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New Concepts

We demonstrated a novel concept that biologically-assembled 3D gold nanoparticles
(AuNPs) nanochains could efficiently convert solar energy first into heat and then into
electricity due to their enhanced plasmonic coupling and broadened solar absorption
spectra. Plasmonic nanoparticles, when fabricated or assembled into specific higher-
ordered structures, showed great tunability of optical absorption, thus drawn intensive
interest in photothermal applications. However, most of the reported structures, mainly 0D
and 1D nanomaterials, failed to achieve high solar-thermal energy conversion efficiency.
0D nanoparticles tend to form close-packed patterns during film fabrication, increasing the
reflectivity leading to the energy loss. 1D nanochains, although much more favorable for
film fabrication, can only absorb strongly in the visible and short-wavelength side of the
near infrared range. Besides, the fabrication or assembly of these 1D nanochains is hard to
control. Here, ultrathin bionanofibers, bacterial flagella, are used as templates for the 3D
arrangement of AuNPs with very small inter-particle gap, allowing enhanced 3D coupling
of surface plasmon, which significantly broadened the absorption spectra. As a result, thin
films fabricated assembled from the 3D nanochains can serve as a full-spectrum solar
absorber and efficiently convert the solar energy into heat that is further turned into
electricity in thermoelectric devices.
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Linear light-absorbing nanomaterials are ideal for film-based solar
harvesting applications as they form porous structures that can
maximize the absorption and minimize the reflection of the solar
light. Conventional 1D nanochains of plasmonic nanoparticle
assemblies can achieve significantly broadened optical absorption
through surface plasmon coupling, but their optical bands are still
not broad enough to absorb through the solar spectrum and thus
are not efficient solar absorbers. Here we discovered first by
simulation that 3D structured nanochains of plasmonic
nanoparticles presented remarkably increased optical broadening
effect and much longer redshift of optical peaks due to enhanced
inter-particle coupling effect. Then we fabricated the 3D
nanochains by assembling gold nanoparticles (AuNPs) around 14
nm ultrathin bionanofibers, the bacterial flagella. The ultrathin
biotemplates enabled the 3D arrangement of 50 nm AuNPs along
the nanofiber with very small inter-particle gap, allowing the strong
coupling of surface plasmon in a 3D manner. Consistent with the
theoretical prediction, the 3D nanochains, when assembled into
films, could effectively convert nearly the full spectrum of solar
energy into heat, which was further efficiently converted into
electricity through a thermoelectric generation unit. Our work
represents a nanobiomaterial approach to highly efficient solar
thermal power generation.
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New concepts

We demonstrated a novel concept that biologically-assembled
3D gold nanoparticles (AuNPs) nanochains could efficiently
convert solar energy first into heat and then into electricity due
to their enhanced plasmonic coupling and broadened solar
absorption spectra. Plasmonic nanoparticles, when fabricated
or assembled into specific higher-ordered structures, showed
great tunability of optical absorption, thus drawn intensive
interest in photothermal applications. However, most of the
reported structures, mainly OD and 1D nanomaterials, failed to
achieve high solar-thermal energy conversion efficiency. 0D
nanoparticles tend to form close-packed patterns during film
fabrication, increasing the reflectivity leading to the energy loss.
1D nanochains, although much more favorable for film
fabrication, can only absorb strongly in the visible and short-
wavelength side of the near infrared range. Besides, the
fabrication or assembly of these 1D nanochains is hard to
control. Here, ultrathin bionanofibers, bacterial flagella, are
used as templates for the 3D arrangement of AuNPs with very
small inter-particle gap, allowing enhanced 3D coupling of
surface plasmon, which significantly broadened the absorption
spectra. As a result, thin films fabricated assembled from the 3D
nanochains can serve as a full-spectrum solar absorber and
efficiently convert the solar energy into heat that is further
turned into electricity in thermoelectric devices.

