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Synthesis of Linear Black Gold Nanostructures Processable
as Sunlight and Low-Energy Light Collecting Films for

Photo-Thermoelectricity
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and Eun Chul Cho*

As one of the effort to cope with the energy crisis and carbon neutrality,
utilization of low-grade energy generated indoors (e.g., light) is imperative
because this saves building and house energy, which accounts for ~40% of
total energy consumption. Although photovoltaic devices could contribute to
energy savings, it is also necessary to harvest heat from indoor lights to
generate electricity because the light absorbed by materials is mostly
transformed into heat. For daily life uses, materials should not only have high
absorptance and low emittance but also be easily processed into various
forms. To this end, this work synthesizes black aqueous suspensions
containing winding and bent linear gold nanostructures with diameters of
3-5 nm and length-to-diameter ratios of ~4-10. Their optical and
photo-thermal characteristics are understood through experimental and
theoretical investigations. Black gold nanostructures are conveniently
processed into metal-dielectric films on metal, glass, and flexible substrates.
The film on copper has an absorptance of 0.97 and an emittance of 0.08.
Under simulated sunlight and indoor LED light illumination, the film has
equivalent photo-thermal and photo-thermoelectric performances to a top-tier

considerable portion (~40%) of overall en-
ergy use.l'! One strategy to achieve this is
to convert low-grade energy (such as light)
generated indoors into electricity, because
low-energy light can be found everywhere
in houses and office buildings. Light ab-
sorption by materials at visible and infrared
frequencies is known to either excite elec-
trons to their higher energy levels!>3! or
generate hot electrons.I**] These electrons
are useful for photovoltaic devices to gener-
ate electricity,>*%7] and so photovoltaic de-
vices might significantly contribute to en-
ergy savings by converting building light
into electricity. Nonetheless, the develop-
ment of methods to harvest heat from in-
door light is also vital because the major-
ity of light absorbed by materials is con-
verted into heat.®%] To date, sunlight heat
has been mostly used to heat up water and
air,1%12] and it has recently been employed

sunlight-collecting film. This work attempts to modify the film structure to

generate more usable electricity from low-energy indoor light.

1. Introduction

Uncertain supplies of fossil fuels and worldwide initiatives to
limit carbon emissions have stimulated research on alternative
and clean energy sources. Concurrently, energy savings could be
another effective way to deal with these issues. It is particularly
crucial to save building and house energy, which accounts for a
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for water purification and desalination!'3-16]
as well as to generate electricity using so-
lar thermoelectricity devices.'72*] In ad-
dition to the studies with sunlight, it is
necessary to explore the usefulness of the thermal energies cre-
ated from low-powered lights.

For practical photo-thermal applications, materials should not
only be able to maximally utilize light energies, but should also
be easily processed into various forms. Among various materials
that produce heat from light, plasmonic materials may be con-
sidered as promising candidates because their surface plasmon
resonance frequencies mostly lie in the visible and near infrared
ranges, which account for #90% of total sunlight energy. In addi-
tion, most electrical lighting appliances in everyday life emit vis-
ible light. The geometries of plasmonic materials can be tailored
to tune their resonance frequencies and the values of absorp-
tion/scattering cross-sections (along with the ratios of absorption
to extinction cross-sections).[-271 However, to effectively harvest
these lights, it is sometimes desirable to design materials that
absorb light at broad frequencies. From this standpoint, black
gold (Au) nanostructures have received considerable attention
in light-harvesting systems. It has been reported that small Au
nanoparticles assemble to form black Au structures.[?-31] Highly
branched superparticles are synthesized through the morpho-
logical modulation in the seeded growth process.®?] Porous or
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Figure 1. A) A schematic illustrating a typical procedure conducted for the synthesis of the black Au nanostructures. B,C) The change in B) the colors
and C) the optical extinction spectra of an aqueous mixture as a function of reaction time (t) after the addition of HAuCl, aqueous solution to the
aqueous solution containing 0.3 M tri-sodium citrate and 2 wt% PVP. D) A photograph of the aqueous suspensions synthesized by using the aqueous
solution with tri-sodium citrate and PVP of different concentrations. For all the samples, the reaction was stopped at t = 5 min, and the nanostructures
were purified by centrifugation and re-dispersion in deionized water. E) Extinction spectra of the three black Au aqueous suspensions synthesized under
the same experimental procedure as described in (D), but the concentrations of the Au nanostructures in the samples were adjusted to compare the

spectral shapes among the samples.

fibrous templates are used to deposit Au or Au nanoparticles
through evaporation or wet chemical methods.['*33-3¢] Electro-
chemical methods are used to produce porous structures or par-
ticular geometries.[*’] A lithography technique has also been in-
troduced to create an array of sharp grooves.[*®! Nonetheless, it
is still necessary to develop a convenient method for fabricat-
ing/synthesizing structures that can be easily processed into vari-
ous forms to suit a variety of light-energy-harvesting applications.

Here, we synthesize linear Au nanostructures that can absorb
a wide range of visible and near-infrared light and hence exhibit
black Au characteristics. The synthesis protocol is simple (Fig-
ure 1A): Adding HAuCl, aqueous solution to an aqueous solu-
tion containing tri-sodium citrate and a water-soluble polymer
results in a black suspension. The linear nanostructures mostly
have diameters of 3-5 nm, which lie between those of conven-
tional or mini Au nanorods (>8 nm)©*4% and ultrathin nanorods
(~2 nm).[***2] Their length-to-diameter ratios (aspect ratios, AR)
approximately ranged from 4 to 10. Notably, these linear nanos-
tructures are winding and bent. Based on experimental results
and literatures, a mechanism underlying the formation of the
nanostructures is suggested. The optical properties are under-
stood by comparing the experimental data with the calculated
optical spectra. A further theoretical study is performed to in-
vestigate the potentiality of the black Au nanostructures to pro-
duce heat under light illumination. Black Au nanostructures are
processed by mixing with a natural polymer to form a metal-
dielectric composite film on various substrates (metal, glass, and
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flexible polymers). In addition, the metal-dielectric film can be
laminated with flexible films by introducing a coating machine.
We investigate the optical and photo-thermal characteristics of
these films. We also investigate the photo-thermoelectricity per-
formance of the light-collecting films on copper (Cu) under sim-
ulated sunlight illumination (air mass (AM) 1.5 G) and indoor
LED light. The film performances are compared with those of a
top-class light-collecting film. We further attempt to modify the
design and sample geometry to produce more usable electricity
from low-energy indoor light.

