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Abstract

Broadband light absorbers are very attractive for many applications, including solar energy
conversion, photothermal therapy, and plasmonic nanocatalysis. Black gold nanoparticles are an
excellent example of broadband light absorbers in the visible and near-infrared (NIR)ranges;
however, their synthesis typically requires multi-step deposition or high temperatures. Herein,
we report the synthesis of black gold via a facile, one-step green method using commonly known
precursors (chloroauric acid and sodium citrate) performed at room temperature. The formation
of the black gold particles is driven by the self-assembly of in-situ formed small nanoparticles (~
5 nm) followed by a fusion step creating extensive networks of nanowires. These assemblies
include intense hotspots for enhancing the electric field and the local temperature. Thus, the
nanowires exhibit a strong photothermal effect and SERS performance. The plasmonic reactivity
of the black gold is first tested using the dimerization reaction of 4-nitro thiophenol. In addition,
we used the strong SERS signal enhancement to monitor the kinetics of plasmon-induced cross-
linking of designed thiolated benzene diazonium molecules. Analysis of the reaction performed
with external heating in the dark and under light irradiation confirmed the dominant mechanism
of the charge transfer effect (i.e., hot electrons). Our work offers a new possibility to design

efficient light-absorbing materials to achieve good solar-to-chemical/thermal energy conversion.
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Introduction

Sunlight is the most abundant energy source on earth. However, to use this energy, photons must
be captured first. Thanks to their surface plasmon properties, noble metals with nanoscopic
dimensions (nanostructures) strongly interact with and harvest the incident light.!3 As a result,
energetic charge carriers (hot electrons and holes) and a high local temperature are generated,
offering new perspectives of light-driven chemistry, known as plasmonic chemistry.*> Plasmonic
nanocatalysis was shown to initiate novel reaction pathways described either via the generation
of hot charge carriers or by a thermally-induced mechanism.®® The dimerization of 4-nitro
thiophenol and 4-amino thiophenol have been considered the first examples of plasmonic

chemistry, followed by other reactions driven by plasmonic effects.1%1>

Plasmonic nanostructures made from gold, silver, and copper nanoparticles exhibit strong
absorption in the visible and near-infrared range of the solar spectrum, unlike the traditional
semiconductors that catalyze chemical reactions only with the highly energetic UV light.16-18
Importantly, plasmonic nanoparticles' optical properties largely depend on their shape and size,
which can be effectively tuned to capture specific photon energies. However, light harvesting by
individual plasmonic particles is limited to a narrow spectral range that resonates with the
plasmon frequency. In contrast, black gold superstructures made of assemblies of plasmonic
nanoparticles exhibit a strong absorption over a broadband of the solar spectrum owing to their
interparticle plasmonic coupling.!®2? The fabrication methods, however, require multiple
assembly steps or high temperatures. Several successful black gold synthesis attempts have been
reported in the past few years. For instance, plasmonic colloidosomes of black gold have been
prepared by a nucleation—growth synthetic approach.? In this approach, small gold nanoparticles
were deposited on dendritic fibrous nanosilica, while the interparticle distances were controlled
via a cycle-by-cycle growth approach of the gold particles. A direct one-step method at high
temperatures was developed to achieve colloidal black gold superstructures.?* This method is
based on assembling in-situ formed nanoparticles owing to their solvophobic interaction with the
solvent. Lately, an overcurrent electrodeposition method was also used to fabricate a fractal

plasmonic black gold directly on a conductive surface.”®> However, it remains a significant



challenge to develop a simple one-step method for fabricating a colloidal plasmonic black gold

nanostructure without requiring high temperatures or post-synthesis assembly steps.