Introduction

Solar energy, due to its great abundance, long-term
sustainability and easy accessibility, has been considered as the
most appealing renewable energy resource. As one of the solar
energy harvesting methods, solar-thermal conversion has been
demonstrated useful in many applications especially solar
thermoelectric generation. The effective solar radiation is
mainly distributed in the 400-2200 nm range. Thus, for solar
energy conversion, optimal solar absorbers should possess
intensive optical absorption throughout the whole solar
wavelength range. One-dimensional (1D) linear structures are
ideal candidates for the fabrication of thin film based solar

absorbers, the primary form of its kind in solar applications.
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Scheme 1. Fabrication of bacterial flagella-templated 3D Au nanochains with broad optical absorption for solar-thermal energy conversion and electricity generation. a) Fabrication
of 3D Au nanochains. (1) and insets: structure of bacterial flagella. Flagella are the motion organ of bacteria. Structurally, they are bio-nanofibers of 14 nm diameter, helically self-
assembled from flagellin unit protein. (2) and inset: 3D assembly of tiny 3 nm AuNPs onto flagella nanofiber template through electrostatic interaction between flagella and PEI-
coated AuNPs. Due to the distinct size difference, 3 nm AuNPs form a loose 3D linear distribution along the 14 nm flagella template. (3) and inset: 3D black Au nanochains formed
through seed-mediated growth of the 3 nm AuNPs on the flagella. During seeded growth, the size of the AuNPs on the flagella template has increased from 3 nm to around 50 nm,
resulting in a closely stacked 3D Au nanochains. Due to the small inter-particle gap, strong plasmon coupling takes place among 3D distributed AuNPs not only along the longitudinal
direction (like regular 1D nanochains), but also through the transverse direction (unique for the 3D structured nanochains), leading to significantly broadened optical absorption.
b) Application of 3D Au nanochains as thin film solar absorber for solar-thermal conversion and electricity generation. (1) Upon deposition onto a copper plate, the 3D nanochains
formed a mesoporous, dark black colored thin film. The broad optical band of the 3D nanochains ensures full-spectrum solar absorption and thus high-efficiency solar-thermal
conversion. Moreover, the mesoporous structure of the film effectively traps light by multiple internal reflection and absorption (blue arrows), minimizing the reflection loss of
the solar radiation. (2) Integration of the 3D nanochain-based thin film solar absorber with a commercial thermal electricity generation (TEG) unit to demonstrate electricity
generation using the solar-thermal energy produced by the 3D nanochain film.

Thin films formed by 1D nanomaterials feature porous
structures and therefore can effectively trap light through
multiple reflection and absorption inside the pores, minimizing
the reflection loss of the incident light to the environment. Self
or induced assembly of plasmonic nanoparticles, such as gold,
silver, copper or aluminum nanoparticles, has provided a simple
way of fabricating various types of novel nanostructures.’*
More importantly, this method endows great optical tunability

2 | J. Name., 2012, 00, 1-3

to the nanomaterials, which sometimes can hardly be achieved
through direct chemical synthesis.” 1D linear nanochains
composed of gold nanoparticles (AuNPs), are one of the most
investigated assemblies, with numerous reports on their
fabrication, optical properties and applications.81” A significant
redshift and broadening of the optical band can be observed
upon assembly of spherical AuNPs into 1D linear nanochains,

This journal is © The Royal Society of Chemistry 20xx
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enabling them for applications demanding optical absorption in
the near infrared range, such as solar energy conversion.

The linear structure of the 1D Au nanochains brings them a
significant advantage over those zero-dimensional (0D) AuNPs,
such as gold nanoshells,’® nanodendrites,*> 2° and self-
assembled gold clusters and vesicles,?> 22 which are also
potential solar absorbers due to their relatively broad optical
absorption. However, OD nanoparticles tend to form a close-
packed pattern during film fabrication, making the films
remarkably more reflective.?326 Most of the reported 1D linear
gold nanochains can indeed absorb strongly in the visible and
short-wavelength side of the near infrared range, however, they
can rarely capture long-wavelength light in the solar spectrum
(i.e. 1100-2200 nm). Failure to collect the full solar radiation is
one of the reasons leading to low solar energy conversion
efficiency in the current industry. Unlike most of the previously
reported nanochains, which were a single string of individual
NPs (Fig. 1a), here we hired microorganisms to produce novel
nanochains made of AuNPs closely stacked in 3D around a
filamentous biotemplate (termed 3D nanochains) (Scheme 1).
Specifically, we used bacteria to produce protein nanofibers
(~14 nm in diameter), flagella, which are the bacteria-swimming
machines attached to the bacterial surface and can be purified
by a simple vortexing process. Then we employed the flagella as
1D biotemplates to produce 3D nanochains from AuNPs. The
resultant nanochains bear both multiple AuNPs transversely
and many AuNPs longitudinally, and can be pictured as close
stacking of multiple single NPs strings (Fig. 1c).

