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ABSTRACT: Plasmonic nanostructures, functioning as nano-

antenna reactors to highly focus light and efficiently convert it SODIS
into thermal/chemical energy, have a significant potential for )
sustainable solar water disinfection (SODIS). A high-density g 56 3 5 3

plasmonic nanogap-based reactor array opens a way of maximizing Raw \
the photothermal effect, but achieving uniformity and large density
in such a technology while scaling up remains challenging. In this =
study, we provide an integrative plasmonic dimer array (hPDA)
that is uniform and has high density ensuring significantly enhanced
SODIS performance. The hPDA is constructed by a combined

fabrication of the self-assembled monolayer and block copolymer

lithography approaches. This combination leads to a two-

dimensional hexagonal array of the Au dimer structures consisting

of a 1.3 nm nanogap. The uniformity and high density of nanogaps of the hPDA result in the physically and optically stabilized dimer
array, which allows strong light focusing and a rapid and highly efficient harvesting of photothermal energy in the visible region.
Finally, the integrated hPDA with an optofluidic reactor enables S-fold enhanced Escherichia coli (E. coli) disinfection. We anticipate
that the hPDA will be useful in the scalable sustainable energy and environmental process that converts solar energy.

,Dimer array

KEYWORDS: plasmonic dimer array, photothermal effect, solar water disinfection, sustainable technology, ordered plasmonic structure

B INTRODUCTION metallic nanoparticles”™"* and carbon,”'*'° boost the ability to
localize heat by efliciently absorbing incoming photons. In
particular, recently, significant efforts have been demonstrated
in the incorporation of localized surface plasmon resonance
(LSPR) nanostructures into SODIS.”'”'® Photothermal effect
in the plasmonic nanostructure has been demonstrated as a
potentially promising approach for SODIS since it allows the
highly focused collection of sunlight and the straightforward
energy conversion into heat.'” According to the plasmon decay
mechanism, the photothermal effect in the LSPR nanostruc-

One of the grandest challenges in the current society is to
sustain the quality of life by overcoming the energy and
environmental issues simultaneously since energy consumption
and environmental remediation usually stand in a trade-off
with each other. While more than 2 billion people’s life quality
in the world is impacted by waterborne illnesses (e.g., diarrheal
diseases)"”” causing over half a million deaths each year, highly
intensive energy resources are in demand to mitigate such
water contamlnatlo.n issues, esp eclally in develqp ne a}nd ture stems from the amplified movement of the conduction
undeveloped countries. In this circumstance, solar disinfection

. 1 20732 hi Its in the fi f collisi
(SODIS) in water control and treatment has garnered great jvft;trt(})ltsiattice z?c?mts :?Irgegs? 323;};: I:ttirczq—ulzltltciZe(izibcr(:\tilcs)f?;
attention owing to easy access, abundance, and cleanliness.®>™> :

: : - h 1 he photothermal effect."**~*° Th
Mainly, as a decentralized approach, SODIS utilizes the the nanostructure leads to the p oto.t ermat ¢ ect e
converted thermal energy from sunlight via optical reactors. generatfzd heaF power the%'efore dlrectIY. relies on the ,hght
Since water has a high heat capacity and is a poor absorber of absorption which is a function of shape, size, and composition
solar irradiation, the temperatures necessary to achieve of the plasmonic nanostructure, especially with sub-nano-/

o . . nano-features. Researchers have investigated a variety of
synergistic inactivation by heat and sunlight are rarely achieved
in conventional SODIS approaches; SODIS suffers from poor —
performance in many low-resource societies, which is linked to Received: January 3, 2023 S g
the length of time, the necessity for a clean, intact, and less- Accepted:  March 4, 2023
; ; 5,6 Published: March 22, 2023
systematic operation methods. g
To overcome these issues, the incorporation of nanostruc-
tures in SODIS, allowing highly efficient sustainable processes,
has been studied.”® Several photothermal materials, such as
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Figure 1. SODIS approach enabled by the highly enhanced photothermal effect of the high-density and uniform plasmonic dimer array in the
optofluidic panel. (a) The integrated SODIS optofluidic panels prospectively equipped onto a roof in a residential place (scale bar in the right
scheme = 10 cm and scale bar in the left scheme = 1 ym). The SODIS optofluidic panel is an integrated optofluidic reactor with hPDA that
maximizes the interaction between incident light and water. As a thermal energy storage system, the hPDA results in very efficient and long-term
water heating. (b) The light-induced thermal energy generation from the hPDA enables us to inactivate water pathogens in the contaminated water
(scale bar in the right scheme = 500 nm and scale bar in the left scheme = 100 nm). (c) The highly focused electromagnetic field in the nanogap
antennas and the highly enhanced photothermal effect in the nano-reactor of the hPDA lead to collective heating for SODIS.