Herein, we report the synthesis of black gold nanoparticles via a facile, one-step green approach,
resembling the traditional Turkevich synthesis. This approach is based on simply mixing the gold
precursor salt and sodium citrate at room temperature at a basic pH. The black gold
nanostructures are formed due to the assembly of in-situ-formed small gold nanospheres,
forming nanowires. Such morphology provides SERS substrates with intense hot spots to
efficiently generate hot charge carriers for performing chemical transformation of surface-bound
4-nitro thiophenol (4-NTP) and diazonium molecules monitored by Raman spectroscopy. First,
the plasmonic reactivity of the black gold is shown by using the dimerization reaction of 4-NTP
into dimercaptoazobenzene (DMAB) as a typical model reaction. Second, we confirm that the hot
electrons can also initiate cross-coupling of the adsorbed diazonium salt. The Raman spectra
showed that the diazonium molecules are self-assembled in a dimer form, resembling the typical
DMARB structures.?® Second, upon continuous excitation of the surface plasmon, the Raman peak
assigned to the N=N vibrational modes decreases in intensity. In contrast, the C=C peak is
broadened with time, suggesting the cross-linking of the adsorbed molecules accompanied by
nitrogen removal. Additionally, by comparing the reaction behavior performed with external
heating in the dark and under irradiation, we show that the hot electrons play the dominant role

in initiating the reaction.

Experimental section

Chemicals. Chloroauric acid trihydrate (HAuCls°3H,0), sodium hydroxide (NaOH), sodium citrate

tribasic hydrate, N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulfonic acid) (HEPES), Silver nitrate
(99%), and glycerol were purchased from Aldrich. 4-mercapto-benzenediazonium
tetrafluoroborate was synthesized according to the previous protocol.?” All the chemicals were

used without further purification.

Synthesis of black gold nanowires. The particles were prepared in a one-step synthesis at room

temperature. Briefly, 1 ml of 25 mM of an aqueous chloroauric acid solution was placed in a glass



vial, and the pH was first adjusted by adding 150 pL of 0.5 M NaOH. Finally, different volumes of
1% aqueous sodium citrate solution (Na3Cit, 250, 700, and 1000 uL) were added and mixed for 5
minutes. The solution was left undisturbed for 1 hour till the color changed from yellow to gray
and finally dark black, confirming the reduction process. The gold particles were washed with
deionized water and separated by centrifugation (6000 rpm, 12 min). The nanowires were then
dispersed in water for further use. To compare the plasmonic activity towards the cross-linking
of the diazonium molecules, gold nanoparticles known as gold nanoflowers (AuNFs) and silver
nanoparticles (AgNPs) have been prepared according to our recent published protocols and used

as plasmonic substrates for the reaction.%28

SERS substrate. Before the Raman measurements, the silicon substrate was cleaned in a solution
of 30 wt % H20; and 30 wt % H.SO4. The substrate was then washed with deionized water and
ethanol. Afterward, 50 pl of the gold solution was placed on the cleaned substrate and dried
before use. The gold nanowires assembled on the substrate were immersed in either 1 mM of
ANTP or 1 mM of N,TP*BFsfor 1 h, both molecules were solubilized in ethanol. The sample was

washed with ethanol to remove the loosely bound molecules and dried before being measured.

Photothermal conversion performance. The photothermal conversion performance of the gold
nanowires was examined using an aqueous dispersion of the particles. Briefly, 0.5 ml of the gold
nanowires dispersion was added to an equal volume of deionized water in a standard 1-cm thick
quartz cuvette with a final concentration of ca. 0.1 mg mL™.. The sample was irradiated via an
808-nm NIR laser (PhotonTec Berlin, turn-key 808 nm diode laser system) with different laser
powers (2.0-4.0 W cm™) for more than 10 minutes. The temperature increments of the
dispersions were directly recorded by a digital thermometer (P300 Thermometer, Dostmann
electronics) at each time interval, the thermometer was kept far away from the laser spot to

avoid its direct heating by light.

Methods. Transmission electron microscopy (TEM) examined the nanoparticles' morphology
using a JEOL JEM-2100 (JEOL GmbH, Eching, Germany) at an acceleration voltage of 200 kV. The
samples were prepared by placing a drop of the diluted nanoparticles solution on the carbon-

coated copper grids and left to dry under ambient conditions. UV-vis-NIR spectra were recorded