This study was motivated by our effort in computational
simulation, where we introduced such 3D features into the 3D
nanochains and found that the resultant optical spectra were
apparently broadened and red-shifted to far NIR region. Then
we developed a novel strategy to fabricate the 3D nanochains
through the flagella-templated assembly (and the subsequent
growth of the assembled AuNPs) of tiny AuNPs (~ 3 nm).
Namely, the flagella-templated assembly of the pre-synthesized
AuNPs resulted in a loose and scattered 3D distribution of
AuNPs along the cylindrical outer wall of the templates.
Following a seed-mediated growth process, the individual
AuNPs on the templates became larger (up to 50 nm) and
simultaneously the inter-particle distance was gradually
reduced, to finally form 3D nanochains. The 3D nanochains
exhibited an intensive flat optical band throughout a broad
range, rendering them an ideal candidate for solar energy
harvesting. We then deposited the 3D nanochains onto a
copper plate to form a mesoporous dark black thin film. The
fabricated film showed a very high solar-thermal conversion
efficiency. Finally, we integrated the film into a commercial
thermoelectric generation (TEG) unit, and demonstrated that
such plasmonic thin films can be used for efficient solar-
thermoelectricity generation.

Results and discussion

Computational simulation of the optical spectra of 3D AuNPs
nanochains

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Proposed structures of 1D, 2D and 3D nanochains of 50 nm AuNPs (a-c) and
their corresponding simulated optical spectra (d-f, each pair of structure and spectrum
shares the same color). A single 1D nanochain is composed of 8 individual 50 nm AuNPs
with a uniform inter-particle gap of 1 nm. 2D and 3D nanochains are composed of 2 and
3 single 1D nanochains, respectively. The detailed arrangement is highlighted in different
colors on the right end of each nanochains: when any arbitrary AuNP (the darker colored
one, labeled with 1) is chosen as the center, then all the surrounding lighter colored
AuNPs (labeled 2) have an inter-particle gap of 1 nm to the center AuNPs. Insets in the
spectra: left column) the overall area under the curve (AUC) of each spectrum in 400-
1400 nm range; right column) the AUC in the 1000-1400 nm range and its percentage in
the AUC of the overall spectrum (in the bracket).

We first simulated the optical properties of three model
nanochains built from the 50 nm spherical AuNPs, including the
1D nanochain (i.e., a single string of 8 individual AuNPs, Fig. 1a),
2D nanochain (i.e., made of two side-by-side 1D nanochains,
Fig. 1b) and 3D nanochain (i.e., composed of three stacked 1D
nanochains, Fig. 1c). The inter-particle spacing among the
nearest AUNPs is 1 nm in all nanochains. The simulations were
carried out using the discrete dipole approximation (DDA) and
T-Matrix method.?” 28 The dielectric constants of Au were taken
from Palik’s handbook.?® Fig. 1 shows the normalized simulated
spectra of the typical possible arrangements of NPs in each type
of nanochains. Generally, the absorption bands were
apparently broadened and red-shifted along with the increasing
dimension of nanochains. By normalizing each spectrum at its
highest peak intensity, the area under the curve (AUC) can be
used to evaluate mathematically the broadness and the
absorption intensity of a spectrum within a certain wavelength
range. The AUC of each spectrum within the overall 400-1400
nm range has increased as much as 70.2% and 111.8% for 2D
and 3D nanochains respectively, comparing to that of the 1D
nanochains, suggesting a significant broadening of optical
bands in a transition from 1D to 3D nanochains (Fig. 1 d-f). The
AUC in the longer wavelength range, i.e. 1000-1400 nm in this
case, can reflect the redshift of the spectrum. The AUC within
the 1000-1400 nm range was merely 17 for 1D nanochains, but
reached up to 64 for 2D nanochains and 125 for 3D nanochains,
equivalent to 6.5%, 14.3% and 22.5% of their corresponding
overall AUC. Both the remarkably increased AUC values and
their weight in the overall AUC confirmed the redshift of the
optical bands as a result of increased nanochains dimensions. In
addition, two types of NP stacking were studied in both 2D and
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Figure 2. 3D nanochains of AuNPs fabricated by bionanofibrous flagella templates. a) TEM image of the flagella bionanofibers (14 nm wide), negatively stained with uranyl acetate
(1%). b) TEM image of 3D scattered assembly of pre-synthesized ~3 nm AuNPs onto the cylindrical outer wall of the flagella templates. c-f) TEM image showing seed-mediated
growth of the AuNPs on the 3D nanochains to reach an average AuNPs size of 8 nm (c), 14 nm (d), 28 nm (e), and 50 nm (f), respectively. The enlargement of AuNPs size was also
associated with simultaneous decrease of inter-particle distance. When the AuNPs reached 50 nm, the inter-particle distance was so small that the overall nanochains appeared to
be made of closely stacked AuNPs, structurally similar to the sketch of 3D nanochains in Fig. 1c. g-h) SEM (g) and AFM (h) characterization of the 3D structure of the nanochains
composed of 50 nm AuNPs. The two images show that AuNPs in the nanochains were closely stacked in a 3D manner (g & h). (i) The height distribution plot extracted from the AFM
image in h. z indicates height, and p indicates the density of data points on the nanochain at each height z values. The height distribution indicates that there are mainly two layers

