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Abstract: d opment of sustainable methods for energy-intensive water treatment processes
continues tobeachallenging issue. Plasmonic-semiconductor nanoparticles, which absorb large
amounts offsufilight in the visible range and convert it into chemical energy efficiently, can form the
basis of a suStain@ble water treatment method. However, the potential uses of plasmonic
semicondumcles for water treatment have not been fully explored yet because of the

limitations d with the imbalance between light capture, charge transfer, and the required
recycling st he particles themselves. Herein, we report on a significantly improved visible-
light-inducgd water treatment method that uses a plasmo-semiconductor nanogap bridge array
(PNA). As ment of antenna-reactors, the PNA enables the balancing of the largely
enhanced gnetic field in the plasmonic nanogap coupling region and optimal separation of
charge carfler e semiconductor. The simultaneous effects of visible-light absorption and charge

transfer lead to the generation of a highly enhanced visible-light-induced OH radical (¢OH).
Conseq e successfully demonstrated visible-light-induced 5-log N/No water disinfection and
100% chemical mposition for sustainable water treatment. Owing to the large light absorption,
charge ilization, and array-oriented scalability, the PNA will be valuable in various
sustainable energy and environmental applications.

1. IntroducO

The uti f solar energy driven by plasmonic nanostructures is attracting a great deal

plications involving sustainable energy and environmental processes. In
particular,” the strong absorption/scattering stemming from localized surface plasmon

resonanceE in plasmonic nanostructures can enable various sustainable solar-energy

based t@s.
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Recent studies have demonstrated the promising capabilities of such plasmonic
nanostructures in LSPR-induced hot electrons, in which the nanostructures are useful for
energy conyeksion and storage when combined with electron-accepting semiconductors such
as plasm&llic-semiconductor nanostructures.® Hot electrons generated in

. — , :
semlcondstor-plasmomc nanostructure (NS) composites have been shown to play a central
role in incmthe efficiency of solar energy conversion because these materials allow for

the tuning wavelength over a wide resonance in the visible to near-infrared (NIR)

[7,8

S

region by rolling the physical shape of the NSs " ®. The underlying principle is mainly

related to the sufface plasmon energy transfer, in which the SP state of the metallic structure

U

induces cha aration in the neighboring semiconductor, and this enables the solar energy

conversio

N

s. Plasmon-derived hot charge carriers in metallic nanostructures are

[9-13]

transmitted t semiconductor under visible light illumination . As a result of the

d

hole/el e carrier separation regardless of its bandgap energy, interfacial chemical
transformati curs. In accordance with this principle, the plasmonic metallic-
semiconductor nanostructure holds great potential for future solar water remediation
processes allowing for the production of reactive oxygen species (ROS), e.g., hydroxyl
radicals ( ich can react unselectively and instantaneously with the surrounding toxic
ingredients, as undesirable organic compounds and biological species, and aid in their

[14]

eliminatio __Traditionally, the production of ROS requires high levels of energy

th

consum chieve sufficient performance in conventional water treatment processes;

however, the visible-light-induced production of ROS would allow for the transition to solar

Gl

water treat a sustainable process."”!

A
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To date, there have been many efforts to explore energy transfer between plasmonics and

semiconductor materials.!'®"°]

Most plasmonic-semiconductor studies in energy and

environme plications have been based on particles which have been synthesized using

chemical hniques and overgrowth approaches. Although these particles showed a
N :

great corSol of the geometry, to achieve both of the large enhancement of

electromaQt'ﬁeld in the plasmonic structure and optimal separation of charge

carriers in emiconductor, precise design of interparticle distance and nanogap in the

plasmoni icOnductor structure have to be addressed. In addition, unlike gas-phase

S

reaction whic been mostly explored, water treatment using the plasmonic semiconductor

U

nanoparticl ssitates post-processing to can recycle nanoparticles within the mixture

solution a hotoreaction.

arl

Despit wing interest in this topic, the possibility of using plasmonic metallic
semico Or nanostructures in water treatment applications has not been explored. To make

such a able water treatment process feasible, a comprehensive approach to engineering

M

geometry of plasmonic semiconductor structure that combines the solar energy capture, hot-

r

electron g , and energy transfer phases in an array type within large-area substrates

will be red

In this §tudy, we report significantly enhanced visible-light-induced water treatment effects

g

resulting fr@m thepuse of an array of plasmo-semiconductor nanogap bridge array (PNA) (Figure 1).