using a Lambda 650 spectrophotometer supplied by PerkinElmer. SERS spectra have been
recorded using a confocal Raman microscope (WITec 300a) equipped with an upright optical
microscope. For Raman excitation, laser light at A = 488, 532, 633, and 785 nm was coupled into
a single-mode optical fiber and focused through a 50x objective (Olympus MPlanFL N, NA = 0.75)
to a spot size of about1000 nm. The laser power was kept at 1 mW at the focal plane for all
wavelengths, and the integration time was set to 1s. The kinetics were followed between 5 to 10
minutes for each sample, i.e., each curve is based on 300 to 600 different spectra. Each sample
was measured at least three times. To check the behavior of the modified substrate with
temperature, a micro temperature controller with an extended temperature range substrate
(VAHEAT, Interherence GmbH) was used. The black gold films were deposited over the heating
element, and the temperature was varied from room temperature to 122 °C. The Raman spectra
were measured with low-intensity laser incidence (100 uW) to induce the reaction by
temperature and not by light irradiation. A long working distance of 50x objective was used to
avoid contamination of the objective lens with possible volatile compounds emitted by the

sample.
Results and discussion

1. Material synthesis and characterization
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Figure 1. UV-vis spectrum of the black gold (black spectrum) and the conventional gold
nanoparticles (red spectrum), the color of their corresponding solutions, and digital pictures of

different substrates coated with black gold.

One-step fabrication of black gold nanoparticles is presented using sodium citrate as a reducing
and capping agent, resembling the standard Turkevich synthesis. Unlike the Turkevich approach,
the gold nanoparticles here were synthesized at room temperature, which slows down the
reaction rate and, therefore, the nanoparticle nucleation and growth rate. Moreover, the gold
nanoparticles synthesized at the boiling temperature are often characterized by the appearance
of a wine-red color within 30 minutes and a narrow plasmon peak centered around 520 nm
(Figure 1).2%30 Herein, at room temperature, a black colloidal solution is gradually observed
within 60 minutes with a broadband absorption all over the visible range (400 — 800 nm) as shown
in Figure 1 as well as a part of the near-infrared region (not shown). The black gold can also
transform reflective surfaces (e.g., 5- and 10-cent coins and copper mesh) and flexible surfaces
(e.g., filtration paper and cotton substrate) into black absorbing surfaces by a simple drop-casting
method (insets of Figure 1). Broadening the absorption band of black gold is very important for

several applications where optical excitation with multiple photons is essential. For instance, in



ultrafast spectroscopy, such as the surface-enhanced coherent anti-Stokes Raman scattering,
multiple laser pulses with different wavelengths should coincide with the absorption band of the
gold nanoparticles.3! Additionally, the resonance between the plasmon band and the excitation
wavelength affects the reaction yield and rate in plasmonic catalysis, which can be easily tuned
by broadening the plasmon band.3%33 Thus, it presents a plasmonic black colloidal gold with a
broadband absorption that works efficiently for many purposes. Briefly, different volumes of the
sodium citrate (NasCit) were thoroughly mixed with the gold precursor (Au*3®) at room
temperature in the presence of sodium hydroxide. The solution was left undisturbed to allow the
assembly and formation of the nanoparticles. The color of the solution changes from yellow to
pale gray within 30 minutes and rapidly into dark black. TEM first examined the morphology of
the as-prepared particles. As shown, the concentration of NasCit has a significant effect on the
morphology of the obtained particles. Figure 2a—d shows the formation of an extensive network
of gold nanowires obtained using an Au*3*/Na3Cit molar ratio of 1/1. The diameter of the
individual nanowire is approximately 5 nm. The HRTEM image in Figure 2c shows the lattice
spacing of 0.23 nm, which corresponds to the <111> lattice plane of gold. Additionally, using
different volumes of the Na3Cit did not influence the black color of the colloidal solution.
However, the morphology of the particles is affected. When we decreased the amount of the
Na3Cit (i.e., a molar ratio of 1/0.34), the gold nanowires can still be observed but with a high
degree of clustering and irregular shapes, as shown in Figure Sla. The lower concentration of
NasCit and its lower passivation effect might be the reason for this clustering. On the other hand,
when a higher amount of Na3Cit is used (a molar ratio of 1/1.36), spherical gold particles and
short gold chains have been observed (Figure S1b) since the assembly and the fusion of the initial
gold nuclei are somehow deferred. In the absence of NaOH, only brown gold was observed, which

is quickly agglomerated in the form of a sponge gold precipitate.



Figure 2. TEM images of the gold nanowires were prepared by adding 700 plL sodium citrate to

the gold precursor.

