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Optical and Structural Properties of Cuprous Oxide Shell

Coated Gold Nanoprisms

Ddniel Zdmbd, Ddvid Kovdcs, and Andrds Dedk*

Cuprous oxide nanoparticles can be prepared with a great morphological
control, and their composites with gold nanostructures are intensively studied
owing to their catalytic performance. In this study, cuprous oxide shell growth
on nanosized prism-shaped gold nanopatrticles is investigated, where the
core-particle morphology does not match the prototypical cubic or octahedral
symmetry of the embedding cuprous oxide particle. It is shown that different
shell morphology is obtained depending on the reducing agent used for the
shell deposition. Strong reducing agent (hydrazine) leads to a multi-slab-like
coating with smooth facets, while under milder conditions (hydroxylamine) a
multi-grain coating is obtained. Successful realization of time-dependent
spectroscopic and structural investigations indicate that in this latter case
cuprous oxide shell growth is initiated site-selectively, namely in the highly
curved regions of the particle, with a higher growth rate around the tips of the
nanoprisms. This is supported by correlative single-nanoparticle
spectroscopy/scanning electron microscopy measurements, that allow to
establish the connection between the optical properties and the structure of

with the abundance of copper. Thanks to
the tremendous increase in wet-chemical
synthetic protocols over the last decades,
the synthesis of high-quality cuprous ox-
ide and gold nanoparticles with different
shapes and sizes is well established.['3]
Also, their hybrid structures like core/shell,
core/satellite, etc. structures have been re-
alized and investigated with respect to their
optical and catalytic properties, as summa-
rized in a recent review on this topic.*! In
multicomponent Au/Cu,O heteroparticles,
the interaction between the metal and the
semiconductor domains enabled their ap-
plication in various photoinduced, charge
carrier-mediated processes. Depending on
excitation energy (wavelength), these struc-
tures can make use of both hot charge
carriers created in the metal domain and
of the excitation of valence band electrons

these plasmonic/semiconductor core/shell nanoparticles.

1. Introduction

Engineered noble metal/semiconductor composite nanoparti-
cles can combine plasmonic properties and charge genera-
tion/separation in a single entity, making them very attractive
for studying and utilizing photoinduced charge carrier-related
processes. Among these nanoparticle hybrids, the gold/cuprous
oxide (Cu,O) system combines the excellent stability of gold
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in the semiconductor.l’! It enabled the use

of such composite nanoparticles in water

splitting,l®) CO, reduction,”® and photo-

catalytic decomposition processes.[*1% Gold
nanoprism-based Cu,O heteroparticles were also demonstrated
to be active in the reduction of CO, to (mainly) CO recently.’] The
morphology of pure Cu,O nanoparticles — and hence the type of
exposed facets — can be controlled by the synthesis conditions,
e.g. varying the type and amount of the reducing agent that is
needed to reduce the typical Cu?* precursor. For example, to pre-
pare Au/Cu,O core/shell nanoparticles both hydrazine and hy-
droxylamine have been successfully applied,['®!!] with hydrazine
being a more powerful reducing agent, significantly shortening
the particle growth time. The resulting particle shape is gov-
erned by the ratio of the growth rates along the (100) and (111)
directions.!'?] Some of the early demonstrations of Cu,O shell
growth on gold nanoparticles have shown that despite the 4.5%
lattice mismatch between the (111) planes of gold and Cu,O, the
shell grows epitaxially on the gold core, and shells on different
core-particle morphologies can be successfully deposited.l'314]
The Cu,O shell growth is assumed to proceed through an in-
termediate conformal ‘cage’ formation around the gold core by
small Cu,O nanoparticles, which are formed in the bulk at al-
kaline pH of the reaction solution and grow into a continuous
shell at later stages of the process.['*] Naturally, the presence of
the oxide shell around the gold core particle has a profound im-
pact on its surface plasmon resonance. Regarding the particles’
extinction spectrum, the coating induces a redshift of the cores’
plasmon modes. As the real part of Cu,O’s refractive index is
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relatively large (~2.7) over the visible and near-infrared wave-
length range,!’) even a thin shell on the gold core can induce
a substantial redshift of the resonances. At the same time, with
increasing cuprous oxide shell thickness, absorption bands asso-
ciated with Cu,O become dominating in the spectrum at shorter
wavelengths and the core’s redshifted plasmon modes become
significantly damped.!'®'7] These make optical spectroscopy a
useful technique to verify shell formation and enable it to follow
its temporal evolution.