2. Results and Discussion

2.1. Synthesis and Characterization of Black Au Nanostructures

The synthesis of linear black Au nanostructures started with the
addition of 0.3 mL 25 mwm chloroauric acid (HAuCl,) aqueous
solution to 5 mL aqueous solution containing 0.3 M tri-sodium
citrate and 0.2-2 wt% polyvinylpyrrolidone (PVP). The reaction
was carried out at room temperature (20-25 °C). When using an
aqueous solution containing tri-sodium citrate and 2 wt% PVP,
for example, the yellowish color due to HAuCl, gradually turned
gray and then faint black in 5 min (Figure 1B). The black color
became deeper in 10 min and even deeper in 30 min. A closer
examination of the suspension revealed that the black color was
mixed with a faint plum/purple color. We further investigated the
temporal changes in the optical extinction spectra of the aqueous
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suspension to understand the color change (Figure 1C). The ex-
tinction increased with time in the entire visible-near infrared
wavelength range, along with the development of a peak ~500—
600 nm. The peak became significant from the reaction time (#)
= 30 min and dominant at t = 1 h. We attempted to separate
the plum/purple colors from the black-colored suspension (Fig-
ure S1A, Supporting Information). The reaction was stopped at
t = 5 min, and the reaction mass was centrifuged for 30 min at
11 000 rpm. After centrifugation, a black cake formed at the bot-
tom, and the supernatant had a mixture of black and plum/purple
color with an extinction peak at #530 nm (Figure S1B, Support-
ing Information). The plum/purple color of the supernatant sus-
pension was more noticeable when comparing to the color of re-
action mass before centrifugation (Figure 1B), and hence the re-
action was thought to continue during the centrifugation step.
The supernatant was removed, and the cake was re-dispersed
in deionized water. The purified aqueous suspension was black
in color, as shown in Figure 1D. The color of suspensions was
not significantly influenced by the PVP concentration (within the
range of 0.2-2 wt%) of the aqueous solution used for this syn-
thesis. Instead, as the PVP concentration increased, the black
color of the aqueous suspension became deeper, indicating that
the conversion rate of HAuCl, could be influenced by the PVP
concentration. The concentrations of the Au nanostructures in
the suspension, shown in Figure 1D, were adjusted to compare
the spectral shapes of the three black Au aqueous suspensions
(Figure 1E). Although there was a slight difference in the spec-
tral shapes of the samples, the three suspensions showed a wide
range of light extinction at 500-1300 nm. It is worth noting that
there was still a peak ~515-523 nm, implying that the suspen-
sions, even after purification, still contained Au nanoparticles
with different geometries from the black-colored Au nanostruc-
tures, which was further confirmed from the transmission elec-
tron microscopy (TEM) images (this will be discussed in Figure 2)
and will be further discussed with theoretical studies.

Figure 2A shows a TEM image of Au nanostructures syn-
thesized using the aqueous solution containing tri-sodium cit-
rate and 0.2 wt% PVP. The sample contained linear nanostruc-
tures that were mostly winding and bent. Branched nanostruc-
tures were also observed. The black Au aqueous suspension syn-
thesized using the solution with tri-sodium citrate and 2 wt%
PVP had a similar morphology (Figure S2, Supporting Informa-
tion). Figure 2B shows a few Au nanostructures observed from
the black Au aqueous suspension synthesized using the solu-
tion with tri-sodium citrate and 0.2 wt% PVP. Structure (1) was
slightly winding with an approximate diameter of 4.1 nm and
a length of 33 nm. A winding and slightly bent nanostructure
was also found (Figure S3, Supporting Information) with an ap-
proximate diameter and fully extended length of 4.6 and 38 nm,
respectively. Structure (2) was a bent nanostructure with an ap-
proximate bentangle of 90°, and ithad an estimated diameter and
fully extended length of 3.9 and 28 nm, respectively. Structure (3)
was another type of bent nanostructure with a bent angle of 180°,
and ithad a diameter and extended length of 5 and 34 nm, respec-
tively. The Au nanostructures observed from the black Au aque-
ous suspension synthesized using the solution with tri-sodium
citrate and 1 or 2 wt% PVP showed similar morphologies ((4)—
(6) in Figure 2C,D, also see Figure S4, Supporting Information).
From the image analysis of Figure 2 and Figures S2-S4, Support-
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ing Information, the AR was estimated to be mostly in the range
between 4 and 10, but some Au nanostructures also had the AR
> 10 (from Figure 2A and Figure S2, Supporting Information).

Figure 2E shows a magnified TEM image of the nanostructure
(1) shown in Figure 2B. The lattice fringes had an approximate
spacing of 0.23 nm, indicating that the {111} facet was exposed
to the surface of the Au nanostructure. The single-crystalline
growth was extended to ~10 nm, but the crystal appeared fused
with other crystals with different growth directions (red dashed
lines), indicating that the nanostructure had a polycrystalline
structure. A similar lattice structure was observed in Figure S3B,
Supporting Information (the magnified TEM image of Figure
S3A, Supporting Information). The Au nanostructure (5) (Fig-
ure 2D) also had a polycrystalline structure, as shown in Fig-
ure 2F.

