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We propose an original technique for synthesizing plasmonic nanocomposites under
concentrated sunlight. Polymer films doped with gold salts are prepared by spin-coating; the
nanoparticle growth is triggered within the polymer matrix by exposing the film to
concentrated solar irradiation. For the first time, we demonstrate that the variation of solar
flux alone allows for controlling the nanoparticles size distribution and shape and, thereby,
the final plasmonic response of the composite. Interestingly, thanks to this optical approach,
the in operando measure of the spectroscopic response permits to follow the growth of the
nanoparticles in real time. The experimental results give us entails about the differences in
the nanoparticle growth mechanisms at different solar fluxes. At high flux, small nanospheres
with diameter centered around 3 nm to 6 nm are formed. At lower flux, bigger nanoprisms of
12 nm -18 nm are synthesized. The mechanisms are discussed and different pathways are
envisaged. Finally, we demonstrate the possibility to perform a fully green synthesis by using
our method to grow gold nanoparticles in a bio-polymer.

Nanocomposites are valuable materials with new and controlled physical properties.
Among them, plasmonic nanocomposites are of special interest in many applications?. Indeed,
due to their strong absorption in the visible range combined with large field enhancement in
the nanoparticle vicinity, plasmonic systems can be used in several areas such as, biology?,
sensing3~®, optical data storage’, in the design of metamaterials®®, photocatalysis®*3and in
photovoltaic systems!#!>. Regarding the latter, some studies have demonstrated the
possibility to increase the efficiency of organic or perovskite solar cells by incorporating
plasmonic nanoparticles in the active layer!®® or more recently to use plasmonic
nanocomposites in order to design new types of luminescent solar concentrators?%2,



Consequently, there is a real need for simple and efficient fabrication methods for this type
of materials. Indeed, even if numerous fabrication approaches already exist, only a few do
comply with the constraints of the solar industry that require synthesizing composites with
controlled properties, over large surfaces and at low cost??.

Regarding nanocomposite thin films based on metallic fillers in polymer matrices, most of the
synthesis approaches are based on the insertion of pre-synthesized nanostructures, for which
numerous method exist?>24, into polymer solutions?>?%. In this case, it is challenging to
prevent the formation of nanoparticle aggregates and, for this reason, the use of stabilizing
agents is required to obtain homogeneously dispersed nanoparticles?’. Moreover, it is difficult
to maintain a homogeneous spatial distribution at large scales using standard procedures such
as coating or evaporation. These drawbacks may directly affect the optical properties of the
system?8, notably by inducing a large broadening of the plasmon resonance peak.

To address these challenges of cost, complexity and up-scaling, the in situ synthesis approach
seems appropriate. Indeed, this technique consists in growing the nanoparticles directly inside
a solid polymeric matrix, previously doped with a molecular metal precursor. This allows for
separating the polymer-shaping process from the control of nanoparticle dispersion inside the
matrix. In this type of approach, the metal salt reduction and the nanoparticle formation can
be triggered by several means such as chemical treatment?°-3!, annealing of the films334 or
UV irradiation3>737, So far, this approach has proven its efficiency for producing homogeneous
gold3233and silver?®383% nanocomposite films with high filling fractions, but a systematic
control of the nanoparticle size and shape is still challenging. Porel et al have studied the
annealing route and have shown that varying simultaneously the metal/polymer ratio and the
annealing temperature permits to selectively synthesize different types of polygonal
nanoplates3?. However, this approach is limited to low metal filling fractions and does not
allow for a control of the nanoparticles size. Regarding the irradiation route, Balan et al have
shown that adding photosensitive chemical agents to the metal/polymer mixture and
activating them upon UV irradiation can also allow a certain degree of control of the
nanoparticle shape?®. This elegant strategy, however, strongly increases the complexity of the
system. Indeed, it is difficult to find precursors, polymers and photosensitizers that are
compatible and miscible. In fact, this impairs the versatility and the simplicity of this method.
Consequently, there is still a need to develop low-cost, in situ synthesis approaches,
compatible with (i) the synthesis of homogeneous nanocomposite films over large areas and
(ii) the systematic control of the nanoparticles morphologies, and consequently, their optical
properties. In particular, today, there is no method that allows for a control of the morphology
without modifying the intrinsic parameters of the films, i.e. by adding chemical agents to the
mixture or modifying the metal/polymer ratio.