of AuNPs in a single nanochain (Fig. 1c). c-f share the same scale bars as ¢ (100 nm for the main image and 50 nm for its inset). No negative staining was applied to samples in b-f.

3D nanochains models (upper and lower panel in Figure 1b and
1c, illustrating less and more closely stacked pattern,
respectively). Each AuNP in the lower panel has more adjacent
NPs with 1 nm gap than that in the upper panel (Fig. 1b & c).
Based on the AUC values and their weight for two different
stacking patterns in both 2D and 3D models, the more densely
the NPs were compacted (lower panel in each model), the more
broaden and red shifted the spectrum was (Fig. 1e & f). Such a
phenomenon should hold true on AuNPs arrays of other NPs sizes
and inter-particle distances, although the degree of broadening and
redshift may vary due to the size- and distance-dependent nature of
plasmon coupling.

Fabrication and characterization of 3D AuNPs nanochains

Currently, fabrication of AUNPs nanochains is achieved mainly
through induced self-assembly of pre-synthesized NPs, which
usually results in 1D nanochains. Direct preparation of 2D and

4| J. Name., 2012, 00, 1-3

3D nanochains through self-assembly of AuNPs has been very
challenging. The only few examples in the literature are limited
by extremely large inter-particle distance or impurity and non-
scalable production issues.'? 30 Here, instead of inducing the
self-assembly of AuNPs, we employed a templated-assembly
strategy followed by a seed-mediated growth procedure to
fabricate 3D nanochains. We first purified flagella (14 nm in
diameter and up to 20 um in length, Fig. 2a) from wild type
Salmonella Typhimurium bacteria following our reported
protocol.3133 We then used them as templates to first assemble
tiny AuNPs (~ 3 nm, Fig. S1) into a loosely scattered 3D
distribution of NPs along the cylindrical outer wall of the
templates (Fig. 2b). The flagella are naturally assembled from
anionic protein subunits (called flagellin) by bacteria and thus
could electrostatically assemble the AuNPs coated by cationic
polyethyleneimine (PEI). Then we conducted a single-step seed-
mediated growth process, in which the tiny AuNPs on the

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Optical properties of the flagella templated 3D AuNPs nanochains. a &b) Measured (a) and the corresponding simulated (b) extinction spectra of the 3D nanochains shown
in Figs. 2b-2f, the average AuNPs size on the nanochains is 4, 8, 14, 28 and 50 nm respectively; c-h) Simulated electric field |E|2 distribution of the 50 nm AuNPs 3D nanochains at
cross sections through the center of the fiber (c-e) and 14 nm away from the fiber center (f-h), with an incident light wavelength of 850 nm (d, g) and 600 nm (e, h). c and f depicted
the position of the cross sections in the 3D Au nanochains. Due to the 3D structure of the nanochains, it would be practically difficult to show the electric field in the transverse
direction, thus longitudinal sectional view right through the template and 14 nm away from the template were adopted to show the 3D electric field distribution along the nanochains.
Please note the nanochain was constructed by uniform 50 nm AuNPs, the size difference of their cross sections in d, e, g, h is due to the 3D distribution of the AuNPs along the fiber,
which also made the inter-particle spacing appeared significantly larger than their actual value in 3D space. The spacing between two white dashed lines in d and e indicates the

position of flagella.