{

We systemharacterized the optical properties of the PNA, which showed strong plasmonic
i

coupling anogap and thereby increased visible-light absorption. In addition, we

nhanced plasmon resonance energy transfer (PRET) in the multi-dimensional metal-
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semiconductor structure resulting from the plasmonic nanogap of the TiO, layer. Finally, we showed
that greatly enhanced generation of OH radicals results in significant improvements in bacterial

inactivatio!b e multidimensional metal-semiconductor nanostructure array.

N
2. Results wssions
Fo al photocatalytic reaction, the metallic-semiconductor nano structures

should be es1§ned not only to maximize local field enhancement at the catalytic

interface to optimize transfer of charge carriers where charge separation and

surface rgcflon occurs. The metallic-semiconductor nanostructure array for this study

were desiﬁ exploit this type of coupling.

2.1. Multidi nal plasmonic semiconductor array fabrication and characterization

Inh geometry, the coupled AuNS array induces a highly focused local

electromE)—ﬁeld. The hot electrons in the plasmonic nanostructure to the

nanogap generate highly energetic charge carriers’ separation. The separated
charge&se into the interface between the PNA and H20[7’ 8.10.20.21) "1 this
geometryﬁsmonic nanogap of TiO, determines plasmonic coupling between

top/botto and the charge separation.
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We constructed the PNA in the multidimensional arrays of AuNS by combining
thermal dewetting and evaporating of the nanostructure (Figure 2). This approach
enabled co of the plasmonic nanogap (Sanogap) between the first and second
AuNS a ue to TiO; layers with thickness variation from 1 to 30 nm

 E—

(Figure ! and Figure S1). To ensure the crystallinity of the TiO; layer, a thermal

treatment@en followed.**! Subsequently, we characterized the fabricated

structure. , the fabricated PNA (uan0gqp = 8) has a hemispherical bump structure
array witm nm height profile as determined by atomic force microscopy (AFM)

(Figure 2b). Thg scanning electron microscopy (SEM) images show that the AuNS

Gl

array consa f thin asymmetric spheres with an average interparticle distance of ~

45 nm (< tandard deviation) and uniform distribution in the size (dpy4 = 40 nm

+25%) v@ density (ppys =~ 880 AuNSs/um?) (Figure 2¢). After adding the
TiO; 1 asmonic nanogap on the first AuNS array, the second (top) AuNS
array vEled, sequentially. The SEM images of TiO»/AuNS and PNA (Snanogap
= 8 nm) from the top-view reveals similar distribution of that from the first AuNS
array. Thhr-dispersive X-ray spectroscopy (EDS) elemental analysis of the PNA
samples 1 @ dentifiable components of the layered nanostructures. The acquired
EDS spec m the PNA on a glass substrate clearly shows Au, Ti, and O

eleme ihg glass elements (Si, Na, and Mg) (Figure 2d). The counts of Ti

increase *ith Opgnogap from 1 to 30 nm. The cross-sectional SEM images different

Onanogap skjt the thickness of TiO, nanogap layer increased with §,un04qp (Figure

2e an S2). We plotted the measured J,unogqp In the PNA samples as a function
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of the deposition condition used in the fabrication process. The data show that on

average deposition rate results in 0.1 nm per min of TiO,. The measured Snunogap ShOWS

a linear tr ith the process condition while the AuNSs shows uniform sizes. The
top and b S arrays showed consistent hemispherical shape, size (40 nm +
 EE—

13%)), an!interparticle distance (45 nm + 11%). The diameter of AuNS on the top
layer sho@s miflimal change as a function of the Juun0gqp between 1 and 30 nm. The
AuNS pamze distribution analysis also showed a minimal change with

the S,anogap¥ari@tion (Figure 2f). These results support the successful fabrication of a

U

PNA structure e®hibiting high density and uniform size distribution.

dll

2.2.Ch n of the field enhancement and optical properties

constructed PNA structures, we characterized the optical properties (Figure 3).