Observing spherical particles when the capping agent's concentration changes might hint at the
mechanism of the nanowire’s synthesis. This means that small spheroidal particles are formed,
which assemble and fuse to form the nanowires. Therefore, using a high concentration of the
Na3Cit retards the fusion of these spheres, and only short chains and spherical particles, can be
observed. To verify this mechanism, the intermediate product of the synthesis was collected after
30 minutes when the color of the suspension started to change (gray) and examined by TEM. It
is worth noting that the sample was first diluted to retard the growth of the particles before being
dried on the copper grid. However, the growth still proceeds slowly, and thus, and different
products can be observed, showing the various stages of the synthesis mechanism. As proposed,
small spherical nanoparticles with a diameter of 5 nm have been observed and can be identified

as the initial stage. These small in-situ formed spheres assemble and fuse to form rod-like

8



structures. The growth continues laterally to form the nanowires, as shown in Figures 3a and b.
Additionally, Figure 3c shows a TEM image of a free nanowire that still preserves the spheres'
shape, confirming our proposed mechanism. Finally, the gold nanowires are further interlaced,
forming network-like structures and nanobundles, as illustrated in Figure 3d. Previously, Feng
and co-workers have shown a similar growth mechanism. They synthesized ultrathin gold
nanowires using the triisopropylsilane as a reducing agent and oleylamine as a stabilizer and a
growth template. The authors observed small spherical nanoparticles (3-8 nm) as the initial
stage.3* The fusion of these nanoparticles led to the formation of chain-like nanoparticles, which
were then transformed into smooth gold nanowires. In contrast, Polte and co-workers have
investigated the growth mechanism underlying the classical Turkevich method, showing that the
mechanism is mainly based on the coalescence and the growth of small gold nuclei (~ 2 - 5.5 nm)
into bigger spherical particles.3> Benefitting from the very broad plasmon band, we next discuss

the two significant properties of plasmonic particles: the conversion of light into thermal energy

and the use of visible light to induce chemical reactions.
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Figure 3. TEM images of the gold nanowires were taken after 30 minutes of the synthesis,

showing their growth mechanism (a, b, and c) and corresponding schematic illustration (d).



2. Photothermal conversion performance

Plasmonic metal nanoparticles (e.g., Ag, Au) have been extensively used as nanoantenna for
enhancing light scattering in many applications, such as surface-enhanced Raman scattering and
optical imaging, owing to their large optical cross-sections as compared to organic dyes.
Additionally, non-radiative decay of the surface plasmon would result in a significant
temperature increase, which is highly localized on the nanoparticle.?® Briefly, the optical
excitation of plasmonic nanoparticles results in a coherent collective oscillation of the
conduction-band electrons known as the localized surface plasmon (LSP). After light excitation,
the decay of the excited LSP eventually results in a hot electron distribution within tens of
femtoseconds. The hot electrons are often utilized in catalysis, as they can scatter to occupy the
empty orbitals of the adsorbed molecules (i.e., reactants). Next, the hot electrons are scattered
by the phonons, and their energy is transferred to the metal lattice, which increases the particle
temperature (i.e., thermoplasmonic effect). The photothermal effect is finally observed as the
thermal energy dissipates to the surrounding medium (i.e., ligand or solution). The
thermoplasmonic effect of the black gold in the absence of any electron acceptors is here used
as an indication for the robust harvesting of light and generation of hot electrons. Herein, the
photothermal conversion effect of the black gold solution was examined while the particles were
irradiated with NIR lasers (808 and 976 nm). Figure 4a shows the setup adopted to measure the
photoheating effect. The nanoparticle dispersion is placed in a quartz cuvette and directly
irradiated with different lasers. Meanwhile, the temperature of the solutions is simultaneously
recorded every 20 seconds by a digital thermometer. Figure 4b shows the stepwise temperature
increments of the particle suspensions under continuous light irradiation (808 nm). As shown,
the temperature of the gold solution rises quickly with increasing light exposure time and reaches
a steady state after 10 minutes. Using a laser intensity of 3 W cm, the temperature of the black
gold solution reaches a temperature of ~ 38°C. The pure water showed a negligible temperature
change (~3.1 K) under the same laser intensity, clearly showing the direct photoheating effect of
the black gold. The photothermal effect is modulated by changing the laser intensity, where the
higher laser intensity tends to display a higher temperature increment. Indeed, the temperature

