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ABSTRACT: Gold nanospheres (Au NSs) and gold nanorods (Au NRs) are sodium . 7|
traditional noble metal plasmonic nanomaterials. Particularly, Au NRs with tunable o N
longitudinal plasmon resonance from the visible to the near-infrared (NIR) range HAuCl,

were suitable for highly efficient photothermal applications due to the extended

light-receiving range. In this work, we synthesized Au NRs and Au NSs of similar

volumes and subsequently developed them into Au NR/poly(vinylidene fluoride) == iing
(PVDE) and Au NS/PVDF nanofilms, both of which exhibited excellent solar '
photothermal performance evaluated by solar photothermal experiments. We found - ‘ -
that the Au NR/PVDF nanofilm showed a higher solar photothermal performance \ - » :c
than the Au NS/PVDF nanofilm. Through detailed analysis, such as morphological L

characterization, optical measurement, and finite element method (FEM) modeling, 0
we found that the plasmonic coupling effects inside the aggregated Au NR
nanoclusters contributed to the spectral blue shifts and intensified the photothermal
performance. As compared to Au NS/PVDF nanofilms, the Au NR/PVDF nanofilm exhibited a higher efficient light-to-heat
conversion rate because of the extended light-receiving range and high absorbance, as a result of the strong plasmonic interactions
inside nanoclusters, which was further validated by monochromatic laser photothermal experiments and FEM simulations. Our work
proved that the Au NRs have huge potential for plasmonic solar photothermal applications and are envisioned for novel plasmonic
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applications.

B INTRODUCTION

Solar photothermal technology is the most straightforward
method to obtain clean energy.l_3 In general, noble metal
nanoparticles like gold and silver, due to their high light-to-
heat conversion efficiency,’ are of interest in photothermal
applications,” such as in solar steam generation (SSG),”’
photoacoustic virus inactivation,”” photothermal therapy,'
thermal imaging,'' etc. Noble metal nanoparticles perform
photothermal conversion via their localized surface plasmon
resonance (LSPR) effects.'”'® When the irradiated light is in
resonance with the nanoparticle’s surface plasmon frequency, a
portion of light energy will be absorbed and then be
transformed in the form of heat as a result of electron—
electron and electron—phonon interactions.' '

In the solar radiation spectrum, the solar emission intensive
band covers the range from 400 nm to 2.5 pm,>'¢ and the
near- to mid-infrared (IR) emissions comprise more than half
of the total radiation energy.17 Therefore, efforts have been
made to extend the light-receiving range of the solar
photothermal material to optimize the solar energy utilization.
Unlike semiconductor plasmonic nanomaterials with adjust-
able optical ]O)roperties that usually have near- to mid-IR
plasmons,'®™*" noble metal nanoparticle’s dipolar 3plasmon
resonance usually tunes its LSPR via its shape.”' >° As the
simplest case, gold nanorods (Au NRs) have independent
collective electron oscillations along their transverse or
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longitudinal directions.”* Particularly, their longitudinal
plasmon can be varied from ~700 nm in the visible range to
1.2 pym in the near-IR (NIR) range as their aspect ratio
(length-to-width ratio) changed from 2.3 to 6.5.>°

For a complex plasmonic hybridization system (plasmonic
molecules), the interactions between individual plasmonic
elements (plasmonic atoms) can be attributed to their spectral
shifts in the far field and enhancement in the near field.*
When two nanoparticles approach, with their gap distance
being much smaller than their diameters, their dipolar plasmon
hybridized and reformed.”” For example, when two gold
nanospheres (Au NSs) approach within the spacing distance
(¢) much smaller than their diameter (d), their dipolar
resonances hybridize and red-shift, and the corresponding
spectral shift (A1) can be described by the semiempirical

equation as a third-order polynomial d~> or exponential

functional fits as % = 0.14exp<%2/3‘71>.28 Moreover, if the
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Figure 1. Fabrication of Au NR/PVDF and Au NS/PVDF nanofilms. (a) Scheme depicting the nanofilm fabrication procedure; (bl, b2)
photographs of PVDF nanofilms with different Au loading concentrations; and (b3, b4) size measurement of the nanofilm.

close-packed nanoparticles can be assembled into a one-
dimensional nanochain, the dipolar resonance along the
longitudinal axis can be further tailored into the red with an
increased number of nanoparticles or a decreased gap distance,
and the corresponding spectral shifts can be described in the
form of a semiempirical equation as -+ = ex (—ﬁ) 2930
p q T P\ —% )
where A/ is the peak shift ratio defined above, x is the number
of chain periods within the chain, m is the characteristic
interaction length, and 4, is the asymptotic value for the peak
shift.