plasmonic nanostructures, including colloidal nanoparticles, a
nanostructure-deposited substrate, a nanostructured packed
bed, and batch reactors, to obtain the greatly improved
photothermal effect.'”****™** However, due to the lack of
precise control over nano-features, such designs are frequently
associated with difficulties in achieving highly efficient energy
conversion processes. Furthermore, these are handicapped by
the recycling procedures of the used nanoparticles, limited
scalability, and difficult operation, which limit their simplicity
and sustainability.

From the aspect of necessity for precise feature control of
the nanostructure with uniform integrity and scalability in an
optical reactor, the plasmonic nanogap structure leading to the
plasmonic coupling between adjacent nanostructures and
highly enhanced electromagnetic (E) fields holds great
potential.”” The plasmonic nanogap allows for a larger
absorption cross-section with a broad range of visible—infrared
(vis—IR) extinction spectra.””~*' As an antenna and reactor
(A—R), the nanogap structure is a combined architecture
where plasmonic nanogap “antennas”, acting as lenses, amplify
the interaction between light and “reactor” adjacent plasmonic
nanostructures. The geometric arrangement and species
composition of the A—R nanostructure determine the localized
or collective heat generation.“_44 To date, numerous
theoretical studies reported a better understanding of the
plasmonic nanogap effect. Meanwhile, experimental studies
have shown several probes by investigating several standard

. . 348 . 49-52
structures based on a single dimer, bowtie, and
53-56 | .
nano-shell structure in applications focused on sens-
61,62

ing,57_59 imaging,60 and photodetection.

Most reported studies dealing with nanogap nanostructures
have focused on the local photothermal effect. Considering
that the sustainable SODIS aims scalable rapid water heating to
reach the critical disinfection condition and cover a larger
platform, it is necessary to achieve collective heating from the
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nanogap structure to the surrounding water. The high-density
and uniform plasmonic array in a large-area substrate is
essential for expanding the local photothermal effect to scalable
processes. Most of the current studies dealing with the
plasmonic nanogap structures are still far from simultaneously
achieving uniform and high-density plasmonic nanogap
structure arrays with a scalable method. Despite the rapidly
expanding interest and consequences on sustainable ap-
proaches outlined above, the plasmon nanogap is still in its
early stage. The structural investigation and scalable integra-
tion of plasmon nanogaps for SODIS, particularly in the sub-
nanometer gap region and the gap—gap interaction, are far
from perfect.

In this study, we report a high-performance sustainable
SODIS approach enabled by a high-density and uniform
plasmonic dimer array (hPDA) integrated with the optofluidic
panel (Figure 1). The integrated SODIS optofluidic panels that
are expected to be equipped onto a roof in a residential place
can maximize the interaction between incident light and water.
The hPDA-integrated optofluidic panel, as a thermal energy
storage system, results in very efficient and long-term water
heating. The light-induced thermal energy generation leads to
inactivation of water pathogens in the contaminated water.
The highly focused electromagnetic field, as well as the highly
enhanced photothermal effect of the hPDA nano-reactor and
the ensuing collective heating for SODIS, result in such highly
effective and sustainable performance.

The hPDA is fabricated by using a combination of block
copolymer (BCP) lithography and the nanogap self-assembly.
Systematic morphology and optical properties” analysis of the
plasmonic dimer’s array reveal the orderness of geometric
arrangement with high density as well as uniform strong
plasmonic coupling. The larger absorption cross-section and
focused electric field in the plasmonic nanogap array in hPDA
allow for rapid photothermal energy harvesting with high
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Figure 2. Synthesis and morphology characterization of hPDA. (a) Schematic illustration of fabrication steps of hPDA. (b) SEM images of the (i)
AuNP array prepared by BCP lithography and (ii) hPDA (bridge = Cg) (scale bars = 200 nm). The population distribution of the hPDA reveals
that 91% of the 672 total particles are plasmonic dimer structures. (c) Distribution of structure—structure distances of the AuNP array and the
hPDA. (d) SEM images and (e) population distribution of the plasmonic polymer array as a function of the density of additive AuNPs (dxups) at
(i) 107, (it) 108, (iii) 10°, and (iv) 10" particles/mL on the first AuNP array prepared by BCP lithography (top and scale bar = 200 nm) and large-
area substrates (bottom and scale bar = 500 nm).

