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ABSTRACT: This work describes the light-induced preparation of
various gold nanoparticles and demonstrates their possible use as
efficient photothermal heating materials and practical heterogeneous
catalysts under the irradiation of a solar-based light after being loaded
onto a paper-based substrate. The synthesis of gold nanoparticles was
accomplished under the irradiation of daily sunlight and a solar-
simulated light with an intensity that was closely adjusted to the one-
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sun condition. Tunable sizes of gold nanoparticles were systematically

controlled by the ratio of trisodium citrate and gold chloride ions, particularly with the solar-simulated light source. The size
distribution and absorption properties of the resulting nanoparticles were thoroughly characterized by scanning electron
microscope, dynamic light scattering, and UV—visible spectroscopy. The broad-band solar-based light sources were found to be
efficient external stimuli to induce/enhance the formation of various gold nanoparticles at room temperature. As gold
nanoparticles typically exhibit efficient light-induced heating properties due to their strong absorption bands, these nanoparticles
were physically embedded on a filter paper to examine their photothermal heating properties and heterogeneous catalytic activity
in the reduction of 4-nitrophenol under the irradiation of the solar-simulated light. As expected, the gold-loaded filter papers
exhibited a systematic increase of temperature as a function of the gold nanoparticle concentration and enhanced catalytic
property under the irradiation of the light, presumably caused by the photothermally induced heating property of the loaded gold
nanoparticles. Overall, solar-based light sources can offer dual functions for the synthesis and application of metal nanoparticles

possessing strong absorption bands.
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1. INTRODUCTION

Nanoscale colloidal metal particles have been widely studied
due to their optical, electrical, and catalytic properties, along
with their biocompatible nature.'> Gold nanoparticles can
particularly exhibit absorption coefficients of five or higher
orders of magnitude than typical molecular chromophores,®
and their absorption properties (i.e., surface plasmon
resonance, SPR) have been modified and intensified as a
function of the gold structures (e.g, size and shape). >’ In
addition, one useful feature of gold nanoparticles is their
structure-dependent photothermal heating property, in other
words, the ability to absorb light and release the absorbed light
energy in the form of heat (photon-to-heat conversion
property),*"'7'® which makes these types of metal nano-
particles fascinating optical materials. Thus, methods for the
controlled synthesis of various gold nanoparticles are being
extensively investigated since the ability to tune both their
optical and photothermal heating 7progperties may be relevant to
numerous applications.7’10’12’13’1 ¥ Our group previously
demonstrated the simple light-induced synthetic strategy for
preparing gold nanoparticles that allowed for reasonable
success of controlling particle size at room temperature.20 A
further refinement of our method could be achieved by utilizing
solar-based broad-band light sources and may lead to
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advancements in designing new metallic nanoparticles. The
prepared nanoparticles can then be loaded onto a paper-based
substrate to exhibit the light-induced heating property and
heterogeneous catalytic activity under a solar-simulated light
source; this application of gold nanoparticles may be developed
into highly practical, inexpensive, and environmentally friendly
heating devices and catalytic systems.

The trisodium citrate-based thermal reduction is a common
approach for preparing various gold nanoparticles ranging from
15 to 147 nm possessing strong SPRs.'”'**' Although this
preparation method simply involves controlling the ratios of
citrate to gold ions,">'7*272* the reaction often needs to be
carried out on a relatively large scale at the temperature of
boiling water and lacks the reproducible preparation of large
uniform gold nanoparticles. On the basis of our previous study,
the photochemical synthetic method could result in the reliable
preparation of monodispersed gold nanoparticles with tunable
size ranges (~15-75 nm in diameter) at room temperature on
a small scale (<10 mL) under the irradiation of visible light.*°
As such, we attempted to further improve the photochemical
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reaction method on a small scale at room temperature by
utilizing broad-band light sources (i.e., solar-simulated light and
sunlight) to prepare the tunable sizes of gold nanoparticles
possessing intense absorption bands. This light-induced
preparation process presumably involves the relatively slow
formation of a trace amount of gold atoms and clusters at the
early stages in the presence of trisodium citrate, which leads to
the formation of small gold nanoparticles. It is followed by the
greatly increased reduction rate of gold ions around these small
nanoparticles due to their strong enough absorption band
(520—-550 nm) under visible light irradiation causing the
autocatalytic growth process. As such, the use of broad-band
light sources (e.g, solar-based light) in the photochemical
method could provide an alternative reaction process to
prepare a wider size range of gold nanoparticles and fulfill
some of the drawbacks of the other synthetic methods. Our
successful synthetic approach could generalize the preparation
of other types of nanoparticles possessing strong SPRs under
renewable light sources, allowing for their practical applications
in nanoscience and technology.