If the gold nanoparticles were assembled into aggregated
clusters, the coupled plasmonic interactions inside clusters will
lead to both enhanced near- and far-fields. For example, the
patterned Au nanoparticle cluster arrays provide an ~6 times
higher Raman signal of the tested bacteria species than the
nonpatterned nor aggregated control samples.’’ If additional
SiO, nanospheres can be well-mixed with Au nanoparticle
clusters, the developed Au/SiO, photonic-plasmonic nano-
arrays will lead to another ~3 times higher local E-field
enhancement factor.>> Moreover, in the case of the nanofilm
composite, the formed coupled plasmonic clusters contribute
to the improved light-receiving capability, broaden the light-
receiving range, and lead to higher efficient photothermal
performance.””* For example, Kyuyoung Bae et al. developed
one large-area flexible thin-film black gold membrane
consisting of self-aggregated metallic nanowire bundle arrays,
which reached an average absorption of 91% under the light-
receiving range of 400—2500 nm.>* Chen et al. developed Au
NP/PBONF composite films that can exhibit a solar-vapor
conversion efficiency of 83%.>

However, the plasmonic coupling of Au NRs is a
complicated case because of the formed asymmetric alignment
with a higher degree of freedom. Studies have shown that the
symmetry-breaking Au NR dimers contribute to their unique
near- and far-field optical properties.’™*” Particularly, the head-
to-head (HH) alignment and the shoulder-by-shoulder (SS)
alignment are the two most typical cases to start with. For HH
alignment, the overall longitudinal dipolar modes are red-
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shifted, and the “hot spot” region in the gap indicates the near-
field coupling, which can be applied to field enhancement
molecular sensing applications, such as surface-enhanced
Raman scattering (SERS) spectroscopy,” surface-enhanced
infrared absorption (SEIRA) spectroscory,” surface-enhanced
fluorescence emission spectroscopy,40’ " interference optical
sensors,”” etc. However, for SS alignment, despite the
enhanced intensity of the overall transverse mode, the
antibonding dark mode can be generated given the condition
of asymmetric excitation, which can be used for energy storage
applications, such as transformation optics,” electromagneti-
cally induced transparency (EIT),** Fano resonance,* etc. In
the cases of bottom-up assembled Au NR nanocomposites, if
high surface tension can be generated by an appropriate
nanoparticle surfactant and a polymer medium, instead of
being uniformly distributed as colloidal suspensions, the
nanorods are aggregated into coupled clusters due to surface
tension, which are also statistically preferably in SS align-
ment.***

Although the spectral shifts of self-assembled or patterned
individual Au NR clusters of different azimuthal alignments
have been investigated, the aggregated Au NR cluster’s
coupling effects in the bottom-up assembled nanocomposite
in terms of the film’s optical response, especially the
photothermal performance, to the best of our knowledge,
have not been investigated statistically. In this manuscript, we
chemically synthesized Au NRs and Au NSs and subsequently
developed them into Au NR/poly(vinylidene fluoride)
(PVDF) and Au NS/PVDF nanofilms, respectively. The
nanoclusters were formed inside the nanofilm via self-assembly
due to the surface tension of nanoparticles. Then, we evaluated
plasmonic coupling effects of aggregated nanoclusters through
morphological characterization, optical measurement, and
finite element method (FEM) modeling. Particularly, we
found that the formed various styles of Au NR nanoclusters
inside the nanofilm contributed to the spectral blue shifts and
increased the optical density of the nanofilm. Compared to Au
NS/PVDF nanofilms, the Au NR/PVDF nanofilm exhibited a
higher efficient light-to-heat conversion rate because of the
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Figure 2. Nanofilm optical characterization. (a, b) UV—vs—NIR spectrum of Au NR/PVDF and Au NS/PVDF nanofilms with different Au loading
concentrations; (c) centered absorption wavelength of Au NR/PVDF (black line) and Au NS/PVDF nanofilms (red line) with different Au loading
concentrations; and (d) optical density of Au NR/PVDF (black line) and Au NS/PVDF (red line) nanofilms with different Au loading

concentrations.

extended light-receiving range and higher absorbance, as a
result of plasmonic coupling effects of the nanoclusters.
Furthermore, we performed monochromatic laser photo-
thermal experiments and FEM simulations to validate our
assumption. Our work proved that the Au NRs have huge
potential for plasmonic solar photothermal applications and
are promising for a vast range of novel plasmonic applications,
such as nanomedicine, tumor treatment, bioimaging, energy
storage, etc.