In this work, the cuprous oxide shell formation on prism-
shaped gold nanoparticles is investigated. It is clear from the
literature that a neat shell morphology can be obtained around
gold cores when the core morphology ‘fits’ the prototypical cu-
bic or octahedral symmetry of the embedding cuprous oxide
particle.[1%118] This, however, is not the case for prism-shaped
gold cores. There are some related examples of triangular gold
prism/Cu,O particles, but the core is hundreds of nanometres
in size (more like a platelet) with large shell thickness,!>!3] which
is closer to coating a planar gold surface with cuprous oxide. It
is interesting to investigate whether the cuprous oxide can be
‘forced’ to conformally wrap small, prism-shaped nanoparticles
and how the optical properties and the morphology of the hybrid
particles develop during the process. For this, two prototypical re-
ducing agents (hydrazine and hydroxylamine) were used, and the
deposited shell morphology and the particles’ optical properties
were investigated both at the ensemble and at the single particle
level — the small particle size allowed investigations to be carried
out in the visible wavelength range. Different shell growth path-
ways for the two reducing agents could be identified, which stem
from the shell growth commencing at different surface sites of
the gold nanoprisms.

2. Results and Discussion

2.1. Cuprous Oxide Shell Growth Using Hydrazine

Deposition of the cuprous oxide shell using hydrazine is rapidly
completed owing to its strong reduction potential and the sample
shows pronounced color change over the course of the reaction
(Figure Sla, Supporting Information). This color change is re-
flected in the extinction spectra after the synthesis, where instead
of the initial, fairly sharp nanoprism in-plane plasmon resonance
plasmon peak dominated spectra, several broader peaks can be
observed for the final particles (Figure 1a), whereby no large dif-
ferences were seen for the investigated gold core amounts used
(Figure S1b, Supporting Information). The largest extinction be-
low 600 nm is due to the absorption of the deposited cuprous ox-
ide, while the peak ~#1100 nm can be assigned to the redshifted
in-plane dipole of the prisms. This redshift together with the
increased damping also indicates an intimate contact between
the gold core and the cuprous oxide shell. The successful shell
growth around the prism-shaped cores is confirmed by the TEM
image of the composite particles (Figure 1b), where a ca. 50 nm
thick neat shell around the prisms is visible and apparently the
shell is terminated by definite edges. The scanning electron mi-
croscopy (SEM) images (Figure 1c) also confirm that the parti-
cles have a smooth outer surface, but in contrast to transmission
electron microscopy (TEM) and scanning transmission electron
microscopy (where a 2D projection of the core/shell particles is
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Figure 1. Extinction spectra of the Au@Cu,O nanoprisms prepared using
hydrazine as the reducing agent (70 nm final nanoprism concentration),
the inset shows the corresponding sample images a). TEM b) and SEM ¢)
micrographs of the core-shell particles.

visible), the scanning electron microscopy images reveal that the
particles have a rather irregular and not so well-defined shapes as
observed earlier for other gold/cuprous oxide core/shell nanopar-
ticle types.[19171920] 1t has to be noted though, that in general
for thinner cuprous oxide shells, a more irregular shell mor-
phology was found earlier — irrespectively of the reducing agent
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Figure 2. TEM, HAADF, and elemental maps of the core/shell particles
prepared using hydrazine as the reducing agent.

used for coating the metal cores (hydrazine, hydroxylamine, or
citrate).?"2*] Nevertheless, the triangular symmetry of the core
can be observed in some cases also for the cuprous oxide coat-
ing, implying that it can direct the morphology of the deposited
layer to some extent. At the same time, itis also evident (especially
from the SEM images) that this core-replicated shell symmetry is
not ubiquitous throughout the sample and looks like the coating
of the particles is a composite shell consisting of several polycrys-
talline parts with different orientations, that can be attributed to
the simultaneous growth starting in different directions.['3]

