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Colloidal gold nanorods (GNRs) have demonstrated their potential to absorb light within specific
wavelength bands and induce photothermal effects. However, the unpredictability and lack of
adjustability in the broadband spectrum formed by the self-assembly of gold nanospheres or the
coupling of various sizes of GNRs have posed significant challenges. To address this, we have
developed broadband GNRs (BGNRs) with a predictable and adjustable extinction band in the
visible and near-infrared regions. The BGNRs were synthesized by simply mixing GNRs with
different aspect ratios, allowing for control over the bandwidths and positions of the extinction
bands. Subsequently, the BGNRs were coated with silica and underwent surface modification.
The resulting BGNRs@SiO, were then mixed with either polydimethylsiloxane (PDMS) or
polyvinylidene fluoride (PVDF) to create BGNRs@SiO,/PDMS (or PVDF) films. The
BGNRs@SiO,/PDMS and BGNRs@SiO,/PVDF films both exhibit excellent photothermal
performance properties. Additionally, the light absorption intensity of the BGNRs@SiO,/PVDF
film linearly increases upon folding, leading to significantly enhanced photothermal performance
after folding. This work demonstrates that plasmonic colloidal GNRs, without the need for
coupling, can yield predictable and adjustable extinction bands. This finding holds great promise
for future development and practical applications, particularly in the transfer of these properties

to films.

Supplementary material for this article is available online
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Introduction

In recent decades, gold nanorods (GNRs) have garnered
significant attention due to their intriguing localized surface
plasmon resonance (LSPR) characteristics, which can be
adjusted based on the aspect ratio (AR) of the GNRs [1-10].
These properties have found applications in various fields
such as synthesis [11-13], self-assembly [14-16], cancer
treatment [17-19], and photocatalysis [20-22]. However, the
low photothermal conversion efficiency of narrow-band
GNRs poses challenges in meeting the demands of solar

* Authors to whom any correspondence should be addressed.

energy conversion and photocatalysis for optical devices and
nanomedicine applications [23, 24]. On the other hand, GNRs
with broadband light-absorbing properties have been exten-
sively utilized in solar energy conversion [25-27], photo-
thermal effects [28-30], and the fabrication of novel
optoelectronic devices [31, 32]. Consequently, there is a
growing interest among researchers in developing broadband
light-absorbing GNRs with excellent solar energy conversion
characteristics and photocatalytic properties.

To address the issue of narrowband characteristics,
researchers have developed broadband nanostructures using gold
nanoparticles. For instance, Xiang et al [33] mixed GNRs of
three different sizes and deposited them on a glass sheet to create

© 2023 I0P Publishing Ltd
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a film with broadband properties. They then placed GNRs on Pt
electrodes for near-infrared and short-wave infrared broadband
photoelectric detection. The coupling effect between GNRs led to
a broad plasmonic band ranging from 400 to 2000 nm in the thin
film. However, the coupling of GNRs introduces randomness,
making the obtained plasmonic band unpredictable. In another
study, Nayoung Kwon et al [34] developed a method to form
self-assembled colloidal superparticles with a broadband range
of 400 nm—2.5 um. These gold superparticles exhibited excel-
lent performance in near-infrared surface-enhanced Raman
spectroscopy and light-to-heat conversion due to their broad-
band properties. However, the bandwidth of these super-
particles is predetermined during preparation and cannot be
adjusted according to specific requirements. While there have
been advancements in material synthesis and the optical effects
resulting from the plasmonic coupling of GNRs or the self-
assembly of gold nanoparticles into superparticles, achieving a
predictable plasmonic band with an adjustable bandwidth
remains a significant challenge which has been rarely explored.