B RESULTS AND DISCUSSION

The synthesized Au NRs and Au NSs were examined with
transmission electron microscopy (TEM, jem-2100F) for
morphological characterization. Figure 1a, b shows the typical
TEM images of Au NRs and Au NSs, respectively. In addition,
the statistical counts of their size distributions are summarized
in Figures Slal, S1a2, and S1b after processing the images with
Nano Measure software. The averaged dimensions of Au NR
were 68.9 + 15.0 nm in length and 8.1 & 1.0 nm in width with
an aspect ratio of ~8.0. The averaged diameter of Au NS is
18.8 + 6.0 nm. Based on these measured dimensions, each
individual Au NR and Au NS nanoparticle was estimated to
have approximately similar volumes as 3468.32 and 3451.46
nm’, respectively.

We characterized the optical properties of the synthesized
colloidal Au NR and Au NS with an ultraviolet—visible—NIR
(UV—vis—NIR) spectrometer. Indicated as the black line in
Figure S2, Au NR showed a transverse band (~520 nm) in the
visible and a longitudinal band (~830 nm) in the near-infrared
(NIR), respectively. Particularly, the NIR resonance peak
showed ~4 times higher intensity than the transverse band,
which indicated a monodispersed colloidal Au NR product of
high quality,"® and this was also confirmed by the TEM images
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in Figure la. On the other hand, as the red line in Figure S2
shows, the LSPR resonance peak of Au NS is around 529 nm,
and the sharp resonance peak suggested the uniform size
distribution of Au NSs. Additionally, the high absorbance in
the UV range (300—400 nm) indicates the interband
transitions of electron oscillations.

The synthesized gold nanoparticles were subsequently
developed into photothermal nanofilms with poly(vinylidene
fluoride) (PVDF). We chose PVDF as the medium of the
photothermal film due to its abundance, convenience during its
molding and polymerization, as well as its high melting point
(up to 170 °C) and stability after curing. As shown in Figure
I¢, the nanocomposite was formed by mixing the synthesized
gold nanoparticles with a PVDF polymer solution under
magnetic stirring, and then, the nanofilm was formed by
vacuum desiccation and oven baking (see Methods for
experimental details). The resulting nanofilms are shown in
Figure 1d1, d2. For both Au NR/PVDF and Au NS/PVDF
nanofilms, with an increased weight concentration of loaded
Au nanoparticles, the color of the nanofilm became darker.
Calibrated with a ruler (Figure 1d3, d4), the diameter of the
nanofilm was determined as ~2.5 cm and the thickness was
~0.0S mm.

The optical characterization of nanofilms was performed via
UV—vis—NIR spectrometer measurement. The measured
absorption spectrum is shown in Figure 2a,b. Both of the Au
NR/PVDF and Au NS/PVDEF nanofilms showed an intensified
spectrum absorption with an increased Au loading weight
concentration. Particularly, since the spectrum of the nanofilm
was broad, especially for nanofilms with a small concentration
of Au nanoparticles with a relatively low optical density, we
determined the centered wavelengths of these nanofilms via a
two-step fitting process. As shown in Figure S3a—e, we first
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Figure 3. Morphological characterization of nanofilms. (al, bl) Representative SEM images to show the Au NS/PVDF nanofilm, and the
aggregated cluster marked by the programmed codes; (a2, b2) representative SEM images to show the Au NR/PVDF nanofilm, and the aggregated
cluster marked by the programmed codes; (c) averaged sizes of aggregated clusters inside Au NS/PVDF and Au NR/PVDF nanofilms as a function
of the Au loading weight percentage; and (d) averaged aspect ratios of aggregated clusters inside Au NS/PVDF and Au NR/PVDF nanofilms as a

function of the Au loading weight percentage.

smoothed the absorbance spectrum of nanofilms via
polynomial fitting (shown by the red line). Then, we fitted
the absorption spectrum with multiple Gaussian peaks with a
natural lifetime (6 = 0.05 of standard deviation) close to the
peak width of monochromatic lasers. Then, based on these
fitted Gaussian peaks (shown in green), we leveled the
background of the spectrum by choosing those peaks with
dramatic intensities (I > 0.61,¢roq.) and rendered/described the
rest of the prominent values into an approximate peak that has
a mean centered wavelength (shown in orange).

As shown in Figure 2¢, the Au NR/PVDF nanofilm showed
spectral blue shifts from ~980 to ~580 nm as the Au loading
concentration increased from 0.23 to 3.60%. However, the Au
NS/PVDF nanofilm showed almost the same spectral peak
with an increased Au loading concentration. The optical
densities of Au NR/PVDF and Au NS/PVDF nanofilms are
summarized in Figure 2d. Both Au NR/PVDF and Au NS/
PVDF nanofilms exhibited an increased optical density
(defined as the plasmonic peak intensity) with an increased
Au loading concentration. Notably, the Au NS/PVDF
nanofilm showed a higher optical density than the Au NR/
PVDF nanofilm, while the Au NR/PVDF nanofilm had a wider
light-receiving range than the Au NS/PVDF nanofilm. In other
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words, the nonlinear relationship between the optical density
of the Au NR/PVDF nanofilm and the Au loading
concentration, as well as the spectral blue shifts of the Au
NR/PVDF nanofilm, suggested the existence of strong
plasmonic coupling effects of the formed Au NR aggregations.