flagella templates acted as seeds, to obtain 3D linear arrays of
larger AuNPs. By manipulation of the ratio between the seeds
on flagella and HAuCly, the size of the resultant AUNPs were well
controlled (Fig. 2c-f). Along with the increasing size of the
AuNPs, the inter-particle distance gradually reduced. When the
size of AUNPs reached about 50 nm, we obtained 3D nanochains
composed of closely stacked AuNPs (Fig. 2f). It should be noted
that throughout the seeded growth of AuNPs on flagella from 3
nm to 50 nm, there was no apparent fusion of neighboring NPs
and individual AuNPs could be still clearly identified at all sizes.
Moreover, the density of AuNPs, defined as the number of
AuNPs in a unit length of the flagella template, was significantly
reduced with the increasing size of AuNPs (inset, Fig. 2c-f). We
believe that when the gap between two neighboring AuNPs is
reduced to a critical size, as a result of the seeded growth,
coalescence of AuNPs will take place to fuse and rearrange
smaller NPs to larger ones,3*3% which may possibly account for
the reduced density of AuNPs on flagella.

We then employed SEM and AFM to characterize the 3D
structure of the nanochains. Both the SEM and AFM images
showed that all the AuNPs in the nanochains were closely
stacked with each other in a 3D manner. With the Gwyddion
software, we further isolated the single 50 nm AuNPs nanochain
shown in Fig. 2h from the background by setting a height
threshold (Fig. S2) and extracted the height (z) distribution of
the nanochains (Fig. 2i). It can be seen that the height of the
nanochains mainly spans from 60 to 120 nm, with the peak
distribution in the 100-110 nm range (Fig. 2i). Considering that
the average size of AuNPs in the nanochains is around 50 nm

This journal is © The Royal Society of Chemistry 20xx

and the diameter of the flagella is merely 14 nm, such a height
distribution profile must be generated by two layers of AuNPs
in the nanochain, stacking in a way similar to the 3D nanochains
depicted in Fig. 1c.

The advantages of the nanofibrous flagella templates lie in
following several aspects. First, structurally, flagella are highly
ordered helical assembly of flagellin protein monomers.3” Thus
they are natively charged with uniform diameter, allowing them
to be used directly as templates without the need of surface
modification, which is usually a necessary step for other
inorganic nanofibers.3® Such protein assemblies will not
interfere the plasmon coupling of metallic NPs assembled on
them. Second, the diameter of the flagella used in this work is
only around 14 nm, which is optimal for the fabrication of our
proposed 3D nanochains. Templates of a larger diameter will
take a tremendous amount of space inside the nanochains,
weakening the multi-dimensional plasmon coupling of the NPs.
However, templates of a smaller diameter may not have
sufficient surface area to accommodate densely packed NPs
throughout the seeded growth. Moreover, once the nanochains
are deposited for device fabrication, just like any biological
tissues, the flagella will become flattened (Fig. S3), which will
further reduce the inter-particle distance at the transverse
direction of the nanochains, resulting in even stronger plasmon
coupling of NPs. Flagella still have their uniqueness even when
compared to other common biological nanofibers, such as
filamentous phage, tobacco mosaic virus (TMV), and DNA
assemblies. For example, TMV and filamentous phage are less
than 1 um in length. Thus, they are not ideal for the fabrication

J. Name., 2013, 00, 1-3 | 5
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Figure 4. 3D Au nanochains films for solar-thermal conversion. a) Photographs of 3D Au nanochains film (left) and AuNPs film (right) deposited on the copper plates. b) Absorption
spectra of the films made of 3D Au nanochains and AuNPs as well as the copper plate used to support the films. c&d) SEM images of the AuNPs film (c) and the nanochains film
(d); e) Temperature profile of the films over the time irradiated by simulated sunlight with a power density 1 time (1xS) or 4.5 times (4.5xS) of that of the natural sunlight; f) Plot
of the temperature increase (AT=T16min-TOmin) for each film derived from the temperature profile in e. Cu, copper plate; AuNPs/Cu, free AuNPs film coated on the copper plate;

3D-NCs/Cu, 3D Au nanochains film coated on the copper plate.

of porous thin films, which are essential to achieve high-
efficiency solar absorption (as discussed later).3% 4% The natural
double stranded DNA is too narrow to hold the 3D NPs onto
them.**3 While DNA origami are very promising to generate
nanofibers similar to flagella, the effort and the cost to obtain
such artificial nanofibers are not comparable to those of the
naturally produced flagella.