In this study, we present a method for preparing BGNRs
and their films with adjustable and predictable plasmonic
bands. Our approach involves several steps. Firstly, we mixed
colloidal GNRs with varying aspect ratios, enabling us to
achieve a plasmonic bandwidth ranging from 600 to over
1100 nm. This was accomplished by adjusting the mixing
ratio and utilizing different types of GNRs. Secondly, after
silica coating and surface modification, polydimethylsiloxane
(PDMS) and polyvinylidene fluoride (PVDF) films composed
of BGNRs were prepared. Since the GNRs were separated by
the silica shell, the plasmonic coupling between GNRs could
be neglected. Thus, the spectra of BGNRs/PDMS and
BGNRs/PVDF films could be arbitrarily adjusted and pre-
dicted by the LSPRs of BGNRs. Both BGNRs@Si0,/PDMS
films and BGNRs@SiO,/PVDF films exhibited excellent
photothermal performance in the ethanol solution temperature
change tests. Moreover, the spectra of BGNRs@SiO,/PVDF
films showed a linear change during folding, directly propor-
tional to the number of folds. After folding, the photothermal
performance of BGNRs@SiO,/PVDF films significantly
improved. We also conducted an investigation into the impact
of film thickness on photothermal performance, conclusively
establishing that particles were the primary reason for the
outstanding photothermal performance. Finally, FDTD simu-
lations were performed, and found the coupling effect between
the GNRs could be neglected when the GNRs were covered by
a silica shell. This work provides a way to prepare BGNRs and
their films with predictable and adjustable LSPR bands, which
can be extended to other nanoparticle systems.

Experimental section

Materials

All chemicals were obtained from commercial suppliers and
used without further purification. Hexadecyltrimethylammonium
bromide (CTAB > 99.0%), chloroauric acid (HAuCly),
L-ascorbic acid (AA > 99.99%), and octadecyltrimethoxysilane

(OTMS, 90%) were purchased from Shanghai Macklin Bio-
chemical Technology Co., Ltd. Silver nitrate (AgNO5; > 99.8%),
sodium oleate (NaOL > 99.88%), sodium borohydride (NaBH,
> 98%), 1-Methyl-2-pyrrolidinone (NMP > 99%), and tetra-
ethylorthosilicate (TEOS, 99.99%) were purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Sodium
hydroxide (NaOH), ethanol, and aqueous ammonia were pur-
chased from Hangzhou Gaojing Chemical Co., Ltd. Sylgard 184
polydimethylsiloxane (PDMS) elastomer base and curing agents
were obtained from Dow Corning Corporation. The Poly-
vinylidene Fluoride (PVDF) (HSV 900) was purchased from
Beijing Saibo Electrochemical Materials Co., Ltd. All glassware
were cleaned using freshly prepared aqua regia (HCI:HNO; in a
3:1 ratio by volume) followed by rinsing with copious amounts
of water. Ultrapure water with a resistivity of 18.2 M{2 was used
in all of the experiments.

Preparation of BGNRs @ SiO»

Prior to the preparation, GNRs of various types that were
previously synthesized (500 ml) underwent centrifugation at
7000 rpm for 30 min, followed by the removal of the super-
natant [1]. The resulting precipitate was re-dispersed in
deionized (DI) water and subjected to another round of cen-
trifugation. Subsequently, the precipitate was re-dispersed in a
CTAB solution (200 ml, 1.5 mM). The GNRs were then
ranked as a-f based on their LSPRs, ranging from 690 to
1090 nm. The mixing ratio of GNRs was adjusted to achieve a
proportion of 3.5:1.2:2:2.5:1.2:3 for GNRs a-f, respectively.
Once the GNRs were mixed in the designated proportions
(total volume of 100ml), the solution was subjected to
ultrasonic treatment for two minutes, resulting in a mixed
solution exhibiting broadband properties.

Meso-SiO, coating

The BGNRs solution (100 ml) was subjected to magnetic
stirring (400 rpm), and then a 0.1 M NaOH solution (1.0 ml)
was added. Following this, three additions of a TEOS solution
(20 v% in ethanol, 0.3 ml) were made at 1h intervals. The
reaction was allowed to proceed for one day with continuous
stirring to produce BGNRs@SiO,. Afterward, the resulting
particles were centrifuged at 7000 rpm in a mixture of water
and ethanol for 10 min. Finally, they were dispersed in
ethanol (100 ml) for subsequent experiments.

Surface modification

To disperse the BGNRs@SiO, in an organic solvent for
subsequent experiments, we employed a previously described
surface modification method with minor modifications [35],
which was performed by hydrophobating the silica surfaces
using a silane coupling agent called Octadecyltrimethox-
ysilane (OTMS). Initially, 1 ml of NH,OH (32%) was drop-
wise added to 100 ml of BGNRs@SiO, in ethanol while
vigorously stirring. Subsequently, 10 ml of OTMS (2.4 wt%
in chloroform) was added to the solution. The mixture was
left to react for 24 h. Then, the solution was centrifuged twice
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with ethanol at 7000 rpm for 10 min. Following this, it was
centrifuged once with either toluene or NMP solution.
Finally, the particles were dispersed in toluene or NMP for
further experimentation.