To utilize the prepared gold nanoparticles possessing strong
SPRs in the visible range, these nanoparticles were embedded
on paper-based substrates, which were then exposed to a solar-
simulated light to obtain photothermally induced heating
measurements as a function of the concentration of the gold
nanoparticles. As these gold-nanoparticle-loaded filter papers
exhibited significant light-induced heating caused by the
efficient absorption of the broad-band incident light, these
systems were employed in the catalytic reduction of 4-
nitrophenol (4-NP) under the irradiation of the solar-simulated
light. It is noted that many catalytic reactions could result in
improved yields at an increased reaction temperature,”* > and
our catalytic system which utilizes the photothermal heating
capability of gold nanoparticles can afford notable enhance-
ments of the reduction process under light irradiation.
Employing these optically active gold nanoparticles on a
paper-based substrate can serve as a simple heterogeneous
catalyst that will lead to the development of photothermally
enhanced catalytic systems. A thorough examination of the
relationship between the absorption property (i.e, SPR) and
photothermal heating efficiency of gold nanoparticles is
underway in order to improve the photoenhanced chemical
reaction systems or related applications.***”** Use of paper-
based materials will also allow for designing practical, low-cost,
and environmentally friendly photothermal heating materials
and heterogeneous catalytic systems.

2. EXPERIMENTAL SECTION

2.1. Materials. Nitric acid, hydrochloric acid, 4-nitrophenol,
trisodium citrate, KOH, isopropyl alcohol, hydrogen tetrachloroaurate-
(1) trihydrate, and sodium borohydride (>98%) were purchased
from Fisher Scientific and used without purification. The water used
for all reactions was obtained from a Nanopure Water System
(Barnstead/Thermolyne). All glassware was cleaned with aqua regia,
followed by treatment in a base bath, and then rinsed with water prior
to use.

2.2. Preparation of Gold Nanoparticles under Daily Sunlight
and Solar-Simulated Light. For the preparation of various sizes of
gold nanoparticles by our photochemical reduction method, 0.2 mL of
1 wt % HAuCl,-3H,0 solution was mixed with 10 mL of water in a 20
mL glass vial containing a magnetic stirring bar. Varying amounts
(0.075—1.0 mL) of 1 wt % trisodium citrate were then introduced into
the gold solution. The mixture was exposed to a solar-simulated light
(providing ~100 mW/cm?, ~5 cm in diameter, a continuous Xe arc

lamp equipped with an optical filter, Newport Inc.) at room
temperature for 90 min. The intensity of the light was closely adjusted
to a condition of one-sun’s solar radiation reaching the surface of the
Earth,***> allowing for our synthetic process to be tested with daily
sunlight irradiation. Thus, a series of reaction vials containing the same
concentrations of gold and trisodium citrate were exposed to daily
sunlight (whose intensity fluctuated from ~5S to ~80 mW/ cm? as
measured by an optical power meter at 0, 30, 60, 90, and 120 min) to
monitor the formation of various gold nanoparticles. Generally, we
found that the formation of gold nanoparticles was much faster and
more reliable with the solar-simulated light system, presumably due to
the intense and stable light source over the course of the reaction.
After the reaction was complete, the final solutions were stored at
room temperature without further purification prior to analysis and
use.

2.3. Preparation of Gold Nanoparticle Loaded Filter Paper.
Clean filter papers (Whatman grade No. 1 filter paper, 55 mm) were
initially dried in an oven at 50 °C overnight. Varying amounts (e.g, 1,
3,5, 7, and 10 mL) of the prepared gold nanoparticles (~35 nm in
diameter) were then diluted with pure water to be 10 mL total volume
in a glass Petri dish. The dried filter papers were immersed in the Petri
dish (60 mm X 15 mm) containing different concentrations of gold
nanoparticles (0.2—2.0 mg/10 mL) and were left for 24 h after
covering the dish with a lid to minimize the evaporation of the water.
The filter papers were then thoroughly rinsed with clean water and
dried in the oven at 50 °C overnight. The initial and remaining gold
solutions were subjected to absorption analysis by a UV—vis
spectrophotometer to estimate the loading efliciency of the gold
nanoparticles. We also attempted to compare the mass of the resulting
filter papers to those of the initially dried filter papers using a
ultramicrobalance (UMT?2, Mettler Toledo), which did not provide us
with a quantitative analysis. These gold-loaded filter papers were then
employed in the photothermal heating and catalytic reduction of 4-
nitrophenol under the solar-simulated light.