In a previous study, we demonstrated that it is possible to generate the photo-reduction of
gold precursors using low-intensity, continuous visible laser irradiation at 473 nm, even if the
precursor is transparent at this wavelength*l. A subsequent annealing step induces the
nanoparticle growth. In this study, we use concentrated solar irradiation (CSl) for driving the
in situ synthesis of nanoparticles in polymers under visible light irradiation. It turns out that
concentrated sunlight offers the advantage of performing both photo-reduction and
annealing simultaneously, thus allowing for a ‘one-step’ in situ synthesis of nanoparticles. CSI
has already proved successful in the past as a tool to promote the synthesis of high-quality
nanostructures. For instance, Flamant et al. have pioneered this field demonstrating the



possibility to fabricate carbon nanotubes or fullerenes*?*® by triggering thermal
decomposition of graphite at very high temperature (upon irradiating with concentration
factors up to 15 000 suns) and under controlled atmosphere. More recently, Gordon et al.,
have revived this approach for synthesizing original nanostructures of MoS, and WS;#446,

In this study, we use CSlin milder conditions, working at much lower irradiation concentration
under ambient-air, without inducing thermal decomposition This offers the possibility to treat
a great variety of materials and potentially on very large areas. We demonstrate how CSI can
be combined with the in situ synthesis technique to produce controlled gold nanocomposites.
In particular, we demonstrate the possibility to control the nanoparticle size distribution by
adjusting the intensity of the CSI (i.e concentration factor). Moreover, to better understand
the formation process of the nanoparticles, we use in operando spectroscopic measurements
allowing to monitor the growth of the nanoparticles in real time. Possible mechanisms
accounting for the differences observed in the nanocomposites depending on irradiation
conditions are discussed. Finally, we show that it is possible to perform a fully green synthesis
by applying our method to a biopolymer and water as a solvent.

Doped polymer films are prepared by solubilizing chloroauric acid and a polymer
(PMMA or Potato Starch) in an appropriate solvent (respectively Ethyl lactate or water) so as
to obtain a 20 w% metal loading in the final composite. The mixture is then deposited by spin
coating on glass wafers. The thickness of the films is about 500 nm. A detailed description of
the film preparation procedure, thickness measurement along with the chemicals used can be
found in Section A.1 of SI. The nanoparticles are then formed in the polymer matrix from the
metallic ions when exposed to CSI. The main steps of the fabrication procedure are sketched
in Fig.1.
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Our experimental setup for irradiation, shown in Fig.2, can be summarized as follows. A solar
simulator (Oriel 91193 equipped with a 1.5 AM Global filter) producing a collimated light beam
with a diameter of 30 cm simulates the sunlight. A Fresnel lens focuses the beam onto a
homogenization rod. The latter homogenizes the irradiation beam, and the light flux at its
output reaches concentration factors up to 50 suns. This was the maximal flux attainable in
our setup. The Fresnel lens and the homogenization rod cut off the UV part of sunlight, so that
the final beam is almost only composed of visible light (See section A.2 in SI).



The sample is fixed on a metallic holder whose temperature is monitored with a K-type
thermocouple during the irradiation process. Due to the numerical aperture of the
homogenization rod, the flux at its output decreases rapidly with the distance. Consequently,
the solar flux at the sample position can be controlled by modifying the distance between the
output of the homogenization rod and the sample surface. To calibrate the flux at any position,
we use a power meter mounted with a laser line filter at 632 nm.