R/E

First, we estimated the local electric (E)-field distribution and its enhancement (= |E,/E,/?, where E,

[

is the base iigtensity and E, is the enhanced electric field intensity) around the representative

PNA struct a finite element analysis (FEA) (see Supplementary information) (Figure 3a,b).

Under visiblealightillumination (A = 650 nm), the PNA showed a strong E-field focusing in the

n

nanoga e strong plasmonic coupling inducing a power transfer. On the other hand, the

|

AuNS an »/AUNS revealed a focused E-field around the edge of the AuNS. With the FEA results,

we measured the @ptical properties of AuNS, TiO,/AuNS, and PNA (Figure 3c). First, the AuNS array

q

resulted in ance peak at 580 nm. Then, layering the TiO, nanolayer (0, = 8 nm) on the

AuNS array shift owing to the higher reflective index of TiO,. The nanogap of TiO, layer does

A
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not reveal any optical extinction in the visible range. The optical properties of the PNA structure
indicate that the nanogap of TiO, layer induces nano plasmonic coupling and highly enhanced visible-
light absmﬁHexplore the effect of the plasmonic nanogap of TiO, nanolayer on a channel for
plasmon-p urther characterized the optical properties of the PNA structure as a function
of the é:,ﬂ*lsprom to 30 nm (Figure 3d). The LSPR peak shifted from 750 to 530 nm with the
Onanogap- The fdighgst extinction occurred around Gnanogep 8 NM. Furthermore, we compared maximum

intensity o ng and extinction as a function of d,sn0gqp (Figure 3e). We used a dark-field

microscopwre scattering spectra (see Methods). The scattering intensity (/,.,:) decreased
with Shanogap bserved in the FEA results. Meanwhile, the highest extinction intensity (/..) is

shown around Ongnogap = 8 NM which is comparable to the charge diffusion distance in the TiO,

structure.[SB] The plasmonic nanogap of TiO, functions as a channel that induces plasmon decay,
forming er@arge carriers (e - h pairs). The TiO, nanolayer between the coupled AuNS arrays
leads to the genéfation of hole-electron pairs and it becomes a critical plasmon-pathway.

=

2.3. Hydroxyl radical generation

T}& visible-light absorbance of the PNA is expected to result in a rapid

charge tr the TiO, " ® 1% 2% 211 Charge separation in the TiO, layer leads to
surface r that generate "OH at the interface of the AuNS, TiO,, and H,O
(Figu%smonicsemiconductor nanostructures, when LSPR exists in the
AuNS urﬁt illumination, through hot electronic injection, energetic and

ballistic s generated inside the AuNS are injected into the conduction band of

the Ti% this interfacial electron transition, electrons in the metal are directly
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excited to a level in the semiconductor, typically from the Fermi level of the AuNS to
the conduction band of the TiO;. The pair of electric charges thus separate, namely a

negative ot' the TiO; conduction band and a positive one in the AuNS, and have

electroch rgy, which can be further converted into chemical energy (e.g.,

hyd -lgd' Is, “OH) fi (Fi 4a)
ydroxy 1cals, or water treatment (kKigure 4a).