increased to ~47 °C when the laser intensity was increased to 4 Wem™. Moreover, by following
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the method developed by Roper et al.,?’, we measured the black gold dispersion's photothermal
transduction efficiency (n) by monitoring the system's heat dissipation rate as the light source is
shut off (Figure S2).3%3° The particles showed a photothermal efficiency of 15.2 % under 808 nm
irradiation, as shown in the supporting information. This is relatively higher than the gold
nanospheres (20 nm, n=7.68 %) and urchin-like gold nanoparticles (120 nm, n=11) measured at
the same excitation wavelength and power. However, we believe that the photothermal
efficiency of the black gold would increase upon more resonant excitation (e.g., at 600 nm). In
addition, the particles are still active photothermal nanoconverters when irradiated with a longer
excitation wavelength (976 nm, Figure 4c) under the same experimental conditions due to their
broad extinction spectrum. The temperature increment was 18.3 K, lower than the increment
obtained using the 808 nm laser (23.1 K) at the same light intensity due to the different plasmon
resonance conditions. The photostability of the gold solution is further examined by repeating
the on/off cycle of the NIR laser irradiation. As shown in Figure 4d, the photothermal efficiency
of the black gold displays a stable reversible temperature response for three on/off cycles
without a significant loss of the heating capacity. The black gold has been proven to be a robust

NIR-responsive nano-heater capable of harvesting and converting light into heat.
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Figure 4. (a) Schematic presentation of the setup adopted for measuring the photothermal effect
of the gold, (b) temperature variation curves of the aqueous dispersions of black gold exposed to
the 808 nm laser at different laser powers, (c)temperature variation curves of the aqueous
dispersions of black gold exposed to the 976nm laser at different laser powers, (d) photostability
of the black gold solution under the photothermal heating conditions (808 nm, 3.5 W/cm?) and

natural cooling cycles.
3. Dimerization of 4-nitrothiophenol

Hot charge carriers (hot electron/hole pairs) generated by the non-radiative relaxation of the
surface plasmon can also induce chemical changes in the adsorbed molecules. Various chemical
reactions have been recently shown to be driven or enhanced, benefitting from plasmon
excitation, including N-N and C-C coupling reactions and reduction and desorption reactions.3¢~
38 Additionally, a strong local electromagnetic field is generated in the near field close to the

particle surface, owing to the localization of light around these small nanoparticles. This strong
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electric field is often utilized to amplify the weak Raman scattering as the primary contributor to
surface-enhanced Raman scattering (SERS). This enhancement is particularly strong in “hot spot”
areas, e.g., in nano-sized gaps between the plasmonic particles or at nanotips with high aspect

ratios.

Herein we first perform SERS analysis to unfold the capability of the black gold to induce catalytic
reactions on their surfaces. The dimerization of 4-nitro thiophenol (4-NTP) into
dimercaptoazobenzene (DMAB) is, therefore, used as a model reaction, as this reaction has been
commonly explained by the effect of the charge-transfer (i.e., hot electrons), Figure 5a. The
particles were drop cast onto a clean silicon substrate, followed by the self-assembly of the 4-
nitro thiophenol molecules through the Au-S covalent bond. As shown in Figure 5b, the initial
SERS spectra are dominated by the three prominent Raman peaks of the 4-NTP observed at 1080,
1343, and 1573 cm™, assigned to the C-H bending, NO, symmetric stretching, and C=C stretching
modes of 4-NTP, respectively.*® Additionally, the high SERS signal enhancement of 4-NTP

adsorbed on the black gold can be directly noticed in the spectra.

Moreover, as the laser power increased, three new Raman peaks were observed, as shown in
Figure 5c. These new peaks at 1134, 1387, and 1434 cm-! are assigned to the C-N symmetric
stretching and N=N stretching vibrational modes of plasmonic-generated DMAB,?® implying the
high plasmonic reactivity of the gold nanowires. In this way, the plasmonic black gold provides
the adsorbed 4-NTP molecules with the hot electrons and as a SERS substrate to enhance the
Raman scattering.'*'3Different laser powers were tested to visualize further the catalytic activity
and the dependency of the reaction with the incident laser power. Unfortunately, due to the
extremely high photothermal efficiency of the black gold nanowires, the NTP and DMAB
thermally desorbed from the surface of the nanoparticles, turning such analysis impossible, as
observed in Figure 5d, where the whole spectra decrease over time, an indication that the
molecules are desorbing from the nanoparticle surface. To overcome such obstacles, we used
the molecule 4-mercapto-benzene-diazonium tetrafluoroborate (MBD), which generates a
molecule with a similar fingerprint as a starting material to DMAB, and that is stable enough for