2.4. Photothermally Induced Heating and the Reduction of
4-Nitrophenol (4-NP) Using Gold-Nanoparticle-Loaded Filter
Papers in the Presence and Absence of the Solar-Simulated
Light..>?7-3¢738 Drior to the catalytic reduction of 4-NP, the gold-
nanoparticle-loaded filter papers were briefly rinsed with pure water.
Water (13.5 mL) and 4-nitrophenol (4-NP, 0.86 mL, 1 mM) were
initially mixed in a 20 mL glass vial. NaBH, (0.86 mL, 0.1 M) was then
added to the solution, resulting in a color change from colorless to
bright yellow. This mixture solution was slowly transferred onto a
gold-nanoparticle-loaded filter paper, which was already placed in the
filtration system equipped with a 47 mm fritted disk. The catalytic
reduction of 4-NP was carried out with and without the irradiation of
the solar-simulated light (providing ~100 mW/cm?). The absorption
bands of the initial solution and the aliquots collected after each
filtration step were immediately recorded using a UV—vis spectropho-
tometer in the range of 200—1100 nm.

Similarly, a gold-nanoparticle-loaded filter paper was placed in a
plastic dish containing the same amounts of water, 4-NP, and NaBH,
as above, and the reduction reaction was subsequently performed with
and without the solar-simulated light. The absorption bands of an
aliquot of solution (0.10 mL) were recorded as a function of time.
Each data point collected is the average of the minimum three trials.
The temperature profiles of the gold-loaded filter paper containing the
mixture solution and pure water (15 mL in a plastic dish) were also
examined by an infrared thermal image analyzer. An additional control
experiment was performed with a bare filter paper using the same
amounts of 4-NP and NaBH, under the light irradiation, but no
photoinduced reduction and/or degradation of 4-NP was observed
even after 3 h of irradiation.

2.5. Characterization Method. To characterize the morphology,
hydrodynamic diameter, and optical property of the gold nano-
particles, we employed a combination of scanning/transmission
electron microscopy (SEM/TEM), dynamic light scattering (DLS),
and UV—vis spectroscopy. An infrared thermal image analyzer was
used to monitor the photothermal heating property of the gold-
nanoparticle-loaded filter papers.
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An FEI-Quanta 450 instrument, operating at 20 kV, was used to
analyze the general size distribution and to evaluate the overall
morphology of the gold nanoparticles. All samples were deposited
from the solution onto silicon wafers or filter papers and then
completely dried at room temperature overnight. The samples on the
filter papers were coated with a thin gold film (~3 nm) using a Denton
vacuum sputter coater (DESK II) to improve the electrical
conductivity for imaging prior to analysis. TEM analysis was also
performed with a Hitachi H8100 microscope operating at an
accelerating voltage of 200 kV. An aqueous solution of gold
nanoparticles was deposited and dried on a 300-mesh carbon-coated
copper grid before analysis. The image-based size analysis was
completed with Image] software (v1.4Ss, National Institute of Health)
counting over 50 particles.

A benchtop powder X-ray diffraction (PXRD) instrument with Cu
Ka radiation (MiniFlex 600, Rigaku Corp.) was used to examine the
crystalline structure of the representative gold nanoparticles on filter
papers (scan rage 10°—90°, 0.02° steps, S°/min).

Dynamic light scattering (DLS, ZetaPALS, Brookhaven Instruments
Corp., Holtsville, NY) equipped with a 35 mW solid state laser (90°
and 15° angular measurements) was used to measure the hydro-
dynamic diameter and polydispersity index (PDI) of the gold
nanoparticles at 20 °C. All samples were diluted in pure water. The
data were collected from an average of five measurements over 100 s.

To characterize the optical properties of the gold nanoparticles, an
Agilent UV—visible spectrometer was used over the wavelength range
of 200—1100 nm. All samples were prepared in pure water and
transferred to a quartz submicro cell.

Real-time temperature profiles of all samples were collected on the
basis of the average of the three measurements by an infrared thermal
image analyzer (Fluka FLIR40, Global Test Supply) and a traceable
double thermometer with computer output (Fisher Scientific). The
intensity of the light sources was estimated by a hand-held optical
power meter (1916-C power meter, Newport Inc.).

3. RESULTS AND DISCUSSION

On the basis of our previous fluorescent-light-induced synthetic
approach,”® the concentrations of gold ions and trisodium
citrate were required to be higzher than those of conventional
thermal reduction conditions.””** Here we demonstrated a
simple photochemical reduction method to prepare various
gold nanoparticles by utilizing broad solar-based light sources
(i, solar-simulated light and daily sunlight) under the similar
reaction conditions. The use of low concentrations of gold ions
resulted in the significantly slower and less reproducible
formation of the desired diameters of the gold nanoparticles,
while the increased gold concentrations allowed for a faster and
more reliable formation of the tunable diameters of the gold
nanoparticles under the irradiation of the broad-band light.
Table 1 summarizes the various reaction conditions and the
resulting diameters of gold nanoparticles with their polydisper-
sity index (PDI) values. The overall sizes of the gold
nanoparticles ranging from ~10 to ~160 nm (estimated by
imageJ software and DLS for PDI values) were tuned by
varying the amount of 1 wt % trisodium citrate from 1.0 to
0.075 mL. The formation of these gold nanoparticles was also
observed by the systematic changes of the initial/final solution
colors® and the absorption band maxima (vide infra).