Optical properties of 3D AuNPs nanochains

Our flagella- templated and seeded growth strategy also allows
us to fine tune the optical property of the AuNPs/flagella
assemblies. The alteration of optical properties can be easily
observed by color changes of the post-grown solutions, which
turned to light red, light purple, dark purple and greyish black,
respectively, when different ratios between the seeds on
flagella and HAuCl,; were applied to increase the AuNPs size (Fig.
S4, corresponding to the structures in Figs. 2c-f respectively).
The optical extinction spectra of the 3D nanochains (Fig. 3a)
showed that with increasing AuNPs size and decreasing inter-
particle distance, the optical bands became increasingly
broadened, and finally became flattened over a long
wavelength range when AuNPs reached 50 nm. The measured
spectrum of our synthesized 3D nanochains (Fig. 3a, red curve)
was even broader in the collected wavelength range than the
optical spectra of the simulated 50 nm AuNPs chains (Fig. 1f).
We attributed such a difference to the randomized inter-
particle distance as a result of the seeded growth of AuNPs on
the flagella templates.

To confirm this, we further simulated the optical spectra of
our synthesized 3D nanochains using the DDA method.?’ In the
simulations, model nanochains were built by randomly
generating AuNPs with a defined size and density on the surface
of a 14 nm fiber, which represents the flagella template (see

6 | J. Name., 2012, 00, 1-3

supplementary information for details). The density of AuNPs
was roughly estimated from the AFM images and the
corresponding height profiles. With this random model, we
were able to obtain optical spectra of 3D nanochains matching
quite well to the measured ones (Fig. 3b). The electric field |E|?
distribution on the nanochains were also studied using the 50
nm AuNPs nanochains. In the simulations, we calculated the
electric field contour plots through the center of the fibers and
14 nm away from the centers (Figs. 3d, e, g and h). We also
calculated electric fields at both 600 and 850 nm wavelength.
From the contour plots, we may see that enhanced local fields
can be found at both planes and wavelengths. The simulations
suggest that the strong coupling can be obtained at different
wavelengths, and nanoparticles at different locations (both
along longitudinal and transverse directions) also couple with
each other strongly. This can be found in the electric field
contour plots at the planes through the fiber centers and 14 nm
away from the fiber centers. These two effects collectively led
to broad optical extinction of the 3D nanochains in a wide
wavelength range.

Efficient solar thermal electricity conversion by 3D AuNPs
nanochain films

The broadband optical property makes the 3D nanochains a
suitable candidate for solar energy harvesting and conversion.
As a demonstration, we fabricated a thin film using the 3D
nanochains of 50 nm AuNPs and tested its performance in solar-
thermal generation. As shown in Fig. 4a (left), a dark black thin
film of about 4.5 cmx 3.3 cm was obtained by air-evaporation
of the ethanol solution of the nanochains on an edge-sealed
copper plate. A free AuNPs thin film prepared using individually
dispersed 50 nm AuNPs (Fig. 4a right and Fig. S5) as well as an
unmodified copper plate were employed as controls for the

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Integration of the 3D nanochains film with a commercial TEG unit for solar-thermal based electricity generation. a) Assembly of the device. b) Infrared camera images of
3D nanochains absorber during irradiation. c-d) Voltage (c) and temperature (d) produced by different films in response to the irradiation of simulated sunlight with a power density
1 time (1xS) or 4.5 times (4.5xS) of that of the natural sunlight. d) Plot of voltage versus absorber temperature at the end point of testing (480 sec). Sample: 1, Cu, copper plate; 2,
AuNPs/Cu, pure AuNPs film coated copper plate; 3, 3D-NCs/Cu, 3D Au nanochains film coated copper plate. * and # correspond to power density of 4.5xS and 1xS, respectively.

measurement. The 3D nanochains film had a broadband
absorption that covered the whole effective solar spectrum
(400-2200 nm), with at least 90% absorption at each
wavelength (Fig. 4b). In contrast, the free AuNPs film had much
weaker absorption than the 3D nanochains film. Its absorption
was dropped to 80% at 620 nm, and further dropped to 70% and
40% at around 1000 nm and 1600 nm, respectively. Under SEM,
in the free AuNPs film, the AuNPs were closely packed with the
neighboring NPs (Fig. 4c and Fig. S6a), which made the overall
film compact and smooth with high reflection, whereas the
black nanochains film was mesoporous (Fig. 4d and Fig. S6b).
Such porous nanochains film can enhance the absorption of
light, as it can effectively trap light to induce multiple internal
reflection and absorption inside the pores, with minimum
external reflection on the surface of the film.** 4>