The present synthesis used HAuCl,, tri-sodium citrate, and
PVP. Linear Au nanostructures were not obtained without PVP;
instead, we observed that tiny Au nanoparticles were aggregated
(Figure S5, Supporting Information). These results indicate that
tri-sodium citrate can mainly reduce Au ions to Au(0), and PVP
might minimize the aggregation of Au seeds. In addition, be-
cause the conversion rate of HAuCl, increased with increasing
PVP concentration, we supposed that PVP could also participate
in the reduction of Au ions as a mild reducing agent.[*>*] We
conducted a set of experiment to further investigate the effect of
PVP concentration on the morphology of the Au nanostructures.
Specifically, the HAuCl, aqueous solution was added to aqueous
solutions containing 0.3 M tri-sodium citrate and PVP of vari-
ous concentrations. When using the aqueous solution with the
PVP concentration of 0.1 wt% (Figure S6, Supporting Informa-
tion), linear nanostructures were mixed with tiny nanoparticles
and nanostructures that were not completely linear. It was esti-
mated that the linear nanostructures mostly had the AR between
2 and 7, shorter than the linear nanostructures synthesized by us-
ing the aqueous solutions containing 0.2-2 wt% PVP. With the
aqueous solution containing 5 wt% PVP (Figure S7, Supporting
Information), we did not observe a distinct difference in the mor-
phologies from those obtained by using the aqueous solutions
containing 0.2-2 wt% PVP: the AR values of the linear nanos-
tructures were more or less similar. Meanwhile, for the aqueous
solution containing 10 wt% PVP (Figure S8, Supporting Infor-
mation), the linear Au nanostructures were mixed with the irreg-
ular Au nanostructures. It has been reported that PVP can direct
the anisotropic growth of noble metal nanostructures!*! either by
selectively adsorbing on {100} or {111} facets[***¢! or by accumu-
lating on plane defects.l*’] The present experimental results also
suggest that PVP could help direct an anisotropic growth of the
Au nanostructures. However, the optimum concentration ranges
appear to exist to obtain the linear black Au nanostructures.

Several works were reported regarding the synthesis of Au
nanowires and nanowire networks based on the sodium citrate
and Au precursors in aqueous solutions. Pong et al.[*8l and Pei et
al.*] reported that Au nanowires (networks) were constructed,
as intermediate products, at an early reaction stage in the syn-
thesis of conventional spherical Au nanoparticles under boiling
or hot reaction conditions. They suggested that the nanowires
could be made by linear assemblies of tiny Au nanoparticles (due
to the steric effect*®]), and the event was followed by the depo-
sition of Au atoms on the assembled nanostructures. After the
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Figure 2. A) ATEM image of the Au nanostructures observed from the black Au aqueous suspension synthesized by using the aqueous solution with
tri-sodium citrate and 0.2 wt% PVP. B-D) TEM images of the individual Au nanostructures observed from the black Au aqueous suspension synthesized
by using the aqueous solutions with tri-sodium citrate and B) 0.2, C) 1, and D) 2 wt% PVP. E,F) Magnified TEM images of the Au nanostructures (1)
(in B) and (5) (in D). White arrows indicate the crystal growth direction, and red dashes indicate the boundaries between the two growing Au crystals.
G-1) TEM images showing tiny Au nanoparticles (white arrows) around the linear Au nanostructures. J) A TEM image of an Au nanostructure in which
tiny nanoparticles appear to be attached to a linear nanostructure. G—J) were observed from the black Au aqueous suspensions synthesized by using the
aqueous solutions with tri-sodium citrate and G,H) 2, 1) 1, and J) 0.2 wt% PVP.

depletion of AuCl,~, the nanostructures might be disassembled
into spherical Au particles. Pei et al. also suggested that the Au
nanowires (networks) could be harvested by adjusting the ratio
of citrate to Au precursor.*”) With a similar mechanism, it was
reported that a network of Au nanowires could be synthesized in
a basic aqueous conditions.[°! In the meantime, a literature in-
troduced oxalate and PVP to synthesize chain-like network of Au
nanowires (diameters ~#15-20 nm):°! it was reported that the ox-
alate dianion might bridge the Au nanoparticles to assemble in a
side-on fashion for the nanowire formation. This work also men-
tioned that the PVP controlled the reduction rate of Au precursor
by reducing contact between AuCl,” and oxalate, and reducing

Adv. Sci. 2023, 2207415

the Au nanoparticle growth.’!) Such PVP roles appeared differ-
ent from the roles observed from our studies. Additionally, there
was an earlier literature regarding the production of Au nanowire
networks, due to intrinsic anisotropic coalescence of atomic pre-
cursor or small Au clusters, from a laser ablation of precleaned
flat Au plates in deionized water.[?! The literature reported that
the average diameters varied from 6 to 12 nm depending on the
preparation temperature, the network nanostructures co-existed
with twisted Au nanorods, and the two structures could be sep-
arated Dby a filter process. From these literatures and our exper-
imental results, we understood and speculated that the present
winding and bent linear nanostructures could be harvested by
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capturing one of the early reaction stages of the conventional Au
nanoparticle synthesis from the introduction of PVP that could
both direct anisotropic growth and minimize/control the aggre-
gation/aggregation states of the Au seeds and nanoparticles.

We further attempted to deduce the mechanism of formation
of the polycrystalline linear Au nanostructures, based on the addi-
tional experimental results and the literatures. We often observed
tiny spherical Au nanoparticles among the linear nanostructures,
as shown in Figure 2G,H (see the white arrows). Most spherical
particles had diameters ranging from 3 to 5 nm, which is compa-
rable to the diameters of the linear nanostructures, and they ap-
peared to have single-crystalline structures (Figure S9, Support-
ing Information). In the other region, spherical Au nanoparticles
were mixed with some short linear nanostructures (Figure 2I).
Therefore, it is believed that Au(0) was added to the spherical
seed nanoparticles to form linear Au nanostructures with the aid
of PVP. At the same time, according to the literatures,/*3*! some
other Au nanoparticles can also attach to the growing nanostruc-
tures, resulting in polycrystalline structures. As such case, the
growth direction was changeable when the new nanoparticle was
not connected with the linear nanostructure by exactly matching
with their lattices each other. Consequently, various winding and
bent structures can be produced. In some cases, the Au nanopar-
ticles could be attached to the side of the linear Au nanostructures
(Figure 2H) or more than two seeds could be attached to the lin-
ear nanostructures (Figure 2] and Figure S10, Supporting Infor-
mation), possibly resulting in branched structures, as shown in
Figure 2A.