A heating system with feedback is also incorporated into the sample holder in order to control
the sample temperature during the experiment. We use a resistive wire sandwiched between
two metallic plates that is powered through a PID regulator. The homogeneity of the
temperature over the sample surface is checked by IR camera measurements (see Section A.3
of Sl for a complete description of the sample holder and heating systems).
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i
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Figure 2:Experimental setup (detailed description is given in the main text)

Finally, an aperture (1.5 mm hole) at the center of the sample’s holder allows for in operando
measurements of absorption spectra of the composites during the synthesis under irradiation.
This enables us to follow the nanoparticles growth in real time through the evolution of their
plasmon resonance.

At the end of the elaboration procedure, the morphology, size distributions of the NPs were
investigated by transmission electronic microscopy (TEM) in a JEOL JEM 1400. The TEM images
were obtained from liquid samples, by dissolving the films locally after fabrication and
depositing an aliquot on a carbon coated TEM grid. The nanoparticle size distributions have
been measured over more than 300 nanoparticles of each sample.

The optical properties of the particles, and more especially the spatial electromagnetic field
distribution around the nanoparticles were simulated by the MNPBEM software*’8, using
Johnson and Christy experimental values for the permittivity of gold and n=1.49 for the index
PMMA.



The series of PMMA films doped with chloroauric acid (HAuCls. 3H,0) have been
prepared by using the same stock solution.

A first experiment was realized to evidence the effect of the CSI on the synthesis. For this, we
irradiated one of the films at 50 suns (i.e. a concentration factor of 50) for 10 minutes, which
naturally induces an increase of temperature. The absorption spectra and the temperature
profile of the sample were measured in situ during the fabrication process, see Fig.3.(a) and
(b) respectively. Due to the specific configuration of our experimental setup, which uses the
same filtered solar beam for the irradiation of the samples and as a source for the absorption
measurements, only the visible part of the spectra is exploitable. The spectra present an
increasing peak in the 520-550 nm range, corresponding to the plasmon resonance of gold
nanoparticles in polymer matrices with refractive index of 1.5%°. We see that after 10 minutes,
the temperature is stabilized around 130 °C, and the absorption spectra no longer change,
which indicates that the system has reached stability.
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To discriminate the effect of irradiation from the annealing, a second identical sample was
heated without using any irradiation, employing the same temperature profile as the one
recorded during the experiment under irradiation, (orange trace in Fig.3.(b)). The optical
spectra of the films after spin coating and after the reaction with or without irradiation are
shown in Fig.4. After spin-coating, we observe an absorption peak centered at 320 nm
attributed to HAuCls. For the irradiated sample, we see that the characteristic peak of the
plasmon resonance of gold as appears around 520 nm, indicating the formation of gold
nanoparticles. Moreover, the peak at 320 nm has disappeared, replaced by a large absorption
band due to the inter-band transitions in metallic gold, which indicates that the gold precursor
has been completely reduced. By contrast, the sample prepared by annealing shows no
signature of Au nanoparticles. Moreover, the peak at 320 nm has decreased in intensity but



has not completely disappeared. This can be interpreted as a partial reduction of the gold
precursor that did not lead to the formation of gold nanoparticles. Annealing in these
conditions (130 °C for 10 min) is thus not sufficient to initiate nanoparticle growth in the
PMMA. As expected, this first results indicates that the irradiation plays a major role in the
photo-reduction of the metal salt.
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We then investigated the effect of the irradiation flux by varying the concentration factor of
light. For that, doped films were irradiated at various irradiation fluxes, respectively 1, 5, 15
and 30 suns. To focus on the effect of irradiation, we used the heating set-up to keep an
identical temperature profiles for all experiments, so that the effect of annealing was similar
in all cases. The reference profile was the temperature profile obtained by irradiating our
sample at 50 suns without additional heating. The evolution of the temperature and the
absorption spectra of the samples were measured during the experiment, see in Fig.5.