Figure 1 shows the digital photo and SEM/TEM images of
the gold nanoparticles prepared by the irradiation with a solar-
simulated light (~100 mW/cm?®) for 90 min. These images
clearly support the idea that various sizes of gold nanoparticles
can be formed simply by adjusting the concentration of
trisodium citrate in a fixed amount of aqueous HAuCl,-3H,0
solution. Under our solar-simulated light-induced reaction
conditions, uniform gold nanoparticles between 10 and 15

Table 1. Photochemical Reaction Conditions To Prepare
Various Gold Nanoparticles under the Irradiation of Solar-
Based Light Sources

0.2 mL of 1 wt % HAuCI,-3H;0 in 10 mL of water

diameter in nm (PDI)

1 wt % trisodium  notable solution color sh;(ggted

citrate (mL) change (min) light sunlight
1.0 <3 ~11 (0.15)  ~10 (0.15)
0.50 ~3 ~13(0.16) ~10(0.16)
0.40 ~4 ~20 (0.09)  ~18(0.11)
0.30 ~5 ~35 (0.10) ~27 (0.13)
020 ~ 15 ~70 (0.16)  ~55 (0.19)
0.10 ~23 ~95 (020)  ~78 (025)
0.090 ~ 30 ~115 (022)  ~90 (0.29)
0.075 ~ 35 ~160 (025)  ~100 (0.32)

<0.075 >45 partial aggregates

nm in diameter were typically formed and exhibited an almost
similar solution color when an amount of citrate >0.50 mL was
introduced into 10 mL of 0.02 wt % HAuCl, The TEM images
exhibit a somewhat crystalline structure, and the selected area
diffraction pattern of representative nanoparticles shows slightly
broken rings with diffraction points, implying polycrystalline
gold features in Figure S1 of the Supporting Information. When
a lower volume of citrate (ranging from 0.40 to 0.075 mL) was
added, the diameters of the nanoparticles systematically
increased along with the distinctive solution color changes
(Figure 1f). It is worthy to note that the use of trisodium citrate
between 0.090 and 0.075 mL often led to the slightly less
reproducible formation of large gold nanoparticles (e.g, >100
nm in diameter), which is also observed from conventional
thermal reduction conditions.'"”"**" Lastly, the addition of
below 0.075 mL of trisodium citrate often failed to form gold
nanoparticles or display any notable color changes, and
prolonged light irradiation still did not result in the formation
of gold nanoparticles. On the basis of these reaction conditions,
we found that our photochemical reduction process utilizing
the solar-simulated light readily allowed for the formation of
gold nanoparticles ranging from 10 to 160 nm in diameter at
room temperature.

Figure 2 presents the UV—vis absorption spectra of various
gold nanoparticles prepared by solar-simulated light irradiation.
Although most of the gold nanoparticle formation was
accomplished within 60 min, the reaction mixtures were
exposed to the light for 90 min to ensure the completion of the
reactions; the completion of the reaction was proved both by
the negligible increase of the maximum absorption bands of the
gold nanoparticles and the disappearance of the gold ion peaks
below 300 nm (see details of the reaction kinetics in Figure 28
of the Supporting Information)."">****! As the position of the
maximum absorption band is highly sensitive to the size of the
gold nanoparticles,">*® the gradual red-shift and broadness of
the absorption peaks around 520—600 nm corresponding to
decreasing citrate volumes presumably indicate an overall
increase in the size of the gold nanoparticles. These absorption
patterns of the nanoparticles are relatively consistent with the
results from the SEM/TEM images (although exhibiting the
presence of a few aggregated gold nanoparticles) in Figure 1.
When 1 wt % citrate was used at a volume of 0.50 mL or higher,
the position of the absorption peak was negligibly changed, but
the peak intensity centered at ~520 nm quickly increased,
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0.50 mL ) 0.075 mL

Figure 1. SEM/TEM images (a—e) and a digital photo (f) of gold nanoparticles prepared by varying amounts of 1 wt % trisodium citrate solution
with 10 mL of 0.02 wt % gold solution under the irradiation of a solar-simulated light for 90 min: (a) 0.50 mL, (b) 0.30 mL, (c) 0.20 mL, (d) 0.10

mL, and (e) 0.075 mL of the citrate solution.