efficiency. While many studies have been associated with the mixture of Au ion and a polystyrene-block-poly(methyl
need to recycle nanoparticles, improve the performance, and methacrylate) (PS-b-PMMA, M, = 63 kg/mol for PS and
increase scalable processing (Tables S1 and S2), the 142 kg/mol for PMMA) thin film was spin-coated onto a
optofluidic reactor-integrated hPDA with larger light collection hydrophilic substrate and reduced with O, plasma (see
and conversion for water heating and pathogen disinfection Methods). Subsequently, to introduce a nanogap, we function-
allows for continuous water treatment and scalability to equip alized the first AuNS array with thiol, SH(CH,)sSH, resulting

residential and office structures. in the formation of self-assembled monolayers (SAMs) of C,

with a thiol terminal group exposed to the exterior. Next, to
form dimers, we attached AuNPs on the thiol-functionalized

B RESULTS AND DISCUSSION

Highly Ordered Plasmonic Dimer Array. We con- first AuNS array, selectively, not on the substrate. To confirm
structed the hPDA through a combination of patterning of the hPDA structures, we next analyzed the morphology of the
ordered Au nanostructure (AuNS) arrays created by BCP fabricated hPDA by obtaining scanning electron microscopy

lithography, self-assembly of nanogaps, and subsequent (SEM) images (Figures 2b and S2 and S3). We observed that
assembly of secondary AuNPs (Figure 2). The BCP the orderness and dimer—dimer distance of the first AuNS
lithography for the first AuNS array enables highly ordered array were maintained as size (~30 nm) before/after
patterns on a SiO, substrate (Figures 2a and S1). In brief, a assembling the secondary AuNP (~40 nm). To quantify the

5570 https://doi.org/10.1021/acsanm.3c00026
ACS Appl. Nano Mater. 2023, 6, 5568—5577


https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00026/suppl_file/an3c00026_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00026/suppl_file/an3c00026_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c00026/suppl_file/an3c00026_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00026?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00026?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00026?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c00026?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c00026?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

a b c
i) i | 10
| ? ‘
H |
\)\) \)\ ) °E -
8- 0
—x <
S
) I
i) lomoe 80 80
_ °
= £
§ s 4
- - . S
t : 0 0 0 50 100 150 200 250
Dimer-Dimer distance (nm)
d ROI 1 ROI 4 e
1 —— ROI'5 P
ROI 2 : ] Sample 1 _r Lt .t e -
. J L d ° 7 - ©
ROI 3 — H—l— ROI 7 Sample 2 . . .
- L]
A \4_>. "L cols Sample 3 S .
e / Sample 4 o
ROI6 ~_ 4"—“
U/ ROI 9 Sample 5 .
‘-: ROI 1 ;: Ol 2 ;: ROI 3
g o g o g :: & 2.5{ Elsample area 800
02 02 02 € - Extinction Peak
0.0 0.0 0.0 =
400 500 600 700 800 400 500 600 700 800 “400 500 600 700 800 " 2_0_
A(nm) A(nm) A (nm) °
10 ROI 4 10 ROI' 5 10 ROI 6 ¢
' : X 15 =—8 %% 700
5 Z.iﬂ\\ . ﬂ\ - = 1.5 L S 2 E
£ oa £ oa £ oa e ~
Y ¥ ~<
o :: :.: s 10,
400 500 ::):m)roo 800 400 500 :(o:m'mo 800 400 500 ::’:m)no 800 E. 600
ROI 7 ROI8 10 ROI 9 g 051
(X3 X 08 w
5 o 3 o6 3 os
BT 2 oa < oa 0.0- 500
oz oz 1 2 3 4 5
0.0 0.0 0.0
400 500 :(o:m)voo 800 400 500 ::’:m)7°° 00 400 500 :::m)"o 800 Sample no

Figure 3. Optical properties of hPDA. (a) Schematic and (b) calculated electric field and spectra in gold dimers composed of two 30 nm gold

spheres with d,,,

two 30 nm gold spheres with d,,

= 1.3 nm. (c) Schematic and electromagnetic field distribution in two dimers separated by 200 nm. Each dimer is composed of
= 1.3 nm. (d) Measured extinction spectra from nine different ROIs in a hPDA sample (1 X W = 20,000 X 20,000

um?). (e) Average wavelength of the longitudinal peak in nine spots from five different substrates that have different sample areas from 0.1, 0.49,
2.5, 4.9, and 25 mm> These data indicate that regardless of area change, the created nanogap structure shows a consistently large absorption cross-

section.