In order to compare the nanoparticle morphology in the different samples, we intentionally
stopped the irradiation once the resonance peak was stable for several minutes. For solar flux
higher than 5 suns, the spectra stopped evolving after 10 minutes. For 1 sun however, a longer
time up to 20 minutes was necessary. The peaks might still evolve for much longer irradiation
times (several hours maintaining the temperature of 130 °C) but we intentionally stopped the
irradiation once the resonance peak was stable for several minutes in order to compare the
nanoparticle morphology in the different samples. The optical spectra of such prepared
samples are stable for months when exposed to ambient conditions of light and temperature.
This seems to indicate in particular that at the end of the irradiation, the whole precursor
amount has been reduced and converted to gold nanoparticles.
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Figure 5: (a) to (e) Absorption spectra measured in situ during the synthesis at different solar fluxes (50, 30,
15, 5 and 1 sun) and (f) the corresponding temperature elevation profiles (f).

The TEM images along with the corresponding nanoparticle size distributions of the different
nanocomposites are given in Fig. 6. These images show that it is possible to control the
nanoparticle size distribution by changing the solar flux used for synthesis. Indeed, the
average size of the nanoparticles is minimal at 50 suns (mean radius 3 nm) and progressively
increases as the flux is decreased to reach a mean radius of 15 nm at 1 sun. Moreover, we
observe that the nanoparticle shape is roughly spherical from 50 to 15 suns but then some
facetted shapes start to appear at 5 suns. Finally, the sample at 1 sun presents a bimodal size
distribution composed on one hand of rather large well facetted nanoparticles (nanocubes
truncated octahedrons and triangular nanoprisms) and on the other of very small spherical
nanoparticles with radius around 1.5 nm.
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Figure 6: TEM images of the different samples irradiated from 1 to 50 suns (from top to bottom) and the
corresponding nanoparticles radius distributions.




This size and shape evolution is accompanied by an evolution of the optical properties of the
nanocomposites, and more precisely by a change in the position and amplitude of the plasmon
resonance, see Fig. 7. The control of the solar flux thus makes it possible to control the position
of the plasmonic peak from 519 nm at 50 suns to 566 nm at 1 sun.
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In order to better understand the formation of the nanoparticles with SCI, we analyzed the
dynamical evolution of the absorption spectra during the synthesis. In Fig. 8, we plot the
maximum of the plasmon peak as a function of time for the five samples. For the sake of
comparison, the amplitudes were normalized with respect to the final amplitude. It is known
that, for gold particles, the plasmon resonance appears only when the particle size reaches
approximately 2 nm, and for moderate sizes (less than 20-30 nm), the plasmon peak intensity
increases proportionally to the volume of the particle. An increase of the plasmon peak
intensity may thus reflect either an increase of the particle number, or the growth of already-
formed particles. As a consequence, the time evolution of the plasmon peak can help
understanding the growth mechanisms of the particles. On the other hand, it does not inform
on the photoreduction dynamics and the formation of objects smaller than 2 nm.

We clearly observe an acceleration of the nanoparticle growth kinetics when the irradiation
flux increases. At high fluxes (more than 30 suns), the plasmon peak appears after about 1 min
of irradiation, which means that the photoreduction and nucleation steps happen very rapidly.
The amplitude of the plasmon peak then increases rapidly, indicating a fast growth of the
nanoparticles, until a plateau is reached indicating that the metallic precursor has been
consumed. In this case, small roughly spherical particles are obtained. These results can be
interpreted in the frame of the La Mer mechanism, which is a very common growth
mechanism in the chemical synthesis of inorganic nanoparticles®® and especially nanospheres.
A fast reduction provokes a fast supersaturation of the medium in active monomers leading