PDMS films

Polydimethylsiloxane (PDMS) was employed as the polymer
layer. A solution containing a mixture of PDMS elastomer
base, curing agent, and BGNRs@SiO, solution in a mass
ratio of 10:1:5 was dispensed into a 20 ml glass bottle. The
solution was thoroughly mixed and subsequently poured into
a glass culture dish with a diameter of 6 cm to form a film. To
eliminate any air bubbles trapped in the PDMS, the dish was
placed in a vacuum chamber for 1h. Finally, the film was
heated at 90 °C overnight.

PVDF films

A homogeneous dope solution was prepared by dissolving
10 wt% PVDF powder in NMP solvent at 60 °C with con-
tinuous stirring. The solution was then allowed to stand still at
50°C for 12h to facilitate degassing. Subsequently, the
degassed PVDF solution was mixed with the BGNRs@SiO,
solution at a volume ratio of 1:1. The resulting mixture was
uniformly coated onto a glass slide and left at 50 °C overnight
to allow for the formation of the PVDF film.

Characterizations

Optical extinction spectra were recorded with a UV-1900i
spectrophotometer (Shimadzu, Japan) with a 10 mm optical
path. Transmission electron microscopy (TEM) images were
obtained with a HT-7700 microscope (Hitachi, Japan) oper-
ating at 100 kV. Infrared images are taken by high-definition
infrared thermometer (Hikmicro, China) at room temperature.
A 350 W Xenon lamp (HDL-II, Suzhou Betical Optoelec-
tronics Technology Co., Ltd, China) was used as the light
source, equipped with a filter which the light wavelength less
than 420 nm was cut off.

The synthesis schematic diagram of BGNRs @ SiO-/PDMS
films

Scheme 1 illustrates the synthesis schematic diagram of the
BGNRs@SiO,/PDMS film. The following steps were
involved in the preparation: GNRs with various localized
surface plasmon resonances (LSPRs) were synthesized using
a seed-mediated growth method.' Gernerally, seed-mediated
growth involves the synthesis of GNRs by adding a seed
solution, which has been synthesized and aged for thirty
minutes, into a pre-prepared growth solution. The modulation
of GNRs’ LSPR peaks can be achieved by adjusting factors
such as the seed quantity, pH value, and the amount of

! Seed-mediated growth involves the synthesis of GNRs by adding a seed
solution, which has been synthesized and aged for thirty minutes, into a pre-
prepared growth solution. The modulation of GNRs’ LSPR peaks can be
achieved by adjusting factors such as the seed quantity, pH value, and the
amount of AgNO3 in the growth solution.

AgNOj in the growth solution. The extinction spectra data of
the synthesized GNRs were imported into Origin software for
analysis. The proportion of six different types of GNRs
required for BGNRs preparation was calculated based on the
extinction spectra data. The GNRs were mixed according to
the calculated proportion to obtain BGNRs. NaOH and TEOS
were added to the BGNRs solution to facilitate the deposition
of a mesoporous silica shell on the surface of the GNRs. After
the coating process, the BGNRs@SiO, particles were
cleaned, and then ammonia and OTMS were added to
exchange the surface ligands, enabling the dispersion of
BGNRs@SiO, in toluene. PDMS and the curing agent were
mixed in the appropriate proportion. BGNRs@SiO, were
added to the PDMS mixture, and the solution was stirred until
it was uniformly mixed. The mixed solution was poured into
a petri dish and placed in a vacuum environment to remove
air bubbles. The dish was then heated to obtain the
BGNRs@SiO,/PDMS films.