yield of the dimer, we plotted the number of single and dimer
structures on the substrate, respectively. In particular, around
90% of particles were dimers (Figure 2c). The density of the
gold plasmonic nanostructure array can be controlled by BCP
lithography. In particular, the change of the molecular weight
of PS or PMMA enables us to control the size and interparticle
distance. In this study, the dimer—dimer distances of the hPDA
revealed a uniform distribution (100 nm + 5%). Having this
structural consistency of the hPDA after the middle of
manufacturing processes, we studied the secondary AuNP
effect on the shape and uniformity of the final structures. While
assembling the secondary AuNPs, we changed the density of
the secondary AuNPs (da,yp,) from 107 to 10'° particles/mL.
With d,np, the numbers of the assembled AuNP (n,..,,) are
increased, while the uniformity decreases. For example, the
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single nanoparticle is the predominant structure at dy yp, = 10
particles/mL, while multi-nanoparticle arrays containing 4 and
10 arrays are predominant at 10" particles/mL (Figure 2d).
Thus, the n,., increased with d,p, while the uniformity in
both the dimer—dimer distance and the n,,, decreased
(Figure 2e).

Strong and Uniform Light Capturing Capability on
hPDA. Having constructed the hPDA, we then characterized
its light focusing capability and optical absorption (Figure 3).
To analyze such features at a discrete level, we first calculated
optical properties using finite element analysis (FEA) based on
a boundary element method by solving Maxwell’s equations
(see Methods). The calculated local electric (E) field and
scattering spectrum around a single gold nanoparticle (40 nm)
and a plasmonic dimer formed by 40 nm gold nanoclusters

https://doi.org/10.1021/acsanm.3c00026
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Figure 4. Integration of hPDA into an optofluidic reactor for the dramatically increased photothermal effect gain due to higher incident UV—vis
light absorption and effective heat diffusion. Temperature distribution in a plasmonic dimer: (a) 0 and (b) 90° alignment under the incident light at
550 nm and I = 100 mW/cm? (scale bars = 100 nm) obtained by FEA methods. (c) Temperature distributions in hPDA with a dimer—dimer
distance (d,;) of (iii) 100, (iv) 450, (v) 600, and (vi) 1000 nm at I = 100 mW/cm? (scale bars = 100 nm) obtained by FEA methods. (d) Schematic
of the integrated optofluidic reactor and key parameters; resident time of flow (7), light intensity (I), and channel height of the integrated reactor
(h). (&) Cross-sectional temperature distribution in the reactor at different 7 = (i) 10, (ii) 2, (iii) 1, (iv) 0.2, and (v) 0.1 min at I = 100 mW/cm?
(scale bars = 100 pum). (f) Outlet temperature of the reactor as a function of h from 10 to 2000 gm at 7 = 0.1, 0.2, 1, 2, and 10 min under I = 100
mW/cm?. (g) Outlet temperature of the reactor as a function of I from 25 to 125 mW/cm? at 7 = 0.1, 0.2, 1, 2, and 10 min with & = 100 um. (h)
Experimentally measured dynamic temperature gradient profile at the outlet of the reactor integrated with the hPDA and AuNP array and without
nanostructures at I = 100 mW/cm? for 7 = 2 min with 4 = 100 ym. (i) Experimentally measured temperature gradient as a function of wavelength
of incident light with the hPDA and AuNP array and without nanostructures at the reactor outlet.

with a 1.3 nm long SAM (bridge = Cy)®¥** layer are shown in scattering peaks regardless of the location, and these acquired
Figure 3a. A high-intensity E-field distribution exists in the spectra well matched to that of the calculated results in Figure
nanogap of the Au dimer. When the polarization direction is 3b. In general, small changes to the arrangement and spacing
parallel to the interparticle axis, the highest E-field in the between coupled plasmonic nanoparticles would lead to
nanogap is ~20 times greater than that of one perpendicular to substantial changes in the absorption spectrum because the
the interparticle axis. In addition, the coupling effect results dimer—dimer distances in the SAM-assembled plasmonic
reveal multimodes of E-field distribution. Under perpendicular dimer are within a region that should give rise to strong

incident light (I) and (II), the E-field spectra show identical plasmonic coupling.”~** However, the spectrum of the

peaks at 528 and 624 nm (Figure 3b). The first peak at A = 528 constructed hPDA reveals consistency with a single dimer’s

nm is similar to that of a single AuNP, and the second one spectrum even after the construction. We further compared the
shows a larger red shift at 4 = 624 nm due to plasmonic area of the sample and the uniformity of the second peak. As
coupling. We further performed simulation studies of the the area of the sample increased, the location of the second
hPDA. Considering the dimer—dimer distance in the SEM peak consistently occurred around 700 nm with less than 10%
images of Figure 2b, a uniform E-field distribution between deviation. This result indicates that the dimer—dimer distance
dimers is observed in the built geometry (Figure 3c). in the built hPDA is uniform (Figure 3e).

