when dealing with resonant metallic
responses, as the singular behavior of fields is analytically
handled by the Green's function and its derivatives. Through
Maxwell's equations and boundary conditions for the total
fields, a set of SIEs is derived for the unknown surface equiva-
lent currents. These SIEs are subsequently discretized by
applying a Galerkin MoM procedure in terms of a set of basis
and testing functions, leading to a dense N x N matrix system of
linear equations® (N being the number of basis functions used
to expand the unknown equivalent currents).

For the realistic simulation of the large-scale plasmonic
systems considered here, comprising assemblies of more than
8000 nanoparticles, SIE-MoM was expedited via the multilevel
fast multipole algorithm-fast Fourier transform (MLFMA-
FFT),>"** and combined with robust Schwarz domain decom-
position preconditioning,” resulting in a high algorithmic
efficiency—computational cost of O(N log N)—along with high-
scalability via parallelization using multicore computer
clusters.

The simulations were carried out on a workstation with four
16-core Intel Xeon E7-8867v3 45 MB Smart-Cache processors at
2.50 GHz. A high surface mesh density was considered leading
to dense matrix systems of 5.7, 7.6 and 4.1 million unknowns
for the substrates comprising cubes, rods and stars, respec-
tively. A relative error norm of 10> was set to stop the Krylov
iterative solver. Considering the above, the computation times
per wavelength ranged from 402 s (at 400 nm) to 2450 s (at
1000 nm) for the cube substrate, 382 to 2057 s for the rod
substrate, and 466 to 3138 s for the star substrate. The memory
usage ranged from 27 to 93 GB for the cube substrate, 71 to 149
GB for the rod substrate, and 23.5 to 67 GB for the star
substrate.

Synthetic procedures

Synthesis of gold nanocubes. The synthesis of gold cubes
was carried out by a seeded growth process.’” To prepare gold
seeds, gold salt HAuCl, (0.5 mM) was reduced by NaBH,
(0.3 mM) in the presence of CTAC (5 mL, 100 mM). An aliquot of
seed solution (0.025 mL) was added to a growth solution con-
taining CTAC (50 mL, 100 mM), HAuCl, (2.5 mL, 10 mM),
AgNO; (0.5 mL, 10 mM), HCI (1 mL, 1000 mM) and ascorbic acid
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(0.5 mL, 100 mM). The reaction was gently shaken after the
addition of the seeds and left undisturbed overnight. The
solution was centrifuged twice (5500 rpm, 30 min) and redis-
persed in CTAB (100 mM) to obtain a final concentration of gold
equal to 0.5 mM.

Synthesis of gold nanorods. Gold nanorods were prepared
using Ag-assisted seeded growth.*® Seeds were prepared by the
reduction of HAuCl, (5 mL, 0.25 mM) with NaBH, (0.3 mL,
10 mM) in aqueous CTAB solution (100 mM). An aliquot of seed
solution (0.12 mL) was added to a growth solution containing
CTAB (50 mL, 100 mM), HAuCl, (0.5 mL, 50 mM), ascorbic acid
(0.4 mL, 100 mM), AgNO; (0.6 mL, 10 mM) and HCI (0.95 mL,
1000 mM). The mixture was left undisturbed at 30 °C for 2 h.
The solution was centrifuged twice (8000 rpm, 30 min) and
redispersed in CTAB (100 mM) to obtain a final concentration of
gold equal to 0.5 mM.

Synthesis of gold nanostars. The surfactant-free method was
used to prepare gold nanostars.** A solution of gold seeds
(~14 nm, 0.5 mL, [Au] = 0.5 mM) prepared by the Turkevich
method was added to an aqueous solution (50 mL) containing
HAuCl, (0.25 mM) and HCI (1 mM), followed by the addition of
AgNO; (10 mM, 0.15 mL) and ascorbic acid (100 mM, 0.25 mL).
To increase the stability of the obtained nanostars, CTAB
(10 mL, 100 mM) was added to the growth solution. Upon
synthesis, the solution was centrifuged twice (4500 rpm,
30 min) and redispersed in CTAB (100 mM) to obtain a final
concentration of gold equal to 0.5 mM.

Platinum reduction on gold nanoparticles. Platinum over-
growth was carried out in the presence of silver ions.* To
a dispersion of gold nanoparticles (10 mL, [Au] = 0.5 mM) was
added AgNO; (0.04 mL, 10 mM) and K,PtCl, (0.05 mL, 10 mM)
and the mixture was left for 30 min at 40 °C to allow for
complexation of the platinum salt with CTAB, followed by the
addition of ascorbic acid (0.1 mL, 100 mM) maintaining the
temperature at 40 °C for 12 h. Pt coated gold nanoparticles were
washed twice by centrifugation and redispersed in water to
obtain a final concentration of gold equal to 6 mM.

Plasmonic substrates. The as-prepared Pt-coated gold
nanoparticles (0.5 mM, 50 mL, [CTAB] = 0.1 M) were centri-
fuged and redispersed in CTAB (1 mM, 2 mL). The solution was
again centrifuged and redispersed in pure water (1 mL). Paraf-
ilms were used to wrap the edges of the glass substrate (0.8 x
2.5 ¢cm) to produce a container. The solution of nanoparticles
was then placed in the container and evaporated at room
temperature for 3-5 days.

Photochemical regeneration of cofactor molecules. The
plasmonic substrate was immersed in a photochemical mixture
(1 mL, in quartz cuvette) consisting of phosphate buffer (0.1 M,
pH 8), NAD" (1 mM) and TEAOH (1 M). The cuvette was irra-
diated with visible/infrared light. After two hours the plasmonic
substrate was removed from the cuvette and the solution was
analyzed by UV-vis spectroscopy. The concentration of NADH
was determined based on the absorption band intensity at
340 nm.

Photoelectrochemical oxidation of TEAOH. First, the solu-
tions of gold nanoparticles (bare or Pt-functionalized, 10 mL,
0.5 mM) in CTAB (100 mM) were centrifuged twice and
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redispersed in water to obtain a final concentration of gold 6
mM. Six solutions in total of bare and Pt-functionalized nano-
particles (18.5 uL, 6 mM) were dropcast on the working elec-
trode of the screen-printed carbon electrode and evaporated at
room temperature for 12 hours. Prior to the measurements the
electrode was covered with a photochemical mixture (50 pL,
TEAOH (1 M), phosphate buffer (0.1 M)). All experiments were
performed in the exact manner: once the open circuit potential
reached the steady state (ca. —0.36 V), the lamp (400-1200 nm,
150 mW cm %) was switched on and the corresponding output
current was recorded for 10 seconds.
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