To observe the agglomerated clusters of Au nanoparticles in
the nanofilm, we characterized the morphology of gold
nanoparticles inside the PVDF nanofilm. We examined the
gold nanoparticles’ distribution via characterization of the
sliced sample nanofilm with scanning electronic microscopy
(SEM). The representative SEM images of Au NR/PVDF and
Au NS/PVDF nanofilms are shown in Figure 3al)bl. Other
SEM images with varied distributions of gold nanoparticles in
the nanofilm are shown in Figures S3 (Au NR/PVDF
nanofilm) and S4 (Au NS/PVDF nanofilm), respectively.
Specifically, Au NRs in the nanofilms were aggregated into
clusters during solvent evaporation in the process of nanofilm
fabrication, and both the number and size of agglomerations
increased with the Au loading weight concentration. Similarly,
Au NSs formed fewer agglomerations in the medium of PVDF
than Au NRs given the same Au loading concentration.

To statistically analyze the formed clusters in the nanofilms,
we processed the characterized SEM images with programmed
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Figure 4. Solar photothermal performances of nanofilms. (a) Scheme depicts the solar photothermal experimental setup; (b) recorded thermal
images of Au NR/PVDF (upper row) and Au NS/PVDF (lower row) nanofilms of different illumination times obtained by an infrared camera; (c,
d) experimentally measured solar photothermal performances of Au NR/PVDF and Au NS/PVDF nanofilms as a function of time; (e, f) simulated
solar photothermal performances of Au NR/PVDF and Au NS/PVDF nanofilms as a function of time; (g) experimental and simulated solar
photothermal heating rates of Au NR/PVDF and Au NR/PVDF nanofilms as a function of loaded Au weight concentration; and (h) experimental
and simulated equilibrium temperatures of Au NR/PVDF and Au NR/PVDF nanofilms as a function of loaded Au weight concentration.

codes for computational vision (CV) recognition (see Method
for coding details). Figure 3a2,b2 shows the processed images
originated from Figure 3al,bl. The aggregated clusters were
identified and approximated with elliptical fits. Marked in red,
the size of a cluster was averaged by the longitudinal axis and
transverse axis of fitted curves. The statistically counted size
distributions are summarized in Figure 3c. For both Au NR/
PVDF and Au NS/PVDF nanofilms, the size of formed clusters
inside nanofilms increased linearly with the Au loading
concentration, which confirmed our assumption mentioned
above that the size of clusters increased with the Au loading
concentration. It is intriguing that for Au NR/PVDF
nanofilms, the size of the nanoclusters increased with Au NR
loading concentrations, which led to the blue shifts of the
centered wavelength, which is different from the cases of Au
NS/PVDF nanofilms that slightly red-shift.””*” Therefore, we
hypothesized that the decreased aspect ratio (that usually

contributes to blue shifts*>’) outweighs the size effects (that
contributes to red shifts) during the increased loading weight
concentrations of Au NR/PVDF nanofilms.

Therefore, we summarized the aspect ratios of formed
aggregated clusters in Au NR/PVDF and Au NS/PVDF
nanofilms in Figure 3d. Specifically, the aspect ratio of formed
clusters in Au NR/PVDF nanofilms decreased from ~2.3 to
~1.5, which suggested that the formed spherical clusters have
resonance in the visible and high intensity that contribute to
the spectral blue shifts and increased optical density of the Au
NR/PVDF nanofilm in Figure 2¢,d, respectively.

We assumed that the increased size of formed agglomerated
clusters inside the nanofilm would lead to strong plasmonic
coupling effects of clusters as well as improved photothermal
performance; therefore, we evaluated the solar photothermal
performance of Au NR/PVDF and Au NS/PVDF nanofilms to
validate the assumption. As shown in Figure 4a, the nanofilms

https://doi.org/10.1021/acsomega.2c01146
ACS Omega 2022, 7, 20750—20760


https://pubs.acs.org/doi/10.1021/acsomega.2c01146?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01146?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01146?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01146?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01146?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