Close-up TEM investigation of a sample region, where by
chance the core nanoprism with planar and vertical orientation
can be observed simultaneously (Figure 2), reveals the nature
of the shell inhomogeneity. When the core is oriented vertically
(left in Figure 2), the slab-like morphology of the cuprous ox-
ide coating becomes apparent. Also several ‘sub-slabs’ can be
seen with interfaces parallel to the prism’s planar faces. These
sub-layers, however, might have a different orientation, as in-
ferred from the irregularity of the flat laying and hence the top-
imaged prism (right in Figure 2). Both the nanoprism orientation
within the shell and the internal structure of the shell are corrobo-
rated by tilting the same sample in the (—20°)-(+20°) angle range
(Figure S2, Supporting Information). The electron microscopic
investigations hence suggest that shell growth predominantly
takes place on the planar faces of the prisms and roughly follows
the triangular symmetry of the cores. But as this symmetry is not
favorable for cuprous oxide, nor is the shell deposition restricted
to one side of the particle, the result will be an irregular overall
particle morphology — a shell composed of layers and larger crys-
tallites with different orientations.

2.2. Cuprous Oxide Shell Growth Using Hydroxylamine

Hydroxylamine was also employed for the shell growth as this
milder reducing agent was considered to enable lower deposi-
tion rates and mitigate the irregular structure of the shell. Ear-
lier studies have shown that for other core-particle morphologies,
this approach can also lead to relatively thin (below 50 nm) shells
on small (below 30 nm) spherical metal-core particles.?223] In-
deed, also in the present case hydroxylamine-enabled reduction
resulted generally in a slower shell growth on the minute time
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Figure 3. Normalized extinction spectra of the starting Au nanoprisms
and the resulting core-shell structure prepared using hydroxylamine (final
nanoprism concentration 29.2 nm), the inset shows the corresponding
sample photographs a). TEM b), and SEM c) micrographs of the core-shell
particles.

scale, and a smaller redshift is obtained for the prisms’ dipo-
lar resonance peak (Figure 3a). As the TEM images taken af-
ter the synthesis (Figure 3b) reveal, however, the ~27 nm thick
shell shows an even higher degree of inhomogeneity compared
to hydrazine and together with the irregular edge shape indi-
cates a multiple-grain structure of the shell. Moreover, the SEM
images (Figure 3c) confirm that multiple small crystallites are
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Figure 4. Time-dependent extinction spectra recorded during the shell
growth in the first 90 s of the reaction; the spectra were recorded at 1's
time intervals a). Wavelength shift of the prisms’ main dipolar plasmon
peak over the 30 min reaction b); the inset provides an enlarged view of
the first 60 s.

developing on the core particle. In contrast to the 2D projection
in TEM, in the SEM images, the triangular shape is hard to rec-
ognize, suggesting a more complex 3D structure of the core-shell
particles. It has to be noted that the standard approach to control
the shell thickness in the system, namely to modify the amount
of seed particles, cannot be realized beyond a certain point. When
a smaller amount of prisms are present in the system, large parti-
cles are obtained with the simultaneous loss of shape homogene-
ity; the latter is also true when increasing the nanoprism amount
above an optimum point (Figure S3, Supporting Information).
Best results (fair size homogeneity together with well-developed
crystalline domains) were obtained at 0.1575 mwm final Au® con-
centration, corresponding to 29.2 nM nanoprism concentration.
In order to investigate this structure evolution more in detail and
identify the course of the shell development, time-dependent op-
tical and structural investigations have been carried out.

Figure 4a shows the evolution of the extinction spectra during
the first 90 s of the shell growth. The initial shell growth is rapid
in this case as well, manifested in a quick redshift of the prism
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resonances. While the process slows down considerably after the
first minute, there is still some redshift of the resonance up to
30 min (Figure 4b), accompanied by a significant peak broad-
ening toward the end of the 30 min long shell growth process
(Figure S4, Supporting Information). This latter indicates an in-
creased damping of the surface plasmon resonance, owing to the
absorptive nature of the shell material.