desorption to be studied with many laser wavelengths.
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Figure 5. a) Scheme of the monitored reaction of the plasmonically induced dimerization of ANTP
to DMAB. B) SERS spectrum of 4-NTP assembled on the gold nanowires measured at a laser
power of 0.14 mW, c) SERS spectra of the black gold nanowires at the beginning of the irradiation
and after 180 s showing the appearance of the peaks associated with DMAB, laser power of 0.74
mW d) SERS spectrum obtained using 3.7 mW of laser power showing for the beginning a high
amount of DMAB, which maximizes after 10 s and the overall spectrum decrease associate with

the desorption of the molecules from the surface after 180 s of irradiation.

4. Hot electron-induced cross-linking reaction

14



Next, we applied SERS to in-situ investigate the plasmon-induced reactivity of aryldiazonium
compounds. They represent versatile building blocks in synthetic organic chemistry, including
important cross-coupling reactions such as Suzuki and Heck reactions.*! Importantly, we aim to
showcase whether the hot electrons generated from the LSPR can induce chemical
transformations of the diazonium salts adsorbed onto the metal nanoparticles. Surface
functionalization of metal particles with aryldiazonium has been recently observed with the
assistance of plasmon excitation. This provides a stable organic layer with a range of functional
groups and enables the particles to be stably dispersed in different reaction media. One
interesting case was reported by Nguyen Van Quynh and co-workers, where gold nanotriangles
were grafted with an organic layer of diazonium salts induced by light irradiation.*> The work
shows that the grafting can be only achieved by using a proper light excitation, i.e., in resonance
with the LSPR. More importantly, the grafting process is believed to be driven by hot electrons
due to the generation of very localized products (at the tips of the nanotriangles), as observed by
scanning electron microscopy, that could be used to visualize the electromagnetic fields around
the particles experimentally. However, the mechanism and the sequential steps of the assembly
and coupling of the diazonium-based compounds into such an organic layer still need to be

determined.

To further investigate such a process, surface-enhanced Raman scattering (SERS) provides
information on the vibrational fingerprints of the molecules upon their assembly and reaction.
We used 4-mercapto-benzene-diazonium tetrafluoroborate (MBD) molecules as they can
chemically adsorb on the gold surface by a covalent Au-S bond. The particles were drop cast onto
a clean silicon substrate, followed by the self-assembly of the 4-mercapto-benzene-diazonium
tetrafluoroborate (MBD) onto the particles’ surfaces. This molecule was chemically designed to
provide a possibility to attach through the thiol group to the surface of the gold by the Au-S
covalent bond. Later, we could observe the N>* leaving due to the plasmonic reactivity.?’ Figure
6 shows the Raman signature of MBD adsorbed on the black gold compared to the neat
molecules. As shown, due to the diazonium moiety, different surface attachment configurations
are possible by both the Au-N and Au-C bonds. The typical Raman spectrum of the MBD molecule

shows prominent peaks at 1008 cm™ (monosubstituted aromatic ring breathing mode), 1069 cm-
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1(C-H in-plane bending of the aromatic ring), 1560 cm™ (C=C stretching and ring deformation),
and at 2277 cm™ (Ny* stretching, not shown here).** When the molecules are deposited onto the
Black gold films, we observe the appearance of new peaks and the shift of existing peaks due to

their chemical adsorption onto the gold surface.
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Figure 6. a) Scheme showing the adsorption of the MBD molecule over the Black Au surface. b)
Raman and SERS spectra of the MBD molecule, using A=785 nm. c) Comparison of the SERS
spectra obtained at A=633 nm for the films based on Black Au, AgNPs, and AuNFs.