Results and discussion

Synthesis and characterization of BGNRs @ SiO»

BGNRs were obtained by mixing GNRs synthesized using
binary surfactants in the appropriate proportion. TEM images
and extinction spectra of the GNRs and BGNRs are shown in
figure 1. The aspect ratio (AR) of the GNRs was adjustable
from 2.2 to 6.9 by varying synthetic parameters such as
AgNO;, seed solution, and pH of the growth solution
(detailed in table S1). The optical extinction spectra revealed
that the GNRs exhibited narrowband LSPRs at wavelengths
around 690, 760, 830, 880, 950, and 1090 nm. Due to precise
control over the conditions involved in the growth process,
the synthesized GNRs possessed narrowband characteristics,
allowing for better modulation of the broadband plasmonic
band. These six GNRs aqueous solutions were mixed in an
optimized ratio to form the BGNRs solution (indicated by the
black line in figure 1(h)). The shape of the extinction spec-
trum could be adjusted by altering the ratio of GNRs, as
demonstrated in figure S1. During the solvent transfer pro-
cess, direct modification of GNRs’ surfaces with OTMS was
not feasible. Therefore, a mesoporous silica layer was coated
on the GNRs to facilitate the grafting of OTMS. The presence
of the mesoporous silica layer enhanced the stability of the
GNRs solution. After coating with silica, the BGNRs@SiO,
could be transferred to ethanol. Subsequently, the OTMS
ligand conversion rendered it oleophilic, allowing for transfer
to a toluene solution. The grafting process involved the
hydrolysis of methoxyl groups and the condensation of
resulting silantriol with the siloxy group. Upon grafting,
BGNRs@SiO, exhibited an affinity for oil, enabling their
transfer to toluene [36, 37]. The corresponding photograph of
the actually synthesized GNRs solution can be seen in figure
S2. It is important to note that each GNR in the mixture
contributed to the extinction spectra within its specific
wavelength range. The presence of a mesoporous silica layer
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Scheme 1. Schematic diagram of synthesis, silica-coating and surface modification of broadband GNRs and fabrication of PDMS films.

[/

(84,22)

1.5

1.0

Extinction

0.5

0.0%% =)
I— 400 500 600 700 800 900
Wavelength (nm)

1000 1100

Figure 1. (a)-(f) TEM images of six GNRs with different ARs. The values on the top-right corners are the lengths and diameters of the GNRs.
The AR of GNRs increase continuously from 1(a) to 1(f). (g) TEM image of BGNRs@SiO,. The thickness of the mesoporous silica shell on
the BGNRs surface is about 20 nm. (h) Normalized experimental extinction spectra of GNRs and extinction spectra of BGNRs@SiO,. All

scale bars are 200 nm.
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Figure 2. (a) A photograph of PDMS film which containing BGNRs@SiO, made in a 6 cm Petri dish. The inset shows the front view of the
PDMS film in the petri dish. (b) Normalized extinction spectra of the BGNRs@SiO; in the toluene and in PDMS film.

and subsequent grafting with OTMS enabled the successful
transfer of BGNRs@SiO, to toluene.

Synthesis and extinction spectra of the BGNRs @ SiOy/PDMS
films

A PDMS film with a diameter of 6 cm was prepared in a Petri
dish following the procedure depicted in figure S3. Prior to
pouring the solution into the dish, PDMS, curing agent, and
BGNRs@SiO, particles were mixed in a bottle. Stirring was
performed to ensure a homogeneous mixture and to remove any
bubbles present. The solution was then poured into the Petri dish
and subjected to a vacuum environment for 1h to eliminate all
bubbles completely. Subsequently, the dish was heated to 90 °C
and left overnight to allow the BGNRs@SiO,/PDMS film to
form. It is important to note that heating the film directly without
prior stirring and vacuum treatment would result in an uneven
film with potential holes due to the presence of bubbles, as
illustrated in figure S4. The final BGNRs@SiO,/PDMS film,
shown in figure 2(a), exhibited a diameter identical to that of the
Petri dish (6 cm). The inset of figure 2(a) provides a front view of
the film in the Petri dish after being removed from the vacuum
drying oven. Notably, the shape of the extinction spectra
remained unchanged, indicating that the addition of
BGNRs@SiO, did not affect the extinction spectrum. This
finding demonstrates that the extinction spectra in the
BGNRs@SiO,/PDMS films can be predicted and maintained, as
depicted in figure 2(b).