1.0 1 0.50 mL
0.40 mL

~08 4 0.30 mL
3 0.20 mL
s 0.10 mL
5 06 1 0.075 mL
.§
= 0.4 4
»
w
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Figure 2. UV—vis absorption spectra of gold nanoparticles prepared
by varying the amounts of 1 wt % trisodium citrate solution with a
fixed amount of 0.02 wt % HAuCl,-3H,0 solution under the solar-
simulated light.

probably due to the rapid, increased number of small gold
nanoparticle formation. The use of 1 wt % trisodium citrate
below 0.075 mL, however, did not allow nanoparticles to
develop notable absorption bands in the visible region,
indicating incomplete reactions and/or severe aggregations.
Extended light irradiation of the reaction mixture over 90 min
still did not result in the formation of discrete nanoparticles but
instead exhibited black precipitates or smeared gold films in the
reaction flask caused by the photocoagulation of the gold
particles (i.e, the photoneutralization process of the gold
surface leading to aggregation).42 Details of photoinduced (e.g.,
UV and visible light sources) formation and growth mechanism
of metal nanoparticles can also be found in previous
studies.'¥29?**2% Overall, the systematic control of the
gold nanoparticles with a relatively broad diameter range was
accomplished with the gradual decrease of the amount of citrate

0.50 ML e 0.075 mL

700 900 110
Wavelength (nm)

Figure 3. SEM/TEM images (a—e), a digital photo (f), and UV—vis absorption spectra (g) of gold nanoparticles prepared by varying amounts of 1
wt % trisodium citrate solution with a fixed amount of HAuCl,-3H,0O solution (10 mL of 0.02 wt %) under the irradiation with sunlight for 150 min:
(a) 0.50 mL, (b) 0.30 mL, (c) 0.20 mL, (d) 0.10 mL, and (e) 0.075 mL of citrate.
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solution (0.075—0.5 mL) under the solar-simulated light
irradiation.

The light-induced synthetic process for preparing gold
nanoparticles involves the slow formation of a trace amount
of gold seed particles upon the addition of a reducing agent
(ie., trisodium citrate) into a solution containing gold ions; the
subsequent growth of the seed nanoparticles is enhanced by
light irradiation,'"***** Specifically, the formation of many
gold seeds upon the addition of a high concentration of citrate
is achieved at the beginning of the reaction (i.e, nucleation,
which is elucidated by the notable solution color change from
very pale yellow to light grayish purple that takes place under
our reaction conditions; the data are summarized in Table 1).
This is followed by the rapid growth of the seeds with the
remaining gold ions under light irradiation, because the surface
of these seed nanoparticles are reactive and serve as
autocatalytic growth centers that promote the reduction of
gold ions in the solution around the nanoparticles. In addition,
when the typical absorption band of small gold seed
nanoparticles falls in the wavelength of the incoming light
source, it can rapidly enhance the growth of the nanoparticles.
We expected that our overall photochemical process utilizing
the high amount of trisodium citrate (e.g,, 0.30 mL or higher)
completed the reactions quickly and caused the formation of
relatively small gold nanoparticles with narrow size distribu-
tions. When the amounts of trisodium citrate decreased (e.g.,
0.075 and 0.090 mL of 1 wt % citrate), relatively slow
development of absorption band of gold nanoparticles in the
visible range and their notable color changes clearly implied the
slow formation and growth of the seeds under light irradiation.
This observation was probably due to the formation of a few
gold seeds exhibiting a weaker absorption band at the beginning
of the reaction, followed by the slightly slow growth process
resulting in the formation of larger gold nanoparticles. A further
decrease in the citrate amount (e.g,, <0.075S mL) significantly
slowed the overall reactions and caused the severe light-induced
aggregation of the gold nanoparticles.

As our solar-simulated light source successfully induced the
formation of various gold nanoparticles, we then employed
daily sunlight in the preparation of the gold nanoparticles.
Figure 3 shows the digital photo, SEM/TEM images, and
absorption spectra of the gold nanoparticles prepared by
irradiation with sunlight for 150 min. As the intensity of
sunlight was measured to be 55—80 mW/cm? which was a little
lower than the solar-simulated light, the reaction took slightly
longer to complete the nanoparticle formation. Various sizes of
gold nanoparticles (10—100 nm in diameter) were again
formed by controlling the amount of 1 wt % citrate (Table 1).
As speculated, use of real sunlight and varying amounts of
trisodium citrate induced the distinctive solution colors (Figure
3f), which also implied the formation of different sizes of gold
nanoparticles (confirmed by the absorption patterns in Figure
3g). The use of low citrate volumes (<0.10 mL) often led to
the formation of very polydisperse and nonspherical nano-
particles with some partial aggregations examined by the
appearance of broad shoulder peaks above 650 nm.**
Incomplete formation of gold nanoparticles was also observed
by the presence of the residual gold ion peak below 300
nm.***' This experiment, however, clearly demonstrated the
possibility of utilizing daily sunlight for the preparation of gold
nanoparticles without any electrical thermal input. In our
separate study, the formation of gold nanoparticles was
attempted under the constant intensity of the solar-simulated

light at ~70 mW/cm? by simply adjusting the distance of the
solution mixture and the light source. The formation of gold
nanoparticles was comparable to that under sunlight irradiation,
but these gold nanoparticles were more spherical and had low
PDIs, presumably due to the minimal fluctuation of light
intensity over the course of the reaction. A more thorough
study is underway to understand the light-intensity-dependent
structural changes of the gold nanoparticles.