2.2. Optical and Photo-Thermal Characteristics of Black Au
Nanostructures

We attempted to understand the optical properties of the black-
colored aqueous suspensions containing linear Au nanostruc-
tures (Figure 1E) through theoretical studies of straight linear,
bent, and winding nanostructures (see Experimental Section for
more detail). The COMSOL Multiphysics software was used for
the calculations. We first studied the optical spectra of straight
linear Au nanostructures with a diameter of 4 nm and varying
AR = 4-10 (Figure 3A). The major peaks, owing to their longitu-
dinal resonance mode, were shifted to higher wavelengths with
increasing AR from 790 (AR = 4) to 1390 nm (AR = 10). The
peak wavelength increase for this resonance mode can also be
observed in conventional, mini, and ultrathin nanorods.[*04253]
We investigated the optical spectra of the completely bent nanos-
tructures (U-shaped) (Figure 3B,C). Two peaks were observed
at 570 and 880 nm for AR = 4, and these peaks were shifted
to higher wavelengths with increasing AR: they were observed
at 800 and 1920 nm, respectively, for AR = 10. The spectral
shapes of bent Au nanostructures were similar to those of U-
shaped split-ring resonators fabricated on substrates.>*] It was
reported that the peak at short and long wavelengths was caused
by the electric field component and magnetic resonances of the
plasmonic nanostructure, respectively. Importantly, in this study,
the peaks generated at short wavelengths generally (for AR =
4.5-10) had higher extinction cross-sectional values (o) than
those generated at long wavelengths, and these peak wavelengths
were shorter than those of the straight linear Au nanostructures
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(570 nm versus 790 nm for AR = 4 and 800 nm versus 1390 nm
for AR = 10). We further investigated the optical spectra of the
bent nanostructures by varying the bent angle from 180° (U-
shaped) to 0° (straight) (Figure 3D). As shown in Figure 3E,F, o,
of the peaks shown at shorter wavelengths increased, whereas
those shown at longer wavelengths decreased with increasing
bent angles. Conclusively, the existence of bent Au nanostruc-
tures might mostly contribute to the increase in o, at visible
frequencies, whereas the straight linear Au nanostructures could
largely contribute to the increase in o, at near-infrared frequen-
cies.

Because the present linear Au nanostructures had various AR
and various winding and bent structures (Figure 2), we tried to
explain the experimental spectra using the calculated ones. Fig-
ure 3G shows the result of the best fit to the experimental spec-
trum obtained from the black Au suspension synthesized by us-
ing the aqueous solution with tri-sodium citrate and 2 wt% PVP.
We briefly summarize the fitting processes and results as follows.
A broad spectrum was obtained from ~750 to 1300 nm when
considering only the straight linear Au nanostructures (Figure
S11A, Supporting Information); thus, the calculated spectrum
did not match the experimental data at visible frequencies. Mean-
while, when considering the bent nanostructures (bent angles of
0-180°), we found that the calculated and experimental spectra
were close to each other (Figure S11B, Supporting Information).
However, the calculated spectrum exhibited only a small peak at
500-520 nm, and its intensity was not as significant as that of
the experimental spectrum. It is general that conventional Au
nanorods (mostly having diameter >10 nm) have characteristic
peaks ~500-520 nm, owing to the transverse resonance mode.
Meanwhile, it was reported that ultrathin Au nanorods did not
show significant cross-sectional values in the transversal modes
compared with the longitudinal resonance modes.!*?] Therefore,
we ascribed the peaks at 500-520 nm from the experiment to the
existence of tiny spherical Au (seed) nanoparticles mixed with the
linear Au nanostructures, as shown in Figure 2G-I. We calculated
the spectra of the spherical Au nanoparticles with diameters of
3, 4, and 5 nm (Figure S11C, Supporting Information), and the
peaks were observed ~515-520 nm. After considering the con-
tribution of the spherical Au nanoparticles, the theoretical calcu-
lation results were similar to the experimental values, as shown
in Figure 3G. Table S1, Supporting Information, summarizes the
estimated volume fractions (%) of linear Au nanostructures and
spherical (seed) nanoparticles. We also attempted to match the
experimental spectrum of the black Au suspension synthesized
by using the aqueous solution with tri-sodium citrate and 1 wt%
PVP, as shown in Figure 3H.

It is worth mentioning that the experimental spectra obtained
from the aqueous suspensions synthesized using the aqueous so-
lution with tri-sodium citrate and 0.2 or 1 wt% PVP were slightly
different from that of the suspension synthesized using the so-
lution with tri-sodium citrate and 2 wt% PVP, particularly at
wavelengths >1300 nm and intensities at 510-520 nm. From re-
peated experiments, we found that the difference might not be
due to the effect of the PVP concentration used for the synthesis,
but that spectra were slightly different from sample to sample,
even when using the same concentration of PVP. Therefore, a
slight difference was observed during the synthesis and purifica-
tion processes. Nevertheless, more importantly, all the samples
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Figure 3. A,B) Calculated extinction cross-sections (o) of A) straight and B) bent linear Au nanostructures having a diameter of 4 nm as a function of
AR. C) is the magnified spectra of (B). D) Model linear Au nanostructures having a bent angle of 0 to 180° for the calculation of 0. k,, k,, and k, are
the propagation vectors heading x-, y-, and z-directions, respectively. See Experimental Section for more detail. E,F) 6., of the linear Au nanostructures
(diameter = 4 nm) having AR of 4 (E) and 10 (F) for various bent angles. G,H) Fitting results (blue squares) to the experimental data (black spheres)
of the Au nanostructure aqueous suspensions synthesized by using the aqueous solution with tri-sodium citrate and G) 2 wt% PVP and H) 1 wt% PVP.
The volume fractions of the Au nanostructures were summarized in Table S1, Supporting Information.

contained similar Au nanostructures (Figure 2), stayed black
(from Figure 1), and hence retained similar optical properties
when processed into other forms, as will be discussed in Fig-
ure 4. It is also worth noting that the bent angles of the linear Au
nanostructures were random (and thus not controllable) within
the PVP concentration range we used for the synthesis of linear
Au nanostructures.