T

Solar Radiation
=), =980 nm
~=). =637 nm
). =395 nm

500 7000 1500

2000
Wavelength (nm)
C Au NR/PVDF d Au NS/PVDF
20 f=m=395 nm (Sim. 20 [ -m=395 nm (Sim.
~®-637 nm (Sim ~®-637 nm (Sim.
2 15{-0-308 hm (Exp: 2 15} --305 hm (Exp.
O 151-@-395 nm (Exp. O 15 @395 nm (Exp.
< |-@-637 nm Exg. .o"n £ [-@-637 nm Exp. _,.:::»‘"“‘.
2 |-@3-980 nm (Exp. o o [-@-980 nm (Exp.) s
@ 10} S0l e
2 2
3 5} S 5}
I T | gt~ = —
oLd oL . .
0.0 1.0 2.0 3.0 4.0 0.0 1.0 20 3.0 4.0
Au Concentration (wt %) Au Concentration (wt %)
€ f
Au NR/PVDF Au NS/PVDF
150 (-m=395 nm (Sim. 150 -m=395 nm (Sim.
~®-637 nm (Sim. ~®-637 nm (Sim.
— -2-980 nm (Sim. @) ~2-980 nm (Sim.
e -8-395 nm (Exp. = -8-395 nm (Exp.
> -@-637 nm (Exp. o -@-637 nm (Exp. B
5100 [-2-980 nm (Exp. %100.-:!-980 nm (Exp. cz2e7”
© ® =
[ o
Q £ =
§ @ a°
F 50t 50t B e
00 10 20 2.0 10 20 30 40

3.0
Au Concentration (wt %)

Au Concentration (wt %)

Figure S. Monochromatic laser photothermal performance of nanofilms. (a) Photograph of monochromatic laser with centered wavelengths of 395
nm (al), 637 nm (a2), and 980 nm (a3). (b) Solar spectrum and monochromatic laser spectrum. (c, d) Experimentally measured and calculated
heating rates of Au NR/PVDF and Au NS/PVDF nanofilms as a function of time with illumination of different monochromatic lasers as a function
of the Au weight concentration. (e, f) Experimentally measured and calculated equilibrium temperatures of Au NR/PVDF and Au NS/PVDF
nanofilms as a function of time with illumination of different monochromatic lasers as a function of the Au weight concentration.

were illuminated by a simulated solar light source, and the
temperature changes in the sample nanofilm were monitored
by an infrared camera. Figure 4b shows the representative
recorded thermal images of Au NR/PVDF and Au NS/PVDF
nanofilms after receiving different times of solar illumination.
Both of the nanofilms showed significantly elevated temper-
atures after ~300 s. Experimentally measured solar photo-
thermal performances of Au NR/PVDF and Au NS/PVDF
nanofilms are summarized as a function of time in Figure 4c,d,
respectively.

The measured solar photothermal heating rate and
equilibrium temperature of Au NR/PVDF and Au NR/
PVDF nanofilms are summarized as functions of the Au weight
concentration in Figure 4gh as dashed curves, respectively. As
the weight percentage increased in the cell solution from 0 to
3.60%, the warming rate of Au NS/PVDF (red dashed curves)
increased from 0.07 to 0.12 °C/s compared to that of Au NR/
PVDF (black dashed curves) from 0.08 to 0.17 °C/s. Similarly,
the temperature at equilibrium of Au NS/PVDF (red dashed
curves) increased from 30 to 37 °C as the weight percentage in
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the nanofilm increased from 0 to 3.60%, compared to that of
Au NR/PVDF (black dashed curves), which increased from 30
to 40 °C.

To further validate the plasmonic photothermal perform-
ance of nanofilms, we applied numerical simulation to model
the photothermal effects. As shown in Figure S5, the
simulation was performed with the two-dimensional (2D)
heat transfer module of COMSOL Multiphysics to predict the
temperature changes of the nanofilm under solar illumination
(see Method for simulation details). The predicted temper-
ature changes of Au NR/PVDF and Au NS/PVDF nanofilms
in Figure 4e,f basically follow the trend of experimentally
measured results in Figure 4c,d.

The simulated solar photothermal heating rate and
equilibrium temperature of Au NR/PVDF and Au NR/
PVDF nanofilms are also summarized in solid lines as a
function of the Au weight concentration in Figure 4gh,
respectively. Both experimental and simulated results indicated
that the Au NR/PVDF nanofilm outperformed the Au NS/
PVDF nanofilm in terms of the photothermal heating rate and
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temperature at equilibrium due to the stronger plasmonic
coupling effects and photothermal performance of Au NR
clusters in the nanofilm. It should be noticed that the simulated
heating rate and temperature at equilibrium of the Au NR/
PVDF nanofilm exhibited a nonlinear growth rate with
increased Au loaded weight concentration, which differed
from experimentally measured data where both the heating
rate and the temperature at equilibrium’s growth rate
decreased and eventually saturated with increased Au loaded
weight concentration. We attributed this deviation to the
underestimation of the heat dissipation rate in the simulation
model.