As our previous study showed the practical use of gold
nanoparticles as a catalyst in solution under the irradiation of a
solar-simulated light, which exhibited enhanced -catalytic
activities due to their moderate heating of the solution
temperature,*’ we attempted to utilize these gold nanoparticles
on a paper-based substrate in the absence of a solvent as a
highly eflicient photothermal heating material and light-
enhanced heterogeneous catalyst. To verify this idea, the gold
nanoparticles (~35 nm in diameter) were embedded onto a
filter paper and initially subjected to the irradiation of a solar-
simulated light (~100 mW/cm?) to examine their photo-
thermal heating efficiency. Prior to evaluating the photothermal
heating property of the gold-loaded filter papers as a function of
the gold nanoparticle concentration, the amount of loaded
nanoparticles on a filter paper was carefully examined by the
following approach: Initially, the differences in the maximum
intensities of the absorbance peaks of a gold nanoparticle
solution at ~530 nm before and after treatment of the filter
papers were compared to the those of standard solutions of
gold nanoparticles via the Beer—Lambert law (Figure 4).

3.0 3.0

25 1

N
o

y = 12.412x - 0.0465
R?=0.9998

0 0.03 0.06 0.09 0.12 0.15 0.18 0.21
Concentration (mg/mL)

Absorbance
o

-
o

05 §

00 I . : i
300 400 500 600 700 800 900

Wavelength (nm)

Figure 4. UV—vis absorption spectra of various concentrations of gold
nanoparticle solutions (10 mL scale) before (solid lines) and after
(dotted lines) treatment of the filter papers overnight. The inset
represents the calibration curve for gold nanoparticle standards.

Overall, the total amount of gold nanoparticles loaded onto
filter papers was systematically increased as a function of the
initial gold nanoparticle concentration. These calculations were
based on the following two assumptions: First, the reduction of
gold ions to form gold particles resulted in a 100% conversion
using our photochemical reaction method (see details in Figure
S2 of the Supporting Information). Second, there was no loss
of gold nanoparticles during the purification of the filter paper
(i.e, rising with water) after treatment with the gold
nanoparticle solution.

SEM, digital photos, and IR thermal images were collected to
examine these filter papers as a function of the gold
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nanoparticle loading (Figure S). The overall distribution of the
loaded gold nanoparticles on a filter paper was easily observed

Bare filter paper

40.8 °C SFLIR
£=0.95

Figure S. A digital photo, SEM images, and temperature profiles of
bare and gold-nanoparticle-loaded filter papers measured by an IR-
thermal camera.

in the SEM images. In addition, the powder X-ray diffraction
(XRD) analysis in Figure S3 of the Supporting Information
clearly supports the loading of crystalline gold nanoparticles on
the filter-paper-based substrate. As the loading of the gold
nanoparticles increased, the colors of the filter papers changed
from light pink to dark purple (the digital photo in Figure ).
The IR thermal images evidently showed a systematic increase
in the temperature profiles of the filter papers as a function of
gold loading due to the efficient photothermal heating property
of gold nanoparticles under light irradiation. The heating
mechanism is simply explained: the strong interactions between
the electric field of incident light and the collective oscillation of
delocalized conduction electrons (i.e., SPR) of nanoscale metal
particles result in the energy gain.***’ The gained energy then
turns into heat that diffuses away from the nanoparticles,
leading to a significant increase in the temperature in the

vicinity of the nanoparticles and surrounding medium. It is also
important to note that heat generation becomes strong when
the wavelength of the incident light source is well-matched with
the SPRs of the metal nanoparticles. Upon irradiation with the
solar-simulated light for 3 min, a bare filter paper increased the
temperature to ~28 °C and the gold-loaded filter papers
increased the temperature to ~35 °C for 0.08 mg, ~42 °C for
0.35 mg, ~55 °C for 0.53 mg, ~68 °C for 0.80 mg, and ~88 °C
for ~1.32 mg of gold nanoparticles. This apparent increase in
the temperature under the broad-band solar-simulated light
source was attributed to the photothermal heating property of
the loaded gold nanoparticles possessing a strong SPR in the
visible range.