Subsequently, we experimentally characterized the optical Photothermal Energy Harvesting through hPDA

properties of the prepared hPDA by using a dark-field Integrated into an Optofluidic Reactor. For the
microscope (see Methods) (Figure 3d). We obtained the constructed hPDA, we investigated the photothermal effect

scattering spectra of hPDA from nine separate regions of in an integrated optofluidic reactor (Figure 4). The photo-
interest (ROIs) that are evenly dispersed within a 1 cm thermal effect in the plasmonic dimer structure is mainly
distance in the sample (width X height = 2 cm X 2 cm) under caused by three processes. First, the two nanostructures are
white-light illumination. The spectra exhibit two distinct coupled through near-field interaction. Next, due to the heat
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flux generated by the neighboring nanostructure, the photo-
thermal effect of each nanostructure was enhanced compared
to that of a single nanoparticle. As the last stage, the generated
heat diffused out through the nanostructures to the environ-
ment such as water and the substrate. Most of all, the
generated heat power (P) in the nanostructure directly
originated from the large absorption cross-section (o) of
the plasmonic nanogap (P = o,,[). The absorption power
depends on the d,,,. The multi-physics FEA results indicate
that the high o, of a plasmonic dimer (dgap = 1.3 nm) induced
large energy dissipation and led to a high-temperature gain
(ATgimer = SO °C) compared to that (AT,,p = 30 °C) in a
single AuNP (Figures 4a and S4). The built hPDA, according
to the SEM images in Figure 2, has a uniform distribution and
density. However, in the x—y plane, the dimer’s orientation is
uneven. We used spectral analysis to explore the effect of the
hPDA’s uneven orientation on the photothermal effect. We
plot the extinction spectra of the dimer structure (dg,, = 1.3
nm) for perpendicular and parallel polarizations. An invariance
of the absorption cross-section was observed for A;;, = 537 nm.
This indicated that any incoming linearly polarized light can be
split into two light beams that are cross-polarized along the
structure’s two primary axes. As a result, if the absorption
cross-sections for the transverse and longitudinal modes are
identical, increasing the polarization angle has no effect on the
absorption cross-section. In other words, finding crossing sites
of the transverse and longitudinal spectra is sufficient to ensure
that the structure’s response is polarization-angle invariant.
This result indicates that for this specific wavelength, the
energy absorption (and thus the temperature increase) is not
dependent on the incident light polarization (Figure 4b). The
presence of a nanogap does not preclude consistent heat
creation as a function of light polarization, which opens the
road for the application of solar optics, because the heat
generation is not due to the electric field within the gap but
rather with the electric field inside the metal. Due to the high
thermal conductivity (~30 mW/K) of the Au structure, with
minimal localization, this enhanced photothermal effect
diffused rapidly (~hundreds of second)’’ through the
structure and collective thermal diffusion occurred in the
surrounding water. Such a process indicates that the plasmonic
nanogap structure is an excellent approach to transform solar
energy into thermal energy and store it in water in this way.
The high-density and uniformly distanced array of the nanogap
leads to consistent temperature profiles in a large area for the
effective thermal energy storage (Figure 4c).

To test the thermal energy storage, we designed and
constructed an integrated optofluidic reactor consisting of an
inlet, an outlet, and an optical reaction chamber (Figures 4d,
S5, and S6 and Table S3, see Methods). We integrated the
hPDA on the bottom of the optical reaction chamber and
characterized dynamic temperature profiles as a function of the
residence time (7), chamber height (%), and light intensity (I).

Prior to the experimental test, we performed numerical
analysis to guide the range of the test conditions. In this study,
for the numerical analysis of the hPDA-integrated optofluidic
reactor, that is, a multiscale system involving from the
nanostructure to micro opto-/thermofluidics, we performed a
multi-stage simulation that is widely used for multiscale cases
(Figure SS). Because the hPDA revealed good uniformity in a
large area, we assumed that the whole area of the reactor’s
bottom has the same density of the photothermal effect at the
nanoscale. With higher 7, uniformity of temperature distribu-
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tion increased (Figure 4e). Between 7 = 1 and 10 min, the
output temperature gain was ~50 °C, whereas shorter 7
resulted in a lower temperature gain. In the case of h, uniform
temperature distribution occurred with a shorter condition
(Figure 4f). The water temperature at the chamber also
increased with I (Figure 4g).