to a burst nucleation of a high number of seeds. This step consumes the majority of the Au
reservoir in the nucleation step, which gives rise to seeds (enclosed by a mix of {111} and {100}
facets, which is the thermodynamically favorable configuration®?), that upon growing, give rise
to nanoparticles of almost spherical shape. It is noticeable that most of the particle formation
occurs before 3 min, i.e. before the glass transition temperature of the polymer is reached.
This indicates that, once the precursor is reduced, the mobility of the gold atoms at low
temperature is sufficient to lead to the formation of the nanoparticles.
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At lower fluxes (1 and 5 suns), the kinetics are slower and less segmented. The increase of the
absorption is more progressive and we assume that the photoreduction, nucleation and
growth are slower. Moreover, especially at 1 sun we no longer form only spherical
nanoparticles but the synthesis also leads to faceted shapes among which triangular prisms.
Anisotropic growth is usually induced by using facet-selective ligands in order to block the
access of theses facets and orientate the nanoparticle growth in preferential directions>>>3
However, the PMMA does not present a functional group susceptible to bind strongly to the
nanoparticles surface®* and it has been shown that, contrary to other halogen species,
chlorine is not efficient for initiating anisotropic growth>>. Consequently, the usual pathway
for anisotropic growth are not easy to confirm in our system and other schemes should be
considered.

Under low fluxes, the slow reduction kinetics lead to a less extended nucleation (fewer nuclei)
on which, subsequent slow and extended growth favors the elimination of multiply twinned
seeds, which are stable only at small sizes*> Thus, it is likely that the seeds that survive and
further grow are either single crystalline giving rise to octahedra, tetrahedra, nanocubes,
cuboctahedra or single twinned seeds which finally form triangular platelets. Indeed, it has
been shown that slow reduction favors the formation of plate-like nanoparticles in fcc
metals®®, which can explain the presence of nanoprisms growing from seeds comprising (111)
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twin planes. Recently, the formation of Au nanoplates from HAuCls under electron beam
irradiation and in the absence of added stabilizers has been attributed to the slow reduction®’.
However, an open question is to which degree the plasmonic properties of the growing
nanostructures assist anisotropic growth. Indeed, as it has been demonstrated by EELS
spectroscopy, submitting plasmonic nanoparticles to an electron beam enables to excite the
full set of plasmon resonance modes>2. Similarly, one of the specificities of our approach is
that the nanoparticles are irradiated with broadband irradiation during their growth and,
therefore, their plasmon resonances are excited. Consequently, the electromagnetic field
intensity is enhanced and its spatial distribution is modified at the vicinity of the nanoparticles,
which can influence the growth process. This field, known as plasmon driven synthesis, has
been extensively studied for the synthesis of silver nanoparticles in solution and only a few
times for gold nanoparticles in solution®>%°, As far as we know, this phenomenon has never
been observed in the case of in situ synthesis in thin polymer films.

Baffou et al gave a detailed description of the different plasmon mediated mechanisms that
could occur in such situations®l. Among these mechanisms, two might explain an anisotropic
growth of the nanoparticles. First, the local field enhancement, might directly influence the
photoreduction and growth rates along specific directions. Moreover, exciting the plasmonic
resonance results in the production of hot electrons, which could increase the reduction rate
of the gold precursor locally. This local photoreduction would induce an inhomogeneity in the
gold ions distribution in the bulk. As it has been previously observed in similar systems3’, gold
precursors can then migrate toward depleted areas where the electromagnetic field intensity
is maximal. This migration allows for a continuous renewal of the precursor population,
feeding the anisotropic growth mechanisms. A schematic description of these mechanisms is
proposed in Fig.9.
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In Fig. 9, the electromagnetic field distribution around the nanoparticle has been calculated
by averaging the field maps obtained for different polarization angles such that it is
representative of the non-polarized light that it is used in our setup. The simulation results
show that in such conditions, the field enhancement is anisotropic around a sphere whereas
it is maximal at all tips ends for a nanoprism (a similar result would be obtained for a
nanocube). We assume that when the irradiation flux is low, the two effects, that are, slow
reduction kinetics and plasmon assisted anisotropic growth, may account for the observed
morphology. Indeed, while slow kinetics allow the initial formation of twin (111) planes on the
nanoparticle seeds, further growth could be accelerated from plasmon active nanocrystals
with anisotropic field distribution contributing to the anisotropic growth. This effect is not
observed at high flux because the photoreduction happens too fast, followed by a
homogenous nucleation and insufficient growth, ultimately leading to the formation of small
spherical nanoparticles favored by thermodynamics.