We performed additional calculations as follows. The optical
characteristic of the winding linear Au nanostructure modeled
based on Figure 2B,E was similar to that of straight linear Au
nanostructure (Figure S12A, Supporting Information). However,
0. and the absorption cross-section (o) of the winding linear
Au nanostructures was slightly lower (6, = 6.15 X 107 and o,
= 6.14 X 107!® m?) than those of the straight linear Au nanos-
tructure (6., = 7.17 x 1071% and o, = 7.15 X 107'® m?). The
ratios of o, to 6., for the two nanostructures were almost iden-
tical at their peak wavelengths (~0.997). The maximum extinc-
tion peak was slightly shifted to the shorter wavelength (wind-
ing: 1190 nm and straight: 1200 nm). Similar result was reported
in a literaturel®®! where the absorption and scattering cross sec-

Adv. Sci. 2023, 2207415

tion of bent Au nanorods at their longitudinal mode decreased as
bent angle increases. In the present calculation, we assumed that
the winding structure was constructed by combining the torus
segments (bent segments with various bent angles), cylinders
(straight segments), and hemispheres. Therefore, o, and o,
could be smaller than that of straight linear Au nanostructures.
Additionally, the peak positions of the straight linear Au nanos-
tructures with a diameter of 4 nm were almost similar to those
of Au nanostructures with diameters of 5 nm (Figure S12B, Sup-
porting Information for AR = 6 and 10).

As mentioned above, the calculation results also suggested that
the Au nanostructures have an absorption-to-extinction ratio of
almost 1, implying that almost all the extinct light could the-
oretically be absorbed by the nanostructures. Because some of
the absorbed light can be converted into heat, we theoretically
investigated the ability of the linear Au nanostructures to pro-
duce heat when they were surrounded by water (see Experimen-
tal Section for more details). The straight linear Au nanostruc-
tures produced heat under light illumination with wavelengths
(A;,) corresponding to the peaks from their longitudinal modes
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Figure 4. A) Calculated time-course changes in temperature (AT) of straight linear Au nanostructures (diameter = 4 nm) when a light at a peak wave-
length 4;, (in Figure 3A) is incident on the nanostructure. B) Calculated AT of various Au nanostructures when a light of a peak wavelength 4, is
incident on the nanostructures: 4;, were 1300, 760, 680, and 520 nm, respectively, for a straight Au nanostructure, a bent Au nanostructure, a straight
Au nanostructure having larger diameter, and an Au nanosphere (diameter = 9.4 nm). They have the same volumes. C) Calculated AT of the straight and
winding linear Au nanostructures when a light of a peak wavelength (4;, = 1190 and 1200 nm for winding and straight, respectively) is incident on the
Au nanostructures. D) A schematic illustrating the fabrication process of the black Au nanostructure films on various substrates. E) Reflectance spectra
of a Cu plate, sunselect, HPC-carbon black, and HPC-black Au nanostructure films coated on Cu. Photographs: top, the Cu plate; bottom, HPC-black
Au nanostructure films on Cu. F) Transmittance spectra of a glass slide, HPC-carbon black, and HPC-black Au nanostructure films coated on the glass.
Photographs: top, the glass slide; bottom, HPC-black Au nanostructure films on the glass. G) A schematic illustrating the fabrication process of the
HPC-black Au nanostructure laminate film (LF). H) Transmittance spectra of a PET, a LF, the HPC-black Au nanostructure films either coated on the
PET or laminated in LF. Abbreviation: BG 0.2, BG 1, BG 2 are the films prepared by using the black Au suspensions synthesized by using the tri-sodium

citrate and 0.2, 1, and 2 wt% PVP, respectively.

(Figure 4A). The heating rates increased slightly with increasing
AR of the nanostructures. From Figure 4B, the heating rate of
the straight linear Au nanostructure (13.2 K min™' for AR = 9)
was higher than that of the bent Au nanostructures (9.8 K min~!
for AR =9 and bent angle of 180°), which was in line with a pre-
vious report that the bent Au nanorods have lower heating effi-
ciency than the straight Au nanorods.®! Additionally, the heat-
ing rates of the straight and bent linear Au nanostructure were
higher than that of an Au nanostructure with identical volume
but a different dimension (7.7 K min™' for diameter = 6 nm and
AR = 2.9) and higher than that of an Au nanosphere having the
same volume (0.60 K min~! for diameter = 9.4 nm). From Fig-
ure 4C, we found that the winding linear Au nanostructure had

Adv. Sci. 2023, 2207415

a lower heating rate (11.0 K min~! for AR = 8) than that of the
straight linear Au nanostructure (12.6 K min~! for AR = 8). Be-
cause the photo-thermal efficiencies could depend on the o, of
Au nanostructures, we understand the photo-thermal efficiencies
of winding linear Au nanostructures could be lower than those
of straight linear Au nanostructures. Because the present black
Au aqueous suspension contains variously deformed (winding
and bent) linear Au nanostructures, theoretical studies suggest
that the photo-thermal efficiencies are slightly lower than those of
the straight linear Au nanostructures. Nevertheless, their photo-
thermal efficiencies are sufficiently high compared with those of
spherical nanoparticles and conventional nanorods with equiva-
lent volumes.
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2.3. Fabrication of Light Collecting Films with Black Au
Nanostructures and Their Photo-Thermal and
Photo-Thermoelectricity Performances

The aqueous suspensions containing the black Au nanostruc-
tures can be processed into a light-collecting film. It is known
that a metal-dielectric structure is an efficient form for a solar
collector.’’-] Most metal-dielectric structures have been fabri-
cated using inorganic materials. On the other hand, we attempted
to prepare light-collecting films by coating aqueous mixtures con-
taining the black Au nanostructures and hydroxypropyl cellulose
(HPC), a water-soluble biopolymer, on various substrates (see the
schematic in Figure 4D). HPC helped to keep the Au nanostruc-
tures exhibiting their own black characteristics even after drying.
The concentration of the Au nanostructure was adjusted for the
film to be suitable as a light collector for thermoelectricity (see
Experimental Section for more details). We first prepared a film
coated on a Cu plate. From Figure 4E, the black-colored film (pho-
tograph) coated on the Cu surface showed a reflectance less than
5% at 400-2000 nm. The spectrum was comparable to that of the
film prepared using HPC-carbon black and sunselect, the com-
mercially available sunlight-collector film coated on Cu.