For solar-thermal conversion test, the copper plates coated
by the 3D nanochains film (3D-NCs/Cu) and the free AuNPs film
(AuNPs/Cu) as well as the copper plate (Cu) were irradiated by
simulated sunlight with a power density 1 time (termed 1S) or
4.5 times (termed 4.5S) of that of the natural sunlight. The
temperature of the copper plates was recorded using a surface
thermocouple probe during the 16 min irradiation. The actual
temperature as well as the temperature increase (AT, defined
as Tiemin-Tomin) are plotted in Fig. 4e and 4f. With 1S sunlight, the
temperature of the nanochains film coated Cu plate could
increase to 52.7 °C from 24 °C, resulting in a AT value of 28.7 °C,
much higher than that of the Cu plate (12.6 °C) and the free
AuNPs film (15.6 °C). When 4.5S sunlight was applied, the
temperature difference became increasingly larger, and the AT
could even reach 51.3 °C, 66.6 °Cand 113.3 °C for Cu, AuNPs/Cu,
and 3D-NCs/Cu plates, respectively. But still, the AT for the 3D

This journal is © The Royal Society of Chemistry 20xx

nanochains film was the highest. The solar-thermal conversion
efficiency of the films was also estimated from the temperature
profile under both the radiation power of 1S and 4.5S following
a published energy balance method.*® The conversion efficiency
of 3D-NCs/Cu could reach approximate 90%, significantly higher
than 19% and 42% for Cu and AuNPs/Cu, respectively (Table S1).

To further demonstrate that our 3D nanochains films could
be used for electricity generation by absorbing sunlight, we also
integrated the above 3D nanochains film coated copper plate
directly with a commercial thermoelectric generator (TEG) unit
(Figs. 5a & S7) and demonstrated that such a film could be used
to generate electricity through solar thermal heat.*’*° A TEG
unit has a hot and a cold side. The hot side is in contact with the
solar absorber coated copper plate and the cold side is placed
right on top of the heat sink. The sandwich structure was glued
together with a thin layer of heat transfer paste. Under
irradiation, there would be immediate heat flow from the film
to the copper plate and then through the TEG unit to generate
electricity. Throughout the simulated solar irradiation, the
voltage generated by the device was recorded, and the
temperature of the hot side (3D-NCs/Cu, free AUNPs/Cu, and Cu
plates) was monitored by both a thermal probe and an infrared
camera (Fig. 5b). Surprisingly, both the voltage and the
temperature increased rapidly at first and shortly reached a
steady state (Figs. 5¢c & 5d). At the steady state, the solar heat
generation and heat transfer to the TEG unit was balanced. The
output voltages at the steady state for the device assembled
with 3D-NCs/Cu, free AuNPs/Cu and Cu plates were 254.4,
149.5 and 92.0 mV, respectively, under 1S sunlight, and were
1061.0, 622.0 and 356.9 mV under 4.5S sunlight, respectively.
The correlation between the output voltage and the
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temperature of the hot side (Fig. 5e) suggests that our 3D
nanochains films can absorb sunlight effectively and convert
solar energy more efficiently into the electricity, resulting in
higher temperature increase and subsequently higher output
voltage out of the TEG device.

Conclusions

In summary, we have proposed and fabricated a novel type of
3D structured Au nanochains with broadband optical
absorption. Our calculations showed that by incorporating 3D
features into the nanochains, their optical bands could be
significantly broadened compared to the most commonly seen
1D nanochains. Due to the native charges and ultrathin
diameter, the nanofibrous flagella biotemplates allowed us to
successfully fabricate such 3D nanochains through templated
assembly of AuNPs followed by seeded growth. The thin films
made of the 3D nanochains can absorb intensely throughout
the whole solar spectrum. Such films could harvest solar energy
and efficiently convert it into heat. When combined with a
commercial TEG unit, our 3D nanochains film could be used to
generate electricity through converting the solar-thermal heat
into the electricity. Comparing to the currently available
solution-processed 0D broadband plasmonic materials, our 3D
nanochains are a better option for thin film based solar
applications, as the porous film structure formed by the 3D
nanochains can effectively enhance the absorption of sunlight
and reduce the loss of light through surface reflection. This
flagella-templated strategy for fabricating 3D nanochains and
porous films is not only limited to gold, but also applicable to
other types of plasmonic materials for optical property
manipulation and solar energy related applications.
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