Photothermal performance test of BGNRs @ SiO/PDMS films

As illustrated in figure 3(a), the temperature changes of the
ethanol solution were utilized to reflect the photothermal per-
formance of the BGNRs@SiO,/PDMS film. The temperature
changes of the ethanol solution were recorded at 20 s intervals
over a 10min period under Xenon lamp irradiation. The
positions where the ethanol solution was measured with an
infrared thermometer and where the BGNRs@SiO,/PDMS film
was placed are indicated in figure S5. In the sample bottle
equipped with the BGNRs@SiO,/PDMS film (figure 3(b)), the
temperature of the ethanol solution increased from 19.3 °C to

23.3°C. Conversely, in the sample bottle with the PDMS film
lacking particles (figure 3(c)), under the same irradiation condi-
tions, the temperature of the ethanol solution rose from 18.9 °C to
30.3°C. This temperature disparity can be attributed to the
photothermal effect of BGNRs@SiO,. When the Xenon lamp
illuminated, the plasmonic GNRs absorbed photons and con-
verted them into thermal energy, elevating the surface temper-
ature of the film. Simultaneously, the inherent photothermal
properties of the BGNRs@SiO,/PDMS film insulated heat from
transferring to the ethanol solution. Consequently, the ethanol
solution underneath the PDMS film with BGNRs@SiO,
experienced a lower temperature increase compared to the solu-
tion under the PDMS film without particles, indicating the
superior photothermal performance of BGNRs@SiO,/PDMS.
Additionally, the photothermal conversion capability of
BGNRs@Si0, was evaluated. When exposed to a 350 W Xenon
lamp for 10 min, the temperature of the dispersed BGNRs@SiO,
in ethanol increased from 28.5 °C to 43.5 °C, whereas under the
same irradiation conditions, the temperature of pure ethanol
solution rose from 28.5 °C to 33.2 °C (figure S6). These results
underscore the highly efficient photothermal conversion
properties of BGNRs@SiO, as near-infrared (NIR) absorbers,
consistent with the photothermal performance of the
BGNRs@SiO,/PDMS film.

Folding performance test of the BGNRs @ SiO-/PVDF films

To investigate the effect of adding particles to the PVDF film on
its folding performance, a PVDF film without particles was first
prepared to determine its folding behavior (figure S7). The pro-
cess of preparing the BGNRs@SiO,/PVDF film was similar to
that of the BGNRs@SiO,/PDMS film (figure S8). Initially,
BGNRs@Si0, particles were transferred to an NMP solution and
then mixed with the PVDF solution. The mixture was stirred and
dropped onto a glass plate, which was subsequently heated at
70 °C overnight to obtain the BGNRs@SiO,/PVDF film. The
BGNRs used in this process were prepared by mixing five types
of GNRs. Figure 4(a) shows the extinction spectra of the BGNRs
transferred to the NMP solution, which exhibited some differ-
ences compared to the extinction spectra obtained from the
folding test shown in figure 4(b). One of the main reasons for



Nanotechnology 35 (2024) 115701

X Chen et al

(a) | I (c) s
( & 2 30t o
\\ 3 : s / C |
photo heating s
£25
ethanol =
% _g-8-0-0-0-9-0-0-0-0-0-0
2 e andl
lightOmin  light 10 min lightOmin  light10min £ e
233 ECE 18.;‘? o T E3030 3 e 2".;/:*.-
‘. r=N1 [
PDMS without BGNRs@SiO,
PDMS with BGNRs@SiO,
15 1 1 Il 1 1
0 100 200 300 400 500 600
Time (s)

Figure 3. (a) Schematic diagram of the photothermal performance test device, which consists of Xenon lamp, PDMS film and sample bottle
with ethanol solution. And the films from left to right are BGNRs@SiO,/PDMS and pure PDMS without particles. (b) Photographs taken
with a high-definition infrared thermometer to record the temperature of the ethanol solution in the sample bottle when it was irradiated by a
Xenon lamp for 0 min and 10 min of irradiation. (c) Plots of temperature of ethanol under BGNRs@SiO,/PDMS film (red) and ethanol under
PDMS film (black) without nanoparticles upon irradiation 350 W Xenon lamp as a function of time.