The overall spectral evolution as well as the appearance of the
distinct spectral features can be well reproduced with calcula-
tions (Figure 5a). The calculated 331 nm wavelength shift of the
prisms’ dipole resonance at 27 nm shell thickness agrees well
with the experimentally measured 330 nm redshift at the end of
the growing process. Investigation of the surface polarization of
the nanoparticles (Figure 5b) reveals that the band developing to-
ward 660 nm in the experimental spectrum (toward 700 in the
calculated one) can be assigned to a higher-order in-plane reso-
nance of the core particles upon shell deposition. Below 500 nm
the ever-increasing extinction with time can be assigned to the ab-
sorption of the shell material and the increasing scattering of the
particle. This is also demonstrated when the simulated absorp-
tion and scattering contribution to overall extinction are exam-
ined (Figure S5, Supporting Information). In general, the extinc-
tion is dominated by the absorption of the particles. As expected,
large plasmonic near-fields arise at wavelengths and excitation di-
rections (relative to particle orientation) at the dipolar modes of
the core particle: for in-plane excitation at ~880 nm, for out-of-
plane excitation ~550 nm. The near-field distribution confirms
the multipolar character of the intermediate peak and shows
that the observed extinction increase with increasing shell thick-
ness is mainly governed by absorption. Also, there are no signif-
icant plasmonic near-field present below 500 nm. In spite of the
good agreement between the measured and calculated spectra,
it is evident from the TEM images, that compared to hydrazine
the hydroxylamine-grown shells are much more polycrystalline,
suggesting that the shell growth takes place according to a dif-
ferent mechanism. To address this issue, the time-evaluation of
the core-shell morphology in the presence of hydroxylamine has
been investigated more in detail.

2.3. Single Particle Scattering and Structural Properties

Whereas for hydroxylamine the shell growth rate is slower com-
pared to hydrazine, the reaction is still way too fast to allow for
simple sampling of the course of the reaction. Therefore, care-
fully timed sampling was combined with quenching of the reac-
tion: 100 L from the reaction solution was taken and instanta-
neously injected into 9900 pL ethanol to stop the shell growth.
The quenched sample was cleaned by centrifuging and redis-
persed in ethanol. Figure 6 shows the temporal evolution of the
reaction together with corresponding TEM images. Itis clear that
the shell thickness increases over time, especially in the first 90 s
(reaching 25 nm thickness), after which a largely reduced growth
rate is observed. This reduced growth rate correlates well with the
evolution of the spectral shift (Figure S6, Supporting Informa-
tion), both indicating that the majority of the growth takes place
within the first few minutes. Although the exponentially decaying
nature of the near field around plasmonic particles implies that
the extent of shift decreases with increasing shell thickness, the
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Figure 5. Simulated evolution of an AuPrism@Cu,O conformal core-shell particle’s extinction spectrum when the shell thickness is increased to 30 nm
in 2 nm steps. The inset shows the wavelength shift of the prisms’ main dipolar plasmon peak as a function of the shell thickness a). Simulated extinction
spectrum of an Au@Cu,O nanoparticle with a shell thickness of 14 nm. The upper panel shows the surface charge distribution on the particle (the shell
is rendered semi-transparent for better visibility of the core), and the color coding is auto-scaled b).

simulations indicate that considerable peak shifts are expected in
our system up to 30 nm shell thickness (see inset of Figure 5a).
Hence, the observed saturation of the peakshift over time can
be ascribed to the strongly reduced shell growth in the present
case. This agrees well with the in-situ measured ensemble
spectroscopic data, where the rate of redshift is strongly reduced
after the first few minutes (Figure 4; Figure S4, Supporting In-
formation). After this initial fast growth stage, the shell devel-
ops more homogeneously but does not gain much thickness any-
more. The shell formation begins simultaneously around the
whole perimeter of the nanoprisms, which would mean that the
cuprous oxide shell growth in the presence of hydroxylamine fits
into the big picture of nanoscale curvature-governed surface re-
activity of nanoparticle, which was already demonstrated to be
an excellent tool to control region-selective shell morphology or
surface modification on nanoparticles.l”?-?’] This would also im-
ply that especially at the very early stages of the process differ-
ences in the shell coverage of the edges/tip should be present or
at least different shell growth rates in the curved (tips, edges) and
flat (faces) regions of the prisms should apply. Unfortunately, as