The SERS spectra of the MBD adsorbed on the nanoparticles clearly show new bands not present

in the normal Raman spectrum and the absence of other bands. The peaks at ~1140, 1185, 1395,
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and 1440 cm™ are not related to the original MBD molecules but rather to an azobenzene
derivative(Figure 6a and b), similar to the very common dimercaptoazobenzene (DMAB).*2¢ The
peak for the N,* stretching around 2200 cm™ is not observed. Since the diazonium moiety is very
reactive, the self-assembled MBD molecules may be sufficiently close to each other on the gold

surface to react and dimerize.

The possibility of black Au being used in plasmonically induced reactions was tested using the
MBD self-assembled monolayer and monitored by in-situ SERS measurements. Four different
wavelengths were used, and the results were also compared to typical silver nanoparticles
(AgNPs) and gold nanoflowers (AuNFs) aggregated similarly to black Au. Using 633 nm, the SERS
spectra of the black gold exhibit 3.5 times higher peak intensities than AgNPs and AuNFs (Figure
6¢c). The reaction was initiated by continuously irradiating the samples for at least 300 seconds
using a laser power of 1 mW in the focal point. The overall result is similar in all studied cases. As
shown in Figure 7a, over time, there is a decrease in intensity of all the vibrational peaks and, at
the same time, a broadening of the peak around 1590 cm™. The loss of the diazonium moiety (C-
N=N-C) is mainly observed by the intensity decrease of the peaks at 1391 and 1438 cm’,
associated with the diazonium vibrations. It is often expected that new peaks appear due to the
formation of a reaction product, which is not the case here. However, these results suggest the
dissociation of the N=N groups and coupling of the remaining benzene rings into a molecular
carbonaceous layer, as evidenced later by the observation of amorphous carbon bands after
prolonged irradiation (1.5 h). Recently, It was reported using tip-enhanced Raman spectroscopy
(TERS) that due to the light irradiation of plasmonic nanoparticles, a broadening of the peaks in
the spectrum is observed because of the formation of non-organized carbonaceous compounds,
carbon nanomembranes, or amorphous carbon.*** It was shown that such broadening is not
due to a fully thermal reaction but that the hot electrons generated in the gold nanotips are the
main driver of the reaction. At the same time, control experiments by heating the samples in the
dark showed thermal-induced desorption of the molecules from the surface rather than their

cross-linking.
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Figure 7. a) SERS spectra collected at the different irradiation times over black Au modified with
MBD, A=633 nm and 1 mW of laser power at the focal point, 1 s of integration time. b) SERS
spectra in the low-frequency region of the modified black Au films at 0 and after 300 s irradiation,
A=785 nm and 1 mW of laser power at the focal point, 1 s of integration time. c) Intensity of the
1440 cm™ peak over time for the three studied materials, A=633 nm. d) Comparison of the fitted

ks with the different wavelengths tested in this work for the three studied materials. e) a
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schematic presentation of the suggested chemical changes of the MBD induced by plasmonically
generated hot electrons, leading to the partial evaporation of aromatic molecules and the

formation of a carbon nanomembrane on top of the particles.

A similar reaction route is most likely followed in the present case, where MBD serves as a
starting material. Due to the light irradiation, hot carriers are generated in the black gold
nanoparticles leading to cross-linking reactions within the self-assembled molecules, which
induce the peak broadening at 1590 cm™. However, due to the excellent photothermal properties
of black Au, the surface is also heated up very strongly, leading to the partial desorption of the
molecules from the surface. This second part is better observed at the low-frequency vibrations,
Figure 7b. By comparing the spectra at the beginning and after 300 s of irradiation, we observe
that the peaks related to the Au-S lose intensity, indicating that those bonds are broken and some
molecules possibly left the NP surface. At the same time, the very stable band at 423 cm?, related
to the Au-C or the C-S stretching of the thiol-linked molecule, kept the same intensity throughout
the irradiation. Although we do not have a complete picture of the final material on the black Au
NP surface, we hypothesize that the aromatic rings are linked together, forming a carbon

nanomembrane on top of the black gold film, Figure 7e.