these differences is that air was selected as the baseline for
measurement in both tests. Figure 4(b) represents the extinction
spectra generated by the BGNRs@SiO,/PVDF film. The
extinction spectral intensity of the PVDF film without particles
gradually decreased with a red-shift in the peak position (figure
S7). This explains why the original extinction spectra of the
BGNRs were relatively flat, while the peak in the
BGNRs@SiO,/PVDF spectra was prominent around 740 nm.
After folding, the extinction spectra of the BGNRs@SiO,/PVDF
film increased linearly with the number of folds, and this change
was represented by the peak value at 740 nm. In figure 4(b), the
solid line represents the actual measured extinction spectra
obtained during the folding process of the BGNRs@SiO,/PVDF
film. The peak value at 740nm was 0.3 when unfolded,
increased to 0.6 after one fold. However, when folded two and
three times, the peak values at 740 nm reached 1.1 and 2.1,
respectively, instead of the expected values of 1.2 and 2.4 based
on absolute linearity. According to the hypothesis, this dis-
crepancy arises because the BGNRs@SiO,/PVDF film, when
folded and placed into the spectrometer, did not completely
overlap (figure S9). As a result, the measured extinction values of
the spectra decreased. The dashed line represents the simulated
calculation obtained by multiplying the original spectra of
BGNRs@SiO,/PVDF with the corresponding factors. It can be
observed that the shape of the spectra remains consistent, with
only minor differences in intensity. We also conducted SEM
imaging of the prepared BGNRs@SiO,/PVDF films to observe
the distribution of GNRs@SiO, within the matrix (figure S10). It
is evident that GNRs@SiO, in the BGNRs@SiO,/PVDF film
are widely distributed, with distances between them generally
exceeding 100 nm. This distance allows for neglective plasmonic
coupling between GNRs.

Photothermal performance test of BGNRs @ SiO~/PVDF films

The method of measuring temperature changes was consistent
with the approach used for evaluating the BGNRs@SiO,/PDMS

film, as mentioned earlier. Figure 4(c) illustrates the temperature
variations of the ethanol solution under different conditions:
unfolded and folded multiple times with BGNRs@SiO,/PVDF
films. It can be observed that as the number of folds increased,
the photothermal performance of the BGNRs @SiO,/PVDF film
improved significantly. Without folding, under identical irradia-
tion conditions, the temperature of the ethanol solution rose from
25.2°C to 39.9 °C. After one fold, it increased from 25.1 °C to
31.5°C, and after two folds, it rose from 25.2 °C to 29.7 °C.
With three folds, it only increased from 25 °C to 27.3 °C. On the
other hand, increasing the thickness of the BGNRs@SiO,/PVDF
film at the same particle concentration (figure 4(d)) did not show
substantial changes. The final temperatures after ten minutes for
three different thicknesses of BGNRs@SiO,/PVDF films
were 32.8 °C, 31.9 °C, and 31.4 °C, respectively. Similar trends
were observed when adjusting the thickness of the
BGNRs@SiO,/PDMS film (figure S11). Although the photo-
thermal performance increased with the thickness of the
BGNRs@SiO,/PVDF film due to the thickness increase, this
enhancement was solely attributed to the film thickness. The
particle concentration remained constant, indicating that particle
concentration played a dominant role in this photothermal test.
Increasing film thickness under the same particle concentration
might enhance photothermal performance, but the effect was not
as pronounced as the increase in particle concentration. Com-
pared to the PVDF films prepared by Ding et al [38] with gold
nanoparticles, our study not only achieves adjustable and pre-
dictable bandwidths and peak positions, but also delves deeper
into the effects of folding and thickness variations on the pho-
tothermal performance of BGNRs@SiO,/PVDF films.

FDTD simulations

We employed the finite difference time domain (FDTD) method
to calculate the extinction spectra of GNRs@SiO, in different
arrangements. The FDTD simulations were performed using
Lumerical commercial software. Figure S12 displays the
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Figure 4. (a) Extinction spectra of BGNRs@Si0, mixed with five GNRs in NMP. (b) The solid line represents the measured folded extinction
spectrum of the BGNRs@SiO,/PDVF film, with the peak indicated by the arrow at 740 nm. Meanwhile, the dashed line corresponds to the
spectrum of the BGNRs@SiO,/PDVF film estimated based on the respective coefficients. (c) The temperature variation curves of ethanol under
BGNRs@SiO,/PVDF films without folding (in black), folded once (in red), folded twice (in green), and folded three times (in blue) under 350 W
Xenon lamp irradiation over time. (d) The temperature variation curves of ethanol under 0.07 mm BGNRs@SiO,/PVDF film (in black), 0.10 mm
BGNRs@SiO,/PVDF film (in red), and 0.16 mm BGNRs@SiO,/PVDF film (in green) under 350W Xenon lamp irradiation over time.