We further quantified each band’s contribution during the
solar photothermal performance via evaluating the warming
rate with illumination of monochromatic UV, visible, and NIR
lasers. As shown in Figure Sal—a3, we performed laser
photothermal warming by selecting a monochromatic light-
emitting diode (LED) laser of UV (A = 395 nm), visible (4 =
637 nm), and NIR (4 = 980 nm) as the light sources. The
experimentally measured T—t curves of Au NR/PVDF and Au
NS/PVDF nanofilms are summarized in Figure S6a—c and d—
f, respectively. Furthermore, we validated the heat transfer
situation of nanofilms under monochromatic laser illumination
through numerical simulation. The calculation was performed
by describing monochromatic laser light sources of different
wavelengths of 395, 637, and 980 nm approximately into
Gaussian beams (Figure Sb). The simulation T—t curves of Au
NR/PVDF and Au NS/PVDF nanofilms are summarized in
Figure S7a—c and d—f, which basically matched the
experimentally measured results in Figure S6a—c and d—f.

The experimentally measured and simulated warming rates
of different monochromatic lasers are summarized as a
function of the loaded Au weight concentration in Figure 4c
(Au NR/PVDF) and 4d (Au NS/PVDF), and the
experimentally measured and simulated equilibrium temper-
atures of different monochromatic lasers are summarized as a
function of the loaded Au weight concentration in Figure 4e
(Au NR/PVDF) and 4f (Au NS/PVDEF), respectively. The
simulated results were in excellent agreement with the
experimental value. UV and visible monochromatic lasers
outperformed the NIR laser in both of the Au NR/PVDF and
Au NS/PVDF nanofilm photothermal processes in terms of
the heating rate and equilibrium temperature, which indicated
that UV and visible bands contributed more than the NIR
band in the process of solar photothermal performance.
Notably, the Au NR/PVDF nanofilm exhibited a much more
significantly higher heating rate and equilibrium temperature
than the Au NS/PVDF nanofilm, which demonstrated that the
aggregated Au NR clusters in the Au NR/PVDF nanofilm
contributed to the boosted solar photothermal performance by
extending the light-receiving range to the longer wavelength.

To further quantify the photothermal performance of Au
NR/PVDFE and Au NS/PVDF, we evaluated their light
conversion efficiency, which was calculated by the energy
balance function, and the light-to-heat conversion rate can be
estimated as 17 = E;,/E,, where E;, = £m,C, (T,~T,) describes
the absorbed energy by the Au NR/PVDF or Au NS/PVDF
nanofilm and E, = Pst describes the overall energy output
provided by the light source (see the Methods section for a
detailed information). The calculated light-to-heat conversion
efficiencies of solar photothermal and monolaser photothermal
are summarized in Tables S1 and S2, respectively.

As shown in Figure S1, as the loading weight of Au increased
from 0.23 to 3.60%, both Au NR/PVDF and Au NS/PVDF
nanofilms showed increased solar photothermal conversion
efficiencies from ~1.0 to 12.0%, although Au NR films showed
a slightly higher conversion efficiency than Au NS films. Table
S2 shows Au NR films and Au NS films under different
illuminations of monolasers with wavelengths of 395, 637, and
980 nm. NR films showed an ~10.0% higher photothermal
conversion rate than Au NS films in all cases of monolaser
illumination. This result is consistent with our observations
and assumptions mentioned above that the aggregated Au NR
clusters in the Au NR/PVDF nanofilm contributed to the
boosted solar photothermal performance by extending the
light-receiving range to the longer wavelength, and to some
extent, it proved the Au NR/PVDF nanofilm’s potential in
utilizing safer and biofriendly IR light in natural solar light.

B CONCLUSIONS

In this manuscript, we chemically synthesized Au NRs and
developed them into Au NR/PVDF nanofilms. Through
morphological examination and statistical analysis, we found
the formed various styles of coupled Au NR clusters in the
nanofilm, which contributed to the spectral blue shifts and
boosted the photothermal performance. Particularly, through
quantitative analysis of the nanofilm’s composition, optical
characteristics, and photothermal response under solar
irradiation and/or under monochromatic laser illumination,
we found that the as-synthesized Au NRs formed Au NR
clusters, which significantly improved the solar energy
conversion rate via extending the light harvesting range and
the nanofilm’s optical density. We believe our work has
demonstrated that the Au NRs have huge potential for
plasmonic solar photothermal applications and are promising
for a vast range of applications, such as nanomedicine, cancer
therapy, tumor imaging, solar harvesting, etc.