90 s

the TEM images represent only the 2D projection of the overall
particle morphology and gold has a much larger contrast than
the shell, this cannot be unambiguously determined from these
measurements. Nevertheless, a close-up examination of the TEM
images indicates based on the Moiré patterns (Figure S7, Sup-
porting Information), that in the early stages of the growth (up
to 45 s) multicrystalline Cu,O domains are present primarily in
the tip/edge region of the prisms. This transforms later (after 90
s) into a shell also covering the prisms’ faces with an apparent
restructuring, as the multiple orientation of the Moiré fringes ob-
served in the beginning become more homogeneously oriented.

To provide this missing information, the very same quenched
samples have also been subjected to correlated single-particle
scattering spectroscopy/scanning electron microscopy experi-
ments.

Figure 7 summarizes the typical results of the correlative
measurements obtained for particles with different shell growth
times (additional particle spectra and SEM images are provided
in Figures S8-S10, Supporting Information). A clear trend with
increasing shell growth time can be observed. The initial dipole

300 s 15min 30 min

Figure 6. Snapshots of the reaction solution at different stages of the shell growth process (upper row) and the corresponding characteristic TEM images
(lower row). Scale bars are 20 nm in all images, shell thickness changes from ~7 to 27 nm.
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Figure 7. Typical single nanoparticle scattering spectra belonging to dif-
ferent stages of the shell growth process and corresponding SEM images.
The spectra have been vertically shifted for clarity.

resonance associated scattering peak of the particles ~630 nm
agrees with the ensemble extinction peak of the prisms as the par-
ticles are supported by an ITO substrate. Already after 15 s of shell
deposition time, the scattering peak shifts by ~120 to 750 nm,
which is in line with the ensemble spectral shift measured in
situ in solution (Figure 4b). Further shell growth at 45 s into the
reaction results in an even higher redshift, after which the reso-
nance peak leaves our detection wavelength window. At the same
time scattering peaks appear at 550 and 630 nm, which are in
agreement with the ensemble measurement (Figure 4) as well
as with the simulation results (Figure 5). They can be assigned
to the increasing out-of-plane and higher-order in-plane modes
of the particles. With increasing time, the scattering contribu-
tion at wavelengths below 550 nm also increases steadily. While
these spectral features of the individual core-shell particles ob-
tained after different growing times agree well with the in-situ
measured ensemble spectral characteristics, the corresponding
SEM images reveal a very important aspect of the shell growth
process. It is clear that just like in the corresponding TEM pic-
tures (Figure 6), the SEM images also indicate an increasing shell
thickness as the shell growth reaction proceeds over time. More
importantly, SEM confirms that for the present, hydroxylamine
case, shell growth is more pronounced in the prism regions that
have higher curvature - that is in the tip and edge regions of the
particles and resembles the Cu,O deposition at the edges of a
few hundred nanometer-sized gold nanoplatelets.l’! For the 15 s
and 45 s samples, a rim around the nanoprism perimeter is ob-
served. Especially for the 90 s and 300 s samples, even a protru-
sion around the prism tips is visible, indicating that at these inter-
mediate stages, the shell growth rate in the tip regions is higher
compared to the edges or faces. A similar effect was also observed
earlier for hydroxylamine-mediated cuprous oxide shells grown
on region-selectively surface-modified gold nanorods.”! Up un-
til 90 s, the planar face regions of the prisms have a certainly
lower shell coverage compared to the side/tip regions, which also
agrees with the findings related to the TEM Moiré patterns. Dur-
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ing the ensemble measurements, the pronounced peak broaden-
ing starts between 90 and 300 s (Figure S4, Supporting Informa-
tion), hence it can be inferred that this marks the transformation
of the rim-coated particle into a core-shell structure. This is rea-
sonable as it has been shown earlier in many studies, that the
surface-damping of the plasmonic resonance is due to the pres-
ence of adsorbed or deposited layers of scales with the affected
surface area of the particles.!?8] It should be noted that based on
the shape transformation followed at the individual particle level,
the cubic features observed in the SEM images of the final par-
ticles (Figure 3c) can be assigned to better-developed crystallites
in the tip region of the nanoprisms.