The enhanced photothermal heating process by gold
nanoparticles has been explained by the following two
events:* ™! First, the accumulative effect involves the addition
of heat fluxes by single nanoparticles and more nanoparticles
induce a stronger temperature increase.>® Second, the Coulomb
interaction is related to the interparticle distance and
nanoparticle arrangements affecting the total heat generation.>!
The different amounts of heat generation between the two
interacting nanoparticles and two individual nanoparticles are
possibly attributed to the coupling of the SPR and the different
rates of the heat dissipation process (caused by the interparticle
Coulomb interaction). For example, shorter interparticle
distances induce stronger SPR coupling and greatly affect the
total heat generation (ie., higher temperature).””>" These
collective effects strongly impact the systematic increase in the
temperature profiles of our gold-loaded filter papers (ie.,
possibly increasing clustering/grouping of gold nanoparticles
on the substrate) as a function of the nanoparticle
concentration. We believe that the substrate-supported gold
nanoparticles can take advantage of these effects—particularly
the Coulomb interaction—much more efliciently than the
nanoparticles in the solution. As the gold-loaded filter papers
exhibited a significant, rapid increase in temperature under the
irradiation of the solar-simulated light, we attempted to utilize
them as substrate-supported heterogeneous catalysts because
the efficiency of many chemical reactions can easily be affected
by the reaction temperature. In addition, the loaded gold
nanoparticles acting as heterogeneous catalysts on paper-based
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substrates significantly minimize the light-induced coagulation
process that often takes place during the solution-based
chemical reactions.

As proof of the concept, the gold-loaded filter papers were
subsequently tested as heterogeneous catalysts for the
reduction of 4-nitrophenol (4-NP) to 4-aminophenol (4-AP)
with and without solar-simulated light irradiation. As the
mixture of 4-NP and sodium borohydride in an aqueous
solution initially exhibited a strong absorption band at 400 nm
(4-nitrophenolate ion) and the reduced 4-aminophenolate in
the solution appears at 300 nm, the catalytic activities of the
gold-nanoparticle-loaded filter papers can be simply monitored
by these two absorption bands of the solution before and after
each filtration step. We primarily compared the reduction of 4-
NP using various gold-loaded filter papers in the presence and
absence of the solar-simulated light; the filter papers with ~0.35
and ~0.53 mg of gold nanoparticles exhibited markedly
different reduction rates of 4-NP upon filtration, unlike other
gold-loaded filter papers. Specifically, the 4-NP reduction with
the filter papers containing low amounts of gold nanoparticles
(e.g, ~0.08 mg) under light irradiation showed a slightly faster
rate than those without light irradiation, presumably due to the
low/moderate photothermal heating property. When a large
number of gold nanoparticles loaded onto filter papers (e.g.,
~1.32 mg) were used for the 4-NP reduction with and without
light irradiation, both reactions went notably fast because the
reduction was mainly affected by the concentration of the
loaded gold nanoparticles rather than the photothermal heating
property.

Figure 6 shows two representative absorption band patterns
of the 4-NP solution upon filtration using filter paper loaded
with ~0.53 mg of gold nanoparticles with and without the
irradiation of solar-simulated light. As the number of filtration
steps increased, the intensity at 400 nm for 4-NP notably
decreased and a new peak at 300 nm appeared (or slightly
increased), clearly indicating the formation of 4-AP. Under the
light irradiation, a greater decrease of the absorption bands at
400 nm after each filtration step was observed, apparently
caused by the photothermal heating of the loaded gold
nanoparticles on the filter paper. To verify the photothermally
enhanced reduction of 4-NP, two filter papers were loaded with
the same concentration of the gold nanoparticle solution and
subjected to both reactions without and with light irradiation. A
gold-loaded filter paper was used in the reduction of 4-NP
without light irradiation, followed by the reduction with light
irradiation. The other filter paper was used for the reduction of
4-NP with light irradiation first, followed by the reduction
without light irradiation. These filter papers were then dried in
an oven overnight, transposed, and subjected to the second
reduction after examining photothermal heating properties. It is
also worth noting that the flow rate of the reaction solution was
slightly faster under the light irradiation condition (more gold-
loaded filter papers exhibited slightly faster flow), but still more
reduction of 4-NP was observed from our simple filtration-
based catalytic system. On the basis of these experiments and
observations, we confirmed that the overall fast reduction of 4-
NP upon filtration under the light irradiation was mainly caused
by the photothermal heating property of the gold nanoparticles.
More thorough studies including the flow-rate measurements of
reaction solution using various filter papers as a function of gold
nanoparticle loading with and without light irradiation and
flow-rate-dependent catalytic reactions using a syringe pump
are underway. Additionally, individual gold-loaded filter papers

exhibited sustained catalytic activity through multiple trials,
demonstrating their possible recyclability in catalytic reactions.