B METHODS

Chemicals and Materials. Gold chloride hydrate, hydro-
quinone (AR), sodium borohydride (96%), and N,N-
dimethylformamide (DMF, AR, 96%) were purchased from
Aladdin. Hexadecyl trimethyl ammonium bromide (CTAB,
AR), trisodium citrate dehydrate (AR), and poly(vinylidene
fluoride) (PVDF, MW = 1 million) were purchased from the
Sinopharm Chemical Reagent. Sodium hydroxide (AR) and
silver nitrate solution was purchased from Macklin. Ultrapure
water (18.2 MQ-cm™') was produced by a Millipore water
purification system.

Au Nanoparticle Synthesis. The synthesis method of Au
NRs was applied as a seed-mediated growth technique
developed by Leonid Vigderman et al.>' The Au seeds were
first prepared by fast reducing the Au precursor with sodium
borohydride and were subsequently developed into Au NRs in
the bath solution. Typically, 0.01 M sodium borohydride was
dissolved in 0.01 M sodium hydroxide solution. Under rapid
stirring, 0.46 mL of freshly prepared sodium borohydride
solution was added into the HAuCl, solution (10 mL, 0.5
mM) in 0.1 M CTAB. The color of the solution changed from
yellow to light brown, and then, it was used for the seed
solution.

For Au NR growth, 1 mL of silver nitrate solution (0.1 M)
was added into the HAuCl, solution (100 mL, 0.5 mM) with
0.1 M CTAB, and then, hydroquinone aqueous solution (S
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mL, 0.1 M) was added. The solution was kept for stirring at 30
°C until completely clear; then, 1.5 mL of seed solution was
added. The color of the growth solution gradually changed
from colorless to wine-red. After aging overnight, the resulting
Au NRs were finally obtained after being washed repeatedly by
centrifugation and redispersed in water.

The synthesis of Au NSs was adopted from the Turkevich
method,”> which was to reduce the Au precursor with
trisodium citrate under vigorous stirring and boiling. Typically,
50 mL of HAuCl, solution (10 mM) is heated to boiling in an
oil bath at 137 °C. Under vigorous stirring, 1.5 mL of
trisodium citrate aqueous solution (0.01 g/mL) was quickly
added into the boiling HAuClI, solution. The color changed
from light yellow to dark blue and then wine-red. The solution
was kept refluxed for another 30 min and then washed with
deionized water three times and finally redispersed in water.

Au Nanoparticle/PVDF Nanofilm Synthesis. PVDF
powder and DMF solution were mixed in a beaker at a mass
fraction ratio of 1:10. The beaker was sealed to prevent
evaporation of DMF, and the mixture was magnetically stirred
overnight to ensure complete dissolving of PVDEF. After
centrifugation of the gold nanoparticles, the pellets were
redispersed in 100 uL of DMF with subsequent ultra-
sonication. Then, 1 mL of PVDF/DMEF solution and 100 L
of Au/DMEF were placed in a glass Petri dish. The solution was
mixed via stirring, and excessive air bubbles were removed.
The solution was placed in a vacuum drying oven at 60 °C to
remove the DMF solvent to obtain dry Au/PVDF nanofilms.
The resulting Au weight concentration in the nanofilm was
quantitatively determined via an inductively coupled plasma-
mass spectrometry (ICP-MS) study.

Nanofilm Optical Measurement. The optical responses
of Au NR and Au NS colloidal solution and Au/PVDF
nanofilms were characterized by the UV—vis—NIR spectrom-
eter UV-3600 (SHIMADZU). The sample spectrum was
recorded at the wavelength range of 400—1200 nm and a slit
width of 2 nm. The recorded spectra were normalized and
fitted by the Gaussian peak to determine the resonance peak
and full width at half-maximum (FWHM).

Nanofilm Morphological Characterization. The mor-
phology of the nanofilm characterization was performed with a
field emission scanning electron microscope (FESEM,
SU8020, HITACHI) with an acceleration voltage of 10 kV.
The nanofilm was cut into thin slices with a thickness of ~50
nm with an ultrathin nanoblade slicer for SEM examination.

Computational Vision Recognition. The obtained SEM
images were processed by programmed Python CV codes to
identify formed clusters (codes are available on https://github.
com/MinXi2021/clusters_recognition_CV_codes.git). Typi-
cally, the images were first leveled at the threshold, and then,
the formed clusters were identified via approximating with a
polygon. The size of the cluster was averaged by the
longitudinal axis and transverse axis of the fitted curves.

Photothermal Experiments. For solar photothermal
experiments, Au/PVDF nanofilms with different concentra-
tions of Au loaded weight concentrations were placed under a
solar simulator (7IS0S03A). The temperatures of nanofilms
were recorded by an infrared thermal imaging camera (FLIR
C2) every 20 s with an infrared camera until the temperature
change leveled off. The light intensity of the solar simulator
was adjusted to a solar constant (1367 + 7 W/m?) calibrated
by an optical power meter.