Based on these simulation results, we obtained the optimal
dimension of the optical reaction chamber (h X I X W =200 X
10,000 X 10,000 ym®). We then constructed the optofluidic
reactor by integrating the reaction chamber made from
polydimethylsiloxane (PDMS) using a soft-lithography method
with the prepared hPDA substrate (see Methods). We
measured the dynamic outlet temperature-gain profile of
hPDA and AuNPs, respectively (Figure 4h). The measured
temperature gain in hPDA (ATypp,) reached around SO °C in
~10 min while that (AT,.p) in the AuNP array plateaued at
30 °C in ~15 min at the same I = 100 mW/cm?” and 7 = 400 s.
According to the differences of heat dissipation (Q) and
thermal diffusion rate between these two systems, the observed
results are reasonable as shown in theory. The hPDA led to the
rapid heating effect and high solar energy conversion efficiency.
Furthermore, to confirm the vis/IR-induced photothermal
effect in the hPDA, we characterized the photothermal energy
gain (Gph) as a function of spectrum from 450 to 700 nm
(Figure 4i). In this test, we used band-path filters to apply the
specific wavelength. By considering the measured light
intensity at each spectrum (Figures S7 and S8), we estimated
G, at different wavelengths. We observed the highest value of
0.81 at 650 nm in hPDA, while the AuNP array revealed 0.63
at 550 nm at the same test condition. These trends of
photothermal energy gain as a function of wavelength follow
the optical properties shown in Figure 3. In addition to the
nanotrimers, the longitudinal plasmon coupling band further
red-shifted.”” The trimer exhibits a higher absorbance overall
(1%) and in the NIR region. When compared to the dimer,
trimers can increase the photothermal effect. Nonetheless, it is
anticipated that the influence of the trimer on the photo-
thermal effect will not be considerable because the sun
spectrum shows low irradiance as the wavelength gets longer.
The optical properties are significantly affected by variations in
the plasmon coupling for light polarization parallel to the first
and second particle axes due to the relative geometric
arrangement of the third nanoparticle in the trimer (Figure
S9). To achieve constant device performance, a uniform and
consistent nanotrimer array is required.

Water Disinfection. We performed dynamic water treat-
ment using the integrated optofluidic reactor (Figure S). As a
representative target model, Escherichia coli (E. coli) K-12 (~$
X 10° cfu) in a tap water-based medium (Washtenaw County,
MI, USA) was used. By estimating —log N /log N,, where N
and N, are the E. coli populations before and after the
treatment, we quantified the deactivation performance and
compared with them in a single AuNS array (Figure Sa). The
highest E. coli deactivation performance occurred with hPDA,
resulting in >5-log deactivation within 60 min under vis light
illumination (see Methods), while E. coli treatment in the
control (single AuNS array) results in 1.6-log inactivation. The
E. coli deactivation with hPDA was rapid and similar to the
temperature profile in Figure 4b. We also performed negative
control tests under the dark condition, and 0.3-log and 0.2-log
deactivation with hPDA and AuNP, respectively, were
observed. In the control test, E. coli deactivation was higher
(0.1-log) than in the treatment without nanostructures. The
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Figure S. hPDA disinfection performance. Comparison of inactivation
of (a) E. coli and (b) Streptococcus aureus with the AuNP array (red
curve) and hPDA (blue curve) and without nanostructures (black
curve) under light illumination (I = 100 mW/cm?) and in the dark
condition to confirm the vis photothermal effect.