Finally, in the framework of the development of green synthesis approaches, we have tried to
apply our method to a biopolymer, namely potato STARCH, soluble in water. The procedure
used was the same as with PMMA and we have shown the possibility to induce the formation
under 50 suns (130 °C) of gold nanoparticles showing a sharp plasmon resonance peak around
540 nm. As a comparison, the sample prepared under the same annealing temperature but
without CSI shows only a partial photoreduction (peak at 320 nm) and the plasmon peak is
very weak and broadened, see Fig.10.
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This result confirms the possibility to perform the green synthesis of Au/STARCH composite.
It should be noted however that even if this synthesis, realized under 50 suns, leads to the
formation of rather small nanoparticles (mean diameter ~ 10 nm, see Section B of Sl) they are
larger than what was observed in PMMA (mean diameter ~ 6 nm, see Fig.6). This behavior
might be explained by the fact that the glass transition temperature of STRACH is significantly
lower than PMMA (around 70 °C). Indeed, heating above the glass transition temperature
facilitates the mobility of the gold monomers and may even induce coalescence of smaller
nanoparticles during growth. More generally, the glass transition temperature certainly plays
a role in the determination of nanoparticle size, and the growth kinetics might be controlled
by heating the sample either just above or significantly above this threshold. Regarding the
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nanoparticles shape, we assume that the glass transition temperature is not critical. As
mentioned above, even if the monomers mobility might play a role in the growth mechanisms
we believe that the nature of the polymer and more especially the type of functional groups
it contains is the principal determining factor regarding the shape selectivity. In this case, it is
the ability for the polymer to bounds selectively to specific Au facets that would induce
anisotropy.

This last result demonstrates the versatility of the fabrication method but underlines the
strong coupling between the polymer used and the growth mechanisms of the nanoparticles,
which should be explored in more details.

In this study we have shown that concentrated solar irradiation can be used to perform

an efficient one-step in situ synthesis of gold nanoparticles in PMMA and the bio-polymer
potato starch. This demonstrates the versatility of this approach and shows its compatibility
with green synthesis requirements. Furthermore, by controlling the solar flux and the sample
temperature, we have been able to control the size distribution of the nanoparticles in the
Au/PMMA nanocomposites and therefore their optical properties. By monitoring the
evolution of the absorption spectra in time during the synthesis procedure, we could extract
relevant information regarding the formation mechanisms of the nanoparticles and identify
two different regimes at high and low flux. In particular, the results obtained at low fluxes (1
and 5 suns) suggest that slow reaction kinetics probably associated to a plasmon driven
mechanism lead to the formation of facetted nanoparticles of different shapes such prisms.
This last feature is of particular interest and should be investigated in more detail. In
particular, a systematic study of the effect of both the light polarization and spectral
distribution is planned to understand the role of plasmonic field enhancement on the growth
mechanisms.
To summarize, we have shown that in situ synthesis of nanoparticles in polymer films under
CSl seems to be a simple and promising technique to fabricate nanocomposites thin films in
one step and with controlled morphologies. Regarding the potential applications, the setup
we used for irradiation at 50 suns, that is a low concentration factor in the field of
concentrated solar technology*>°°, can readily be up-scaled for the continuous production of
nanocomposites on large areas.
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