In our separate study, we investigated the possibility of gold
nanoparticles leaching from the filter paper into the solution by
the following method: the first filtrate solution was aged for 60
min, and we then measured the absorption band of 4-NP at 400
nm to examine the possible reduction of 4-NP by the leached
gold nanoparticles. Interestingly, the negligible decrease of the
4-NP peak at 400 nm (dotted line in Figure 6a) suggested the
absence of free gold nanoparticles in the filtrate solution, which
was also confirmed by the undetectable absorption peak of the
gold nanoparticles around 520—550 nm. Additionally, ICP-AES
analysis (IRIS inductively coupled plasma-atomic emission
spectroscopy, Thermo Jarrell Ash Corp.) did not show a
noticeable concentration of gold atoms (i.e,, <2.5 yg/mL) for
various filtered solutions, strongly suggesting the spectroscopi-
cally negligible leaching of the gold nanoparticles during
filtration. The photothermally induced temperature profiles of
the filter papers before and after many filtrations remained
similar, providing further indication of the insignificant leaching
of the gold nanoparticles.

Furthermore, the gold-loaded filter papers were immersed in
a solution containing 4-NP and NaBH, under solar-simulated
light irradiation to monitor the reduction of 4-NP to 4-AP as a
function of time (Figure 7 and the representative 4-NP
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reduction spectra in Figure S4 of the Supporting Information).
Once more, the 4-NP reduction was completed much faster
with the light irradiation than without the light source. After the
complete reduction in 60 min with filter paper loaded with
~0.53 mg of gold, the resulting solution temperature was ~45
°C; this temperature was reached after the irradiation with light
for ~15 min. This fast reaction was clearly explained by the
photothermal heating property of the loaded gold nano-
particles. These filter papers were placed in water over 60 min
and did not show detectable leaching of the embedded gold
nanoparticles (Figure S4 of the Supporting Information).
Unlike the filtration method involving many filtration steps, this
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approach allowed the 4-NP molecules to interact with the filter
paper longer in the solution, which might be more efficient and
convenient for catalytic reactions requiring an extended
reaction time. In addition to the photothermal heating
property, we attempted to evaluate if this fast reaction was
also enhanced by the SPR of the gold nanoparticles. As such,
the same reduction was performed with the gradual increase of
the 4-NP solution’s temperature (~4S °C) in the presence of
the gold-loaded filter paper. This range of the temperature
increase was similar to that range caused by the light-induced
heating of the gold-loaded filter paper in solution. The
reduction of 4-NP was still not fully completed in 60 min
(red triangles in Figure 7); this reduction was slightly slower
than that which occurred under the light irradiation conditions.
This discrepancy may be attributed to the SPR-related
enhancement, although it was difficult to conclude the exact
influence of the SPR of the nanoparticles on the overall
reaction based on such a short reduction process. It is also
important to remember that the temperature of the gold-loaded
filter paper surface under li§ht irradiation is possibly higher
than that of the solution,”"****** which might also be
attributed to the slightly faster reduction time. More thorough
studies to examine the effect of SPR in chemical reactions are
underway.

The advantages of paper-based heterogeneous catalytic
systems include not only the use of the enhanced photothermal
heating properties caused by the accumulative effect and the
Coulomb interaction of gold nanoparticles under light
irradiation but also the overall simple preparation/operation,
cost-efficiency, environmental friendliness, and recyclability.
Moreover, these types of catalytic systems do not require
complicated purification steps before and after the chemical
reactions. As a whole, the broad-band solar-based light sources
can be utilized in both the preparation and applications of gold
nanoparticles, which can lead to the development of practical
photothermal heating materials and catalytic systems.

4. CONCLUSIONS

We demonstrated a reliable and cost-efficient method for
preparing gold nanoparticles and their heterogeneous catalytic
applications on a paper-based substrate under the irradiation of
solar-based light sources. Thorough analyses by SEM, DLS, and
UV—vis spectroscopy clearly presented the general size
distribution and absorption properties of the gold nano-
particles. IR thermal camera images clearly illustrated the novel
photothermal heating properties of these gold nanoparticles on
a filter paper under light irradiation. Given this unique heating
property, the highly enhanced 4-NP reduction with gold-loaded
filter papers was observed in the presence of the solar-simulated
light. The overall results collectively support the systematic
formation of various gold nanoparticles and their improved
photothermal heating properties, as well as the enhanced
heterogeneous catalytic properties under the irradiation of
solar-simulated light. As a whole, this novel strategy can be
generalized for the preparation of various metallic nanoparticles
and the design of simple catalytic systems that are practical and
efficient under broad-band light irradiation.

B ASSOCIATED CONTENT

© Supporting Information

Selected area diffraction pattern, TEM, PXRD, and UV—vis are
also provided to clarify the formation and catalytic activity of
gold nanoparticles under the irradiation of solar-based light
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