extinction spectra of a single GNR calculated by FDTD based on
the measured size, and the LSPR peak of each GNR aligned with
the measured extinction spectrum. To simplify the complex
configurations, several possible arrangement modes were con-
structed using six different types of GNRs@SiO,, as depicted in
figures S13-S17. Multiple arrangements were compared in dif-
ferent orientations for each type of GNRs@SiO, to calculate the
spectra between GNRs@SiO,, assuming minimal plasmonic
coupling after silica coating. Figure 5(a) illustrates the extinction
spectra obtained through FDTD calculations, where the full
width half maximum (FWHM) could be adjusted from 250 nm to
over 492 nm (the arrangements of the GNRs are shown in figure
S13). Figure 5(b) shows the measured extinction spectra, with
FWHM ranging from 213nm to over 420 nm (table S2). A
comparison between the simulated and measured extinction
spectra reveals that the simulated spectra cannot be as flat as the
experimental ones due to the monodispersity of the simulated
GNRs. Conversely, the measured extinction spectra of GNRs can
exhibit relatively flat profiles. The trend observed in the FDTD

simulation results aligns with the actual measurement results,
indicating that the bandwidths can be adjusted based on the peak
position of the added GNRs during mixing. According to figure
S14 and figure S15, FDTD simulations demonstrate that the peak
position of the extinction spectra is solely dependent on the peak
position of the added GNR, regardless of whether the GNRs are
arranged horizontally or vertically. Increasing the proportion of
GNRs also leads to an increase in the corresponding peak value
(figure S16). To approach the real scenarios more closely, we
introduced a certain degree of rotation to the gold nanorods to
simulate various possible arrangements in the solution (figure
S17(a)). It can be observed that the spectral shape undergoes
some changes when the nanorods are rotated by certain angles
(figure S17(b)). However, when multiple nanorods are rotated at
different angles, the spectra almost maintain consistency with
those in the horizontal orientation (figure S17(c)). This indicates
that in a solution where a large number of nanorods are randomly
arranged, theoretical arrangements are unlikely to significantly
impact the final results.
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Figure 5. The FDTD simulation (a) and the experimental extinction spectra (b) are shown as BGNRs obtained by mixing three kinds of
GNRs (black), four kinds of GNRg (red), five kinds of GNRg (green) and six kinds of GNRg (blue), respectively. The intensity of the

spectrum has been offset for clarity.
Conclusion

In summary, this research achieved predictable and adjustable
bandwidths in a wide visible-NIR/SWIR spectrum window
(A = 600 to >1100nm) by using silica-coated GNRs of dif-
ferent sizes. These GNRs@SiO, were then mixed with
PDMS or PVDF to form BGNRs@SiO,/PDMS or
BGNRs@SiO,/PVDF films. The shape of the extinction spectra
remained unchanged after the formation of the films. Under
Xenon lamp irradiation, the BGNRs@SiO,/PDMS films
exhibited significantly better photothermal performance com-
pared to the PDMS films without particles. The temperature
change in the ethanol solution with the BGNRs@SiO,/PDMS
film was only 4 °C, while it was 11.4 °C for the ethanol solution
under the PDMS film without particles. Additionally, the
extinction spectra of BGNRs@SiO,/PVDF films remained
linear even after folding. Furthermore, the photothermal per-
formance of the folded BGNRs@SiO,/PVDF film was sig-
nificantly improved (temperature increase of 14.7 °C without
folding and only 2.3 °C after folding three times). Simulta-
neously, minor variations were observed in adjusting the film
thickness (a final temperature difference of only 1.4 °C). This
reaffirmed the crucial role of particle concentration in photo-
thermal performance, surpassing the impact of film thickness.
The FDTD simulations and experimental results confirmed that
the bandwidths of the extinction spectra were adjustable. The
presence of large spacing between GNRs (>100 nm) eliminated
the plasmonic coupling effect, indicating that the arrangement of
the GNRs did not affect the extinction spectra. The shape of the
extinction spectra was solely related to the extinction spectra of
the added GNRs. Furthermore, the specific arrangement of the
GNRs did not influence the final results. This work presents a
method to prepare BGNRs@SiO, with predictable and adjus-
table extinction spectra and demonstrates the fabrication of
BGNRs@SiO,/PDMS and BGNRs@SiO,/PVDF films while
preserving their original characteristics. These findings open up

broader possibilities for applications in the fields of photo-
thermal conversion and novel optoelectronic devices.
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