surface charge effect of the AuNP was responsible for the
nanostructure’s considerably increased deactivation. In the case
of hPDA, the nanostructure-fabricated BCP lithography was
not involved in the capping agent associated with the
cytotoxicity. In addition, we tested the deactivation of
Streptococcus (Figure Sb). Unlike E. coli, Streptococcus aureus
is a Gram-positive bacteria which consist of a single layered cell
membrane with an outer peptidoglycan layer. After 60 min, we
observed that E. coli inactivation showed a lower value of 5.0-
log compared to 4.7-log of Streptococcus under the same
condition. Gram-positive bacteria are more heat-resistant than
Gram-negative bacteria. In Streptococcus, higher heat stability
and the insulating effect of the peptidoglycan layer on the
membrane are thought to lead to lower deactivation perform-
ance.”® After the tests, we confirmed that the structural
morphology of the integrated hPDA and the performance of
the photothermal effect are maintained (Figure S10).
Subsequently, we estimated deactivation efficiency (74)
divided by incident light intensity [(—log N/log Nj)/I,om]
as a function of wavelength (Figure S11). Between A = 650 and
700 nm, the highest disinfection efficiency of 3.0 occurred for
the hPDA, while a single AuNS array led to a disinfection
efficiency of 2.5 at 4 = 550 and 600 nm. This disinfection
performance shows that high absorption cross-section of the
uniform hPDA led to a strong VIS-induced enhanced
photothermal effect and resulted in higher water treatment
performance (Table S4). Given these performances from the
hPDA-integrated optofluidic reactor, to explore the practical
steps, we further conducted the disinfection tests under
sunlight (AM1.5) (Figure S12). The results show that the
enhanced deactivation performance of E. coli and Streptococcus
resulting in >5-log deactivation within 60 min still occurs.

B CONCLUSIONS

In conclusion, we have demonstrated a sustainable water
treatment by integrating the hPDA and the optofluidic reactor.
The hPDA was created using a combination of BCP
lithography and secondary AuNP assembly approaches. The
dimer array resulted in significantly improved visible/IR
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harvesting as well as high-efficiency thermal energy conversion.
Subsequently, we demonstrated a S5-fold increased water
pathogen disinfection efficiency. For the sustainable water
treatment and solar energy storage, we showed that the
uniform array of plasmonic dimers in the microfluidic reactor is
a key design feature of the optofluidic reactor. In addition, this
enabled us to create the decentralized point-of-use platform
that requires the straightforward device integration and
assembly strategy and the repeated operation without particle
separation processes. A further scale-up study of the integrated
optofluidic reactor by increasing the dimension and the
capacity of water flow is needed to achieve the next stage.
For the practical application of the optofluidic reactor that
integrated with hPDA, blockage can occur. Gray water
contains biological contaminants with several types of ions
such as potassium, calcium, magnesium, and zinc ion content,
which can clog the reactor system. By combining clogging-free
approaches including the salt-rejecting techniques.”' =" Such a
high-throughput optofluidic reactor could be implemented in
residential/office building structures, thereby facilitating
decentralized energy harvesting and water as sustainable
methods.

B METHODS

Chemicals. 1,8-Octanedithiol (>97%), ethanol (>99.9%), gold-
(1IT) chloride trihydrate (>99.9%), sodium citrate tribasic dehydrate
(>99.0%), HCl (37%), and toluene (99.5%) were purchased from
Sigma-Aldrich. PS-b-poly(2-vinylpyridine) (PS-b-P2VP) (S units:
213,000; VP units: 153,000) was purchased from Polymer Science.
The PDMS elastomer and curing agent were purchased from Corning.
Nano-pure deionized (DI) water (18.1 MQ cm) was produced in-
house.

Preparation of a Uniform and High-Density Gold Nano-
structure Array. A uniform and high-density gold plasmonic
nanoantenna array was prepared using BCP nanolithography, as
previously reported.75’76 We dissolved PS-b-P2VP (S units: 213,000;
VP units: 153,000) in toluene at a concentration of 4 mg/mL and
stirred this solution overnight. Then, gold(III) chloride trihydrate
powder with a molar ratio of 0.4 per vinyl pyridine unit was added and
stirred for 72 h. Next, we transferred the Au-BCP micelles as a
uniform monolayer onto a silicon substrate by spin-coating. Next, the
substrate was treated with O, plasma (P = 500 W, 0.3 mbar) for 30
min. After all processes, we confirmed the morphology using a
scanning electron microscope (Hitachi SU8000).

Preparation of a Dimer Array. After generating a SAM layer on
the primary AuNS array, AuNPs were selectively connected (Figures
2 and S1) (see Supporting Information). Briefly, we immersed the
primary AuNS array substrates in an ethanol solution of the thiol (1-
octanethiol, 1 mM, 1 mL) for 16 h for the formation of
thermodynamically stable SAMs. After washing the functionalized
substrate, we incubated it in the AuNP colloidal solution (10% pM, 2
mL) for 3 h. The substrates were washed with water and dried with
N,.