3. Conclusion

While the gold nanoprism/cuprous oxide core-shell nanoparti-
cles prepared using different reducing agents (hydrazine and hy-
droxylamine) share similar optical properties, there is a clear dif-
ference between the shell structure of the two particle types. The
fast reduction in the presence of hydrazine leads to a multilayer-
like cuprous oxide shell around the prisms, where the planar face
region of the prisms seems to direct the shell growth since the dif-
ferent layers run parallel to the plane of the prism’s face. Some of
the layers can reproduce the triangular symmetry of the templat-
ing core, but the different layers are also rotated with respect to
each other (and the core), resulting in an irregular, multi-grain
overall core-shell particle morphology. For hydroxylamine, the
shell growth is more pronounced in the curved regions of the
prisms (edges and tips) especially in the early stage of the growth
process, resulting in regionally inhomogeneous shell morphol-
ogy, which is more polycrystalline than for the hydrazine case. At
later stages pronounced crystallites can develop especially in the
tip region of the core particle and an overall multi-faceted core-
shell structure is obtained. For both systems, the optical prop-
erties are dominated by the presence of Cu,O, redshifting the
dipole resonance of the gold nanoprisms to the near-infrared and
inducing a higher-order in-plane plasmon mode in the visible
wavelength range.

4. Experimental Section

All chemicals were purchased from Merck and used as received. For the
synthesis and purification of the particles, ultrapure water from a Sartorius
Arium Mini was used.

Gold Nanoprism Synthesis: The gold nanoprisms have been syn-
thesized and purified according to an already published protocol.[?°]
Two rounds of depletion-interaction assisted purification cycles were
performed at 150 and 140 mm CTAC concentrations and the purified
nanoprisms were stored at 50 mm CTAC concentration. The nanoparticles
have an average dimension of 65 x 20 nm (edge-lengthxthickness).

Cuprous Oxide Shell Growth Using Hydrazine: For the hydrazine-
mediated shell deposition, four different solutions were prepared: Solu-
tion A (0.0604 g Cu(NO3), + 0.721 g SDS + 20 mL water), Solution B
(0.8 g NaOH + 10 mL water (2 m)), Solution C (0.125 mL N,H, + 6.25 mL
water) and the AuPrism dispersion (0.649 mm Au®, T mm CTAC). 5 mL
of Solution A, various volumes of AuPrism dispersion and 1.25 mL So-
lution B were combined and stirred for 15 min. Before adding 1.25 mL
Solution C dropwise, the sample has been sonicated. After synthesis, the
particles were centrifuged (3500 rcf; 10 min), the supernatant was com-
pletely removed and the precipitate was redispersed with 5 mL ethanol
and sonicated for a few minutes. Water (5 mL) was then added to the dis-
persion and the centrifugation step was repeated once again in the same
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manner (3500 rcf; 10 min). The precipitate was redispersed in 5 mL of
ethanol, sonicated for a few minutes, and the final dispersion was stored
in a refrigerator (6 °C) in dark conditions.

Cuprous Oxide Shell Growth Using Hydroxylamine: ~ First, the Au® and
CTAC concentration of the prisms was set to 0.315 and 0.222 mwm,
respectively. SDS (0.1 g) was dissolved in water (9475-x mL, “X” being
the volume of the AuPrism solution to be added; 0.5-4 mL, Figure S3,
Supporting Information). To this solution, CuCl, solution (50 pL; 0.1 m),
various amounts of AuPrism solution, and NaOH solution (125 pL; 0.1 m)
were added under continuous stirring at 250 rpm. The stirring speed was
increased to 500 rpm before the rapid injection of NH,OHeHCl solution
(350 uL; 0.1 m). After 2 min, the stirring speed was reduced to 150 rpm.
The nanoparticles were post-processed as written in the previous section.