The HPC-black Au nanostructure film can be prepared on
transparent substrates, such as glass and flexible polymers. The
sample showed nearly zero transmittance until a wavelength
of 2000 nm (Figure 4F; see also photographs), and the re-
flectance was less than 7% (mostly 3-7%) at 400-2000 nm (Fig-
ure S13A, Supporting Information). There were no obvious dif-
ferences in the transmittance and reflectance spectra of the
films made of HPC-carbon black and HPC-black Au nanostruc-
tures. We also coated the HPC-black Au nanostructures on a
poly(ethylene terephthalate) (PET) film and laminated the HPC-
black Au nanostructures with a coating machine, as shown in Fig-
ure 4G (see Experimental Section for more details). Their trans-
mittances were almost zero at 400-2000 nm (Figure 4H), and the
reflectance of the HPC-black Au nanostructure film on PET var-
ied from 3-6%, and that of the HPC-black Au nanostructure lam-
inate film was less than 5% (Figure S13B, Supporting Informa-
tion). The results demonstrate the processability of the black Au
nanostructures for various applications.

Light-collecting films for solar thermoelectric applications
must have a high solar absorptance (a) (>0.9) and low emittance
(€) (<0.1). It is known that a can be estimated as follows:[®]

@ z/ﬂsol (A)A(2) d}V//ﬂsol (A)da 1)

where ¢ ;(4) is the solar irradiance intensity at AM 1.5 G and
A(4) is the absorbance at the wavelength A. For the film coated
on the Cu substrate, A (4) can be expressed as 1-reflectance (4).
We used 280-2000 nm for the calculations. e can be estimated as
follows:[>%:€0]

e = / P, (A) € (2) dA/ / P, () dA 2)

where Pg(4) is the spectral radiance of a black body at a cer-
tain temperature T and e(4) is the emissivity of the material
at the wavelength 1. According to Kirchhoff's law of thermal
radiation,[®®! (1) is equal to A(4) in thermodynamic equilibrium.

Adv. Sci. 2023, 2207415

www.advancedscience.com

Again, A(4) = 1-reflectance(4) for the films coated on the Cu sub-
strates. We measured the reflectance(4) of the sample by using
infrared spectroscopy from 2.5 to 25 pm (see Experimental Sec-
tion for more details). It was estimated that the film contained
HPC-black Au nanostructures had @ of 0.97 and ¢ of 0.08, and
sunselect had « 0f 0.96 and ¢ of 0.05.

Figure 5A shows the temporal change (AT) in the tempera-
tures of the Cu plate, sunselect, the HPC-carbon black, and HPC-
black Au nanostructures under simulated sunlight illumination
(AM 1.5 G, 100 mW cm~2). We also investigated the temperature
changes of the other films, and Figure 5B summarizes AT of all
the samples tested after the illumination of simulated sunlight
for 900 s. The Cu plate showed a AT of 24 K, whereas the films
prepared with HPC-black Au nanostructures and HPC-carbon
black hadAT of 37-39 and 37 K, respectively. The sunselect had
a AT of 43 K. For the glass substrate, the glass slide had a AT of
18 K, while the film prepared with HPC-black Au nanostructures
reached 36-38 K. The AT of HPC-Au nanostructures on PET and
the HPC-Au nanostructure laminate film were similar to those of
films on glass.

We devised a thermoelectric experimental setup, as shown in
Figure 5C. The film coated on the Cu substrate (1 X 1 cm?) was
placed on the top surface of a thermoelectric generator (Bi, Te,),
and its bottom surface was placed in contact with a cold body
(an ice block) to keep the temperature difference between the
hot and cold sides to generate electricity. After illumination with
simulated sunlight for ~100 s, current (I)-voltage (V) diagrams
were recorded (Figure 5D), and the results are summarized in
Figure S5E,F. The short-circuit current I, (Figure 5E) was 98 +
0.9 mA for the Cu plate, whereas those of the sunselect and the
films prepared with HPC-carbon black were 125 + 5.3 and 123
+ 4.8 mA, respectively. The HPC-black Au nanostructure film
had an I of 121 + 5.5 to 125 + 4.1 mA, respectively. The maxi-
mum power conversion efficiencies (1, %) (Figure 5F) were calcu-
lated as 100 X (P, / Pygp,) Where Py, is the incident light power
(for simulated sunlight, Py, = 100 mW cm™?) and P, is the
maximum power produced by the thermoelectric device (from I-
V profiles) during light illumination. # was 0.35 + 0.02 for the
Cu plate while the sunselect, the film coated with HPC-carbon
black, and HPC-Au nanostructures had # of 0.56 = 0.05, 0.56 +
0.06, and 0.52 + 0.05-0.58 + 0.002%, respectively. It was reported
that # reached 0.63% when using flat plate collectors and thermo-
electric devices with ZnSb-based alloys under the illumination of
light (Pyg,, of #82 mW cm™?).[!) Therefore, the results under the
present setup appeared close to the maximum efficiency for ordi-
nary and everyday use. More importantly, the results demonstrate
that the black Au nanostructures can exhibit thermoelectric per-
formances comparable to those of the top-class solar-collecting
commercial film.