The wavelength dependence of the reaction is also investigated using four different wavelengths
(488, 532, 633, and 785 nm) for all nanoparticles, as we plotted the intensity loss for the peak at
1440 cm™ over time (Figures 7c and d). We can now fit these curves using this data to obtain
kinetic information about the reaction. We have recently shown that even though the kinetics
curves obtained through SERS experiments carry little information about the reaction order, they
are still very useful for comparing the different properties of the studied materials.*®=*8 Here, we

fitted the curves using a second-order fractal reaction kinetics equation:

_ [A]o = (1 —h)
B (1—h) +[A]g* kg xt1-h”’

[A] (Equation 1)

[A] is the intensity of the peak, [A]o is the initial intensity, ks is the fractal kinetics constant, t is
time, and h is the fractal order. All the data studied here was fitted using this equation, and the

overall fit quality is outstanding. The principal extracted value is kf, which indicates the reaction's
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speed. The plot of ksv time (s) of the excitation wavelength for the three materials is given in
Figure 7d. The results show that black Au exhibited an overall faster reaction than the AuNFs for
all the studied wavelengths. In addition, the reaction exhibited a faster rate at 532 nm and a
slowest rate at 785 nm. In contrast, AgNPs present faster kinetics at 488 nm. This is expected
since the typical plasmonic resonance of the Au NPs, and AgNPs are located around 520 and 420
nm, respectively.*® These results show the dependence of the reaction rate on the plasmon
resonance of nanoparticles, which confirms the plasmonic nature of the cross-linking reaction of

the assembled MBD molecules.

However, whether a charge transfer mechanism or the heating effect drives this behavior
remains. To answer this question, we further performed a control experiment by adsorbing the
nanostructures on a smart micro heating substrate (Interherence GmbH), allowing precise
nanoparticle heating. We first reproduced our previous findings at room temperature while
irradiating the sample continuously. As shown in Figure 8a, the two peaks at 1391 and 1438 cm’
! completely vanished after 10 minutes, while the other SERS peaks were relatively stable. This

confirms the formation of a carbon nanomembrane at the top of the black gold film.

Further irradiation (1.5 h) of the sample disturbs this layer and leads to the formation of an
amorphous carbon layer, as evidenced by the appearance of the D-band at 1384 cm™. For the
comparison with the temperature-induced reaction, we conducted the reaction under heating in
the dark, while the laser was only used to probe the reaction (less than 100 uW of laser power at
the focal point). As seen in Figure 8b, increasing the temperature from RT (~22 °C) to 122 °C leads
to the loss of SERS signals gradually, without observation of any distinct Raman bands. This
behavior is commonly associated with the thermal-driven desorption/degradation of the
adsorbed molecules.*** At the same time, we observe that the initial vibration peaks are present
throughout the study but lose intensity. Thus, these results confirm that the hot-electron transfer
mechanism, Figure 8c, mainly drives the diazonium molecules' cross-linking reaction into a
carbon nanomembrane. In contrast, the pure thermal mechanism (heating the sample in the

dark) leads to desorption and degradation of the reactant molecules.
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Figure 8. a) SERS spectra collected over Black Au modified with MBD performed at room
temperature using a laser power of 1 mW at the focal point and integration time of 1 s. b)
performed at different temperatures and probed using a laser power of 0.1 mW and integration
time of 10 s. The wavelength used was A= 633 nm. c) Proposed reaction mechanism.

Conclusion

In summary, we successfully developed a simple one-step synthesis of a plasmonic colloidal gold
nanowire with broadband absorption in the visible and near-infrared ranges. The assembly and
the fusion of small in-situ formed spherical particles (~5 nm) drove the growth mechanism. The
gold particles displayed strong NIR photothermal as well as SERS performance. The SERS
properties of the particles enabled us to monitor the plasmon-induced cross-linking of designed
thiolated diazonium compounds adsorbed on the gold surface via the Au-S bond. The SERS
spectra indicate the self-assembly of the molecules onto the gold surface in a dimer form via N=N
coupling. At the same time, continuous irradiation led to cross-linking of the molecules and

dissociation of N,. In general, this work provides a direct strategy to prepare black gold

21



nanostructures with broadband absorption that holds promising potential in many applications,

including photothermal therapy, plasmon-driven-nanocatalysis, and photovoltaic cells.
Supporting Information

TEM images of the black gold prepared using different concentrations of sodium citrate,
measurement of photothermal efficiency, Fitting results of the kinetic study of the MNB
decomposition, and SEM images of the black gold deposited on silicon wafer after heating at 122

°C.
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