Structural Characterization: ~ Structural characterization was per-
formed on a Zeiss LEO 1540-XB scanning electron microscope running
at 5 kV acceleration voltage and an In-lens detector. TEM images and
elemental maps were recorded using a JEOL 3070 microscope operated at
300 kV and a ThermoFischer THEMIS 200 transmission electron micro-
scope operated at 200 kV, equipped with a spherical aberration-corrected
objective lens and Bruker SuperX X-ray detectors. For electron mi-
croscopy 1 L particle dispersion was drop casted on 3 X 2 mm Si wafers
(SEM) or carbon-coated copper grids (TEM) and dried under ambient
conditions.

Optical Characterization: For all measurements, cuvettes with 1 cm
path length have been used. For the spectral characterization of the sam-
ples, a Shimadzu UV3600i Plus spectrophotometer was used. The Au®
concentration was determined and adjusted based on the value mea-
sured at 400 nm.[3% For time-dependent extinction measurements, a Thor-
labs CCS200 fiber coupled spectrometer and a Thorlabs SLS201 stabilized
tungsten-halogen source connected to a CYH100 cuvette holder were used
with a custom data acquisition software written in Labview. The cuvette
holder was installed on a magnetic stirrer and the shell growth was per-
formed in a standard macro cuvette, scaling down the total synthesis vol-
ume to 2.5 mL. A blackout paper with a hole installed in a CHV100-FH
filter holder at the illumination side ensured that the stirring bar did not
interfere with the light path. An integration time of the detector was set to
1 ms, and for each measurement, 100 spectra were averaged. In the first
5 min, spectra were taken every 1s, then for the duration of an additional
25 min every 15 s.

Scattering Spectrum of Individual Nanoparticles: The nanoparticles
were spin-coated on cleaned ITO substrates (PGO GmbH) (ultrasonica-
tion: 15 min in acetone, 15 min in 2-propanol, 15 min in water, 1 min air
plasma treatment) at 3000 rpm. Single particle spectra were obtained on a
laboratory-built workstation, consisting of an Olympus BX51 microscope,
and an imaging spectrometer (Princeton Instruments Isoplane SCT320
+ PIXIS 400 BRX camera running at —70 °C) as the main components.
The software controlling the components and performing automatic mea-
surements with position optimization was written in Labview. Dark-field
illumination and collection of the particles’ scattering spectra were real-
ized with an Olympus 50x MPlanFLN (NA = 0.8) objective, illumination
was provided by a 100 W Olympus U-LH100IR [R-enhanced light source.
Precise positioning of the nanoparticles was ensured by a Pl P-545.xR8S
XYZ piezo-stage. Each particle’s position was automatically optimized by
the software to ensure identical measurement position, before taking the
average of 3 spectra with 1s exposure time each. All recorded spectra were
inherently corrected by the optical transfer function of the setup (calibra-
tion performed by a NIST traceable wavelength and intensity calibration
lamp from Princeton Instruments). To enable correlative scanning elec-
tron microscopy (finding the very same particles in SEM), pattern match-
ing was used, and the scattering spectra of the particles were measured
before SEM characterization to exclude contamination.

Calculation of Nanoparticle Spectra: The MNPBEM toolbox was used
in Matlab to obtain the theoretical spectra of the nanoparticles, taking re-
tardation into account.[3'] The simulated gold nanoprisms had a dimen-
sion of 65 x 20 nm (edge-length and thickness), and the shell was con-
sidered conformal. The dielectric function of Cu,O and gold was taken
from the literature.’233] A homogeneous surrounding medium was set
with a refractive index of 1.33. Two plane-wave excitation cases were im-
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plemented in terms of E-field oscillation (in-plane and out-of-plane of a
horizontally positioned prism) and averaged (other geometries both in
terms of the relative orientation of the particle and illumination direction
as well as of the polarization direction can be reproduced by the linear
combination of these cases).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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