We further investigated whether the present films are useful
for harvesting low-energy light from household appliances. A
desk LED lamp was used, as shown in Figure 5G. The LED lamp
produced a Py, of 40 mW cm™” when the distance (d) between
the lamp and the film was 5.2 cm. Although I, were lower than
those obtained from the illumination of sunlight (Figure 5H), #s
were enhanced (Figure 5I): the sunselect, the film coated with the
HPC-carbon black, and the HPC-Au nanostructures had  of 0.69
+ 0.06 (maximum #: 0.77), 0.82 + 0.07% (maximum #: 0.89), and
0.72 + 0.09-0.80 + 0.07% (maximum #: 0.90), respectively.
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Figure 5. A) Temporal changes in the temperature (AT) of the Cu plate, sunselect, and the HPC-carbon black (CB) and HPC-black Au nanostructure films
on the Cu upon the illumination of the simulated sunlight (AM 1.5 G, 100 mW cm~2). B) The AT (at 900 s) of the various light-collecting films coated on
various substrates and the HPC-black Au nanostructure LF. The error bars indicate the standard deviation obtained from six independent measurements
(n = 6). C) A schematic depicting the setup for the solar thermoelectricity experiments where the light collecting films coated on Cu were placed on the
thermoelectricity device. D) I-V diagrams for the Cu plate, sunselect, and the Cu coated with HPC-CB and HPC-black Au nanostructure films. E) I, and
F) n obtained from the thermoelectricity device (/-V diagrams) when using various light collecting films under the illumination of simulated sunlight (n
= 3). G) A schematic depicting the setup in which the light-collecting films coated on Cu were placed on the thermoelectricity device while illuminated
by an LED light (Pjg; = 40 mW cm™2). H,1) I, and 5 obtained from the thermoelectricity device when using various light-collecting films under the
illumination of LED light (n = 3).

We introduced a larger-area thermoelectric device (4 X 4 cm?) 1.0 mV, and a 5 of 0.36 + 0.01%. The device with the Cu plate
to generate a larger amount of power, as schematically shown hadan I of 56 + 0.7 mA, a V. of 104 + 1.1 mV, and a 5 of 0.56
in Figure 6A. In this case, it was necessary to use paper clips for ~ + 0.02%. The device with the HPC-black Au nanostructure film
close contact between the ice block (made from a refrigerator)and ~ on Cu had I  of 64 + 3.5 mA, V. of 123 + 4.5 mV, and 5 of 0.75
the device. The clips also help maintain intimate contact between  + 0.07%. These results demonstrate the possibility that the LED
the device and the light-collecting film placed on the device. The  light used in the house can be effectively converted into electricity
LED light illuminated 10 cm? of the Cu plate or the HPC-black  using a thermoelectric device when introducing the HPC-black
Au nanostructure film coated on the Cu after clipping. We com-  Aunanostructure film. Last, we connected the two thermoelectric
pared the photo-thermoelectricity performances among the clip-  devices in series to increase V,_ (Figure 6D). As shown in the in-
attached device (without the Cu plate and film), the clip-attached  set, each device was illuminated by the light with a Py, of 26 and
device with the Cu plate, and the clip-attached device with the 33 mW cm™2. As a result, the serially connected device equipped
HPC-black Au nanostructure film on the Cu. From Figure 6B,C,  with the black Au nanostructures had a lower I, of 50 + 0.76 mA
the device itself produced an I, of 45 + 1.5 mA, a V. of 83 + compared with the I from the setup shown in Figure G6A.
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Figure 6. A) A schematic depicting the setup in which a 10 cm? HPC-black Au nanostructure film coated on Cu was placed on the thermoelectricity
device while illuminated by LED light (d = 5.2 cm, Pjgp,e = 40 mW cm™2). B) I-V profiles for the device itself, the device joined to the Cu plate, and the
device jointed to the Cu coated with black HPC-Au nanostructure film. C) n obtained from the thermoelectricity device for the three cases shown in (B)
with the setup in (A). The error bars indicate the standard deviation obtained from three independent measurements (n = 3). D) |-V profiles obtained
from an experimental setup where the two thermoelectricity devices were connected in series (see inset cartoon): each device is placed on a 10 cm? black
HPC-Au nanostructure film coated on Cu. Pj,p,; delivered to each device were 26 and 33 mW cm™2, respectively. For the preparation of black HPC-Au
nanostructure film, we used the black Au suspensions synthesized by using the tri-sodium citrate and 1 wt% PVP.

However, V,_increased to 205 + 3.3 mV. 5 reached 0.65 + 0.03%
(for the Cu plate I, =41 +£1.90 mA, V. =167 + 6.2 mV, n = 0.44
+ 0.03%).

3. Conclusion

We demonstrated that the present linear black Au nanostruc-
tures can absorb considerable amounts of sunlight and low-
energy indoor light to produce heat, thereby contributing to elec-
tric generation through a photo-thermoelectricity system. The
linear black Au nanostructures could be simply synthesized in
aqueous solutions, and they can also be readily processed by
combining them with natural polymers to form metal-dielectric
light-collecting films. The films had high a (0.97) and low €
(0.08), which are the important parameters of the films for so-
lar thermoelectricity. Therefore, the film exhibits comparable
photo-thermal and photo-thermoelectric performances with a

Adv. Sci. 2023, 2207415

top-class solar light collecting film under simulated sunlight and
indoor LED light illumination. In addition, we demonstrate that
black Au nanostructures can be fabricated in various dimen-
sions for photo-thermoelectric systems to produce more electric-
ity. Therefore, more usable energy is expected to be generated
if photo-thermoelectric device systems are optimized to harvest
low-energy light and when the light-collecting films are fabri-
cated to meet the optimized systems. We also demonstrated that
the film can be formed on a flexible film or laminated, mak-
ing it potentially useful as a flexible photo-thermoelectric system.
Moreover, the black Au nanostructures could be processed into
various forms for other photo-thermal (such as steam genera-
tion for desalination/water purification) or photo-electricity pur-
poses. In conclusion, the current linear black Au nanostructures
may have a significant impact not only on the usage of photo-
thermoelectric devices to utilize low-energy indoor lighting, but
also on other light-associated applications.
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4. Experimental Section

Materials:  HAuCl4e3H,0 (99.9%), PVP (MW =~ 55 000), and HPC
(MW = 100 000) were purchased from Sigma Aldrich. Tri-sodium citrate
(99%) was purchased from Fisher Scientific. Glass slide and PET films
(thickness: 100 um) were obtained from Paul Marienfeld GmbH & Co.
(Germany) and Lamiace (Republic of Korea), respectively. A laminating
film made from PET, polyethylene, and ethylene-vinyl acetate copolymer
was obtained from Hyundai office (Republic of Korea). The sunselect was
obtained from Alanod-Solar GmbH & Co. KG (Germany).