For the study of the monochromatic laser photothermal
experiment, the LED lasers with centered wavelengths of 395,
637, and 980 nm were applied, and the output irradiance
power was adjusted to 1.8 W (with the spot of the illuminated
area of ~5 cm?) calibrated by an optical power meter.

All measurements were performed thrice to check the
reproducibility.

Solar Photothermal Simulations. The heat transfer
module of COMSOL Multiphysics was used to calculate the
photothermal response. As shown in Figure S5, the sample
nanofilm (indicated in the blue meshed region at the bottom)
was modeled, which is described as a cylinder with radius 1.25
cm and thickness 0.005 cm in the space of air. The input
radiance was set perpendicular to the sample tube in the Z
direction.

The partial differential equations eqs 1 and 2 were solved to
calculate the temperature distribution of the system. eq 1
describes the thermal equilibrium of the overall system, where
Q. is the generated heat; and p,;, ppyprs C.iny and Cpypg, are the
densities and heat capacities of air and the solution,
respectively.

o, _ J7, 9Tpypr

ot (1)

eq 2 describes the photothermal process, where Kpypy is the
nanofilm’s absorption coefficient and G is the radiation power
density.

aQ,

ot pair Cajr a:lr + pPVDF C'PVDF

KpyprG @)
For the calculation of the cell solution’s heat transfer under
solar light illumination, similar to our previous study,'” we
approximated and then processed the solar spectrum into a
series of elemental beams, and each elemental beam was
described by the Gaussian fit curve (eq 3) as

I = Iy e—(f—fo)z/erz
Ny 3)

where I, is each processed beam’s intensity (the laser input
power was set as 1300 W/m?), I, is the corresponding intensity
of the solar spectrum, f, is the central frequency of the beam,
and o is the standard deviation that is proportional to D; (beam

diameter of 1/¢* width) defined as ¢ = %, and we chose ¢ =

0.02 for simulation.
Therefore, the solar power intensity can be described as

G=2al )

where a; is each approximated elemental Gaussian beam’s
portion of the overall solar irradiance power and I; is the
elemental beam’s corresponding intensity to each frequency.
The partial differential equation to be solved can be rewritten
as eq S

aQ JT, OTppp
—’:z:zc.-a.-I.= . 2o C.. . —PVDE
0 ¢ it palr air a ¢ P PVDE ~PVDF () ¢

(5)

where g; can be calculated from the measured optical density of
the nanofilm from eq 6 as

a= 2% ©)
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where the absorption coefficient is described as the sum of «;
which is the optical density at each frequency.

The model was meshed into ~3000 elements, and the
simulation was performed with the PARSIDO time-dependent
solver to reach the relative tolerance of 0.01.

For the heat transfer simulation, monochromatic laser
illumination and monochromatic laser light sources with
centered wavelengths of 395, 637, and 980 nm were
approximately described as Gaussian beams. Since ¢ of the
monochromatic laser beam is usually larger than 0.02, we
chose 0 = 0.02 to describe the laser intensity with a Gaussian
fit. The laser input power was set as 18 000 W/m?.

Photothermal Conversion Efficiency Calculation. The
photothermal conversion efficiency under simulated solar
irradiation can be obtained from the following equation

n= Y mC, (T, — T,)/Pst 7)

where m; and C,; are the mass (#,,pypr ~0.2 g) and heat
capacity (CP,Au =013] g ' K7, Cppvpr = 1.17 ] g ' K™') of
Au and PVDF, respectively; T, is the highest temperature; T,
is the initial temperature; P is the solar irradiation power
(~1300 W m™2); s is the film area (~6 cm?); and t is the
irradiation time.

The photothermal conversion efficiency of Au/PVDF films
under laser irradiation was calculated by the energy balance
function.

dT
Z miCP,i_t = Q—in - Q—ext

d (8)

where T is the temperature, Q, is the heat absorbed by the
Au/PVDF film, and Q. is the heat dissipated by the
surroundings.

Qin = I'Aabs'r] (9)

where I is the laser power, A, is the absorbance, and # is the
photothermal conversion efficiency.

Q= hs(T, - T) (10)

where h is the heat transfer coeflicient.
By fitting the temperature vs time curve after turning off the
laser

T(t) = T, + (T, — T,)exp(—Bt) (11)

h .
where B = —SC, when the temperature is constant under the
ml i

z
laser, % =0 and Q; = Q. from which the photothermal

conversion efliciency can be obtained as follows

_ hs(T, - T)
LA, (12)
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