Characterization of the hPDA. We confirmed the structural/
optical properties of the fabricated hPDA. First, we obtained SEM
images of the fabricated hPDA (see Supporting Information). The
density, uniformity, and size distribution of the fabricated
nanostructure array were analyzed by Image]. To characterize the
optical properties of the fabricated and prepared hPDA, we used a
single particle dark-field (DF) microscope (Olympus IX-71). With a
40X objective (Olympus UPLFLN), the sample was imaged onto a
camera and with a spectrometer (Pixis with Princeton instrument
Spectro Pro).

Numerical Analysis of the Integrated Optofluidic Reactor.
In order to investigate the effect of geometry on the design of the
integrated optofluidic reactor, we performed FEA (COMSOL
Multiphysics software) (see details in Supporting Information). We
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solved Navier—Stokes and continuity equations to analyze fluidic
profiles, assuming that the flow is laminar and in steady-state

p(a-V)u = -Vp + yVu - %uV(V‘u) W

)

where p, u, p, and u are the density, the dynamic viscosity, the
pressure, and velocity vectors of the fluid, respectively. The thermal
energy flow in the system is estimated by solving the conduction and
convection heat transfer equation.

pe,u-VT = V-(k:T) + Q

V-(pu) =0

©)

where ¢, T, k, and Q are the specific heat of the water, the thermal
conductivity, temperature, and the heat source, respectively.

Integrated Optofluidic Reactor. We constructed the integrated
optofluidic reactor using previously reported methods.'® We designed
and integrated microflow distributors between the inlet and the
reaction chamber, as well as between the output and the reaction
chamber, to achieve a uniform flow distribution. After preparing the
hPDAs on a substrate and microfluidic chamber individually, we
assembled them along the alignment marks (see Supporting
Information).

Photothermal Energy Harvesting Test. We estimated the
photothermal activity in the optofluidic reactor under light
illumination [Dolan-Jenner Fiber-Lite 180 with a 150 W, 21 V
halogen (EKE) lamp] (see Supporting Information). The flow rate of
the solution into an optofluidic reactor was controlled by using a
syringe pump (Cole Palmer, EW-74900-00). The temperature of the
solution was monitored in real time by a type-K insulated
thermocouple, purchased from OMEGA engineering (part number
5SC-TT-K-40-36). A National Instrument (NI) 9213 16-channel
thermocouple module with a high-speed mode, auto zero, and cold
junction compensation was used for accurate temperature acquisition
from the thermocouple. We maintained environmental temperature at
25 °C using a water circulator. The photothermal energy gain is
defined as Gpy, = ¢, it AT/IA, where i, AT, I, and A are the mass flow
rate of water in the integrated optofluidic reactor, the temperature
difference between the inlet and outlet, the light intensity, and the
area of the reactor, respectively.

Water Disinfection Test. The cultured bacteria were added to 10
mL of Luria—Bertani (LB) broth and incubated (see Supporting
Information). Using an OD meter, a portion of the solution
containing the bacteria was diluted to ~5 X 10° cfu/mL with tap
water. Under light illumination, we flowed the prepared E. coli sample
in the reactor and collected the treated E. coli solution through the
outlet of the optofluidic reactor to a microtube. We quantified the
number of inactivated E. coli using a standard spread-plate counting
method.

Finite Element Analysis. We investigated the electromagnetic
fields around hPDA using FEA (COMSOL Multiphysics). The
nanostructure was discretized by spheres with 1444 vertices, a
diameter of 40 nm, and an interparticle separation of 1 nm based on
the linker molecule length. The dielectric function for the gold
nanoparticles was taken from Johnson and Christy;”” the average
dielectric constant of the environment was assumed as 1.33. We
assumed perfect absorption at the outer boundary to minimize
reflections by setting a perfectly matched layer and an integration
layer in concentric space. We decided the size of the hPDA according
to the obtained SEM images of hPDA.

B ASSOCIATED CONTENT
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Detailed materials and experimental section, comparison
of nanostructures and their systems for solar water
disinfection, comparison of fabrication methods for
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nanogaps, boundary conditions for multiphysics simu-
lations in the optofluidic reactor, method of nanostruc-
ture construction, additional SEM images of the AuNS
array and hPDA with a wide field of views, yields of
hPDA and control sample, flow chart of numerical
analysis for the multi-scaled integrated optofluidic
reactor, optofluidic reactor design and computational
structure of the optofluidic reactor, constructed
optofluidic reactor, spectrum of light source, optical
filters at the individual wavelength and source intensity,
comparison of temperature gradients in nanostructures,
structural durability of the integrated hPDA with the
optofluidic reactor, water pathogen inactivation efli-
ciency as a function of wavelength, and hPDA
disinfection performance (PDF)
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