Synthesis of Black Au Nanostructures: Typically, 0.3 mL of 25 mm
HAuCl, aqueous solution was added to 5 mL aqueous solution contain-
ing 0.3 ™ tri-sodium citrate and 0.2-2 wt% PVP. After the reaction was
conducted for 5 min at room temperature (20-25 °C), the aqueous sus-
pension was centrifuged at 11 000 rpm for 30 min. After removing the
supernatant, the cake was re-dispersed in deionized water.

Black Au Nanostructure Film Preparations: The black Au nanostructure
aqueous suspension was centrifuged again, and a 2 wt% HPC aqueous
solution was added to the Au nanostructure cake. The amount of HPC
aqueous solution was adjusted to increase the concentration of the Au
nanostructures by 150-fold from the black Au aqueous suspension with
an approximate extinction of 0.5 at 520 nm. The volume of the HPC-black
Au nanostructure aqueous suspension added to the substrate depended
on the area of the substrate. For example, 0.4 mL per 1.5 x 1.5 cm? of HPC-
black Au nanostructure aqueous suspension was added to Cu, glass, and
PET, and the coating films were dried at 50 °C for 45 min in a convection
oven. For the preparation of the HPC-black Au nanostructure laminate film
(see Figure 4G), 0.4 mL per 1.5 x 1.5 cm? of HPC-black Au nanostructure
aqueous suspension was added to one side of a commercial flexible lam-
inating film. After drying, the other film covered the HPC-black Au nanos-
tructure film, and the overlapped films were transferred to a laminating
machine (Hyundai office, Republic of Korea). After cutting the sides, an
HPC-black Au nanostructured laminate film was obtained.

Characterizations: The morphology of the Au nanostructures was ob-
served using a TEM (JEM2100F, JEOL, Japan). The extinction spectra of
the aqueous suspension containing black Au nanostructures were mea-
sured using a UV-vis-NIR spectrophotometer (V-670, JASCO, Japan). The
transmittance and reflectance of the films coated on various substrates
(including the laminated films) were measured using the same instru-
ment equipped with a 60-mm integrating sphere (ISN-723) and a Spec-
tralon reflectance standard (Labsphere). For the calculation of the emit-
tance (€) of the films on Cu, we used an infrared spectroscopy (NICOLET
1S50, Thermo Fischer Scientific, USA) under the attenuated total reflection
mode. The background signals were calibrated from 2.5 to 25 um using
an Au (100 nm)-coated silicon wafer and a Cu plate, and the reflectance
of the sunselect and the HPC-black Au nanostructure film on the Cu were
recorded. The absorbance A(4) of each film was obtained using the rela-
tionship 1—reflectance(4) for the films coated on the Cu substrates, and
A(A) was used to calculate € using Equation (2). The temperature incre-
ment was measured by attaching a thermocouple to the back side of the
light-collecting films during the incidence of simulated sunlight from a so-
lar simulator (Model 10 500, Abet Technologies, USA) under AM 1.5 G
conditions. The thermoelectric current (/) and voltage (V) profiles gener-
ated from a thermoelectric device (Bi,Te; with a figure of merit ZT of 1.1 for
p-type and 1.0 for n-type at 300 K, EVERREDtronics, China) were recorded
by connecting the thermoelectric device to a potentiostat (WMPG1000,
WonATech, Republic of Korea). The experimental setup is shown in Fig-
ures 5C,G and 6A,D. Depending on the sample area (10r 10 cm?), we used
thermoelectric devices with different areas (1 and 16 cm?, respectively).
For the experiments where the LED light illuminated the light-collecting
films, we used a desk LED lamp (Solarzen, wavelength: 400-750 nm, Re-
public of Korea).

Calculations: COMSOL Multiphysics (Version 5.4, Waveoptics mod-
ule, Sweden) software was used to investigate the theoretical extinction
and absorption cross sections of the black Au nanostructures. For the re-
fractive index of water, we used 1.33. The complex refractive indices of Au
were adapted from the experimental values provided by a literature.[6?]
The incident electric-field intensity was 1V m™'. Linearly polarized elec-

Adv. Sci. 2023, 2207415

www.advancedscience.com

tromagnetic waves were incident from the three different directions to the
straight linear and bent Au nanostructures (see Figure 3D). For each di-
rection, electric (E) and magnetic (H) fields were polarized along the two
directions (e.g., E,, E, and H,, H, for k, where k, is the propagation vector
heading x-direction). Therefore, it was possible to obtain the optical spec-
tra of the Au nanostructures without the effect of polarization directions.
It was assumed that a straight linear Au nanostructure was formed by the
two hemispheres attached to both ends of a cylinder. It was also assumed
that the bent Au nanostructures were made by connecting two cylinders to
both ends of a torus segment and sequentially attaching the hemispheres
to the ends of the cylinders. We assumed that the winding structure was
constructed by combining the torus segments (bent segments with bent
angles of 13, 17, 27, and 40°), cylinders (straight segments), and hemi-
spheres.

The heat transfer module of COMSOL Multiphysics was used for the
photo-thermal study. Incident power of 1 mW cm~2 was applied to the
Au nanostructures. The volume fraction of Au nanostructures in the sur-
rounding medium (water) was 1.3 x 107*. The temperature change was
obtained at the center (coordinate: (0,0,0)) of the simulation geometry.

Statistical Analysis:  This work presented some data as the average +
standard deviation from a number of independent instrumental measure-
ments for each sample. The number of measurements (n) was six for the
studies on the temperature changes while illuminating the simulated sun-
light on the light-collecting films having the areas of either 1 cm?, and
n =3 for the photo-thermoelectricity performance while illuminating the
simulated sunlight and the LED light on the light-collecting films having
the areas of either 1 or 10 cm? (including the two samples connected in
series).
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