T@ *OH generation under visible light illumination (Figure S3), we
performemocatalytic *OH generation test and we adopted a chemical

transfonﬁaction of terephthalic acid (TA) to 2-hydroxyterephthalic acid

(TAOH) 4b). This reaction was used to estimate “OH generation. The reaction

between !ngle OH radicals and TA molecules produced single fluorescence TAOH

moleculemtion wavelength (A.) =450 nm and emitting wavelength (A.;,) =

475 nm)

polydime sloxane (PDMS) microfluidic chamber (see Method section). Under
visibl ilmmination''® 2> ) (light intensities, 7 = 200 mW/cm?) at TA

concentragon (Cr4) = 100 uM, we compared OH radical generation from PNA

thod section).””" In this test, the PNA was integrated into a

(ROHATA)'ﬁat from AuNS and TiO,/AuNS, individually. The Roy 474 (= 5.6 X

10710Mmy/ ows faster OH radical generation than that Roy 4 (=2.2 X 10710

M/min) 1d Ror 14 (= 0.7 x 107" M/min). The combined effect of the plasmonic
coupling Ind tﬁ'charge separation in the plasmonic nanogap of TiO; layer led to the

enhancedBical generation performance. Under dark condition, we did not

observe any nof:c' eable OH radical generation from any of the samples.

This article is protected by copyright. All rights reserved.
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2.4. Visible light-induced photocatalytic performance

Fa the ﬂ'antiﬁcation of OH radical, a high pH solution (pH = ~ 13) was used

to dissolv@me to low solubility (0.0015 g/100 mL at 20 °C). This high pH
condition 1s also desirable to enhance conversion of the photocatalytic reaction on

H
TiO, surfwg] however, the pH condition limits the practical water treatment
model to @9[29]. In this consideration, we continued tests of a methylene blue
(MB) decmtion (see Method section). First, we confirmed visible light effect on
the converSTon*of MB degradation (Figure 4c). In this test, we integrated the PNA into
a polydimeth;l§oxane (PDMS) microfluidic chamber (Figure S4). The conversion of

MB degrg Conv (: (C MBO‘CMB)/ CMBO, where CMBO and CMB are the MB

concentrations before and after the reaction, respectively) revealed sensitive increases

with the m 50 to 200 mW/cm? in PNA compared to those in TiO,/AuNS and
Ti0O,, Eed less sensitivity at the same condition. In particular, PNA structure
with o, = 8 nm led to Conv of 99%, meanwhile 56% and 30% were obtained in
Ti102/AuNS and TiO, respectively, at / =200 mW/cm?. Furthermore, to confirm the
visible lihced photocatalytic activity of the PNA, we plotted the Conv as a
function @ ent wavelengths between 400 and 700 nm (Figure 4d). Specifically,
at A =650 g " observed the maximum Conv (=~ 90%) in PNA, while TiO,/AuNS
and Tig in Conv of ~70 and ~ 20 % at A = 600 and 400 nm, respectively.
This spe:pendence of MB degradation is consistent with the characterized

absorptio rum in figure 3.

<
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When the plasmonic coupling solely contributed the photocatalytic reaction, narrower
nanogap will result in higher rate of “OH generation. However, since charge separation occurs in the
TiO, nanmf’ultaneously, a dimension of TiO, nanogap enabling efficient diffusion of the
separated t be considered to maximize "OH. The separated charge carrier transfer is

involvegm e charge-carrier diffusion length. In this consideration, we estimated the TiO,

[

nanolayer @the MB decomposition by varying the d,gnogqp from 1 to 30 nm (Figure 4e). The
highest Con 8% at Ohanogap = 8 NM occurred after 60 min reaction. When &anogap increased to

30 nm, ¢ gr@dudlly Blecreased to ~ 51%. However, when Sgnogqp Was thin (= 1 nm), we observed Conv

S

=75%, whi wer than that with Snanogap = 8 NM. In the below 10 nm range, a discrepancy

U

between the plasmonic nanogap of TiO, layer and the minority charge diffusion length occurred (23],

Plasmonic was stronger in the thin TiO, layer, but the charge diffusion cannot be maximized

F

due to the ge separation. On the other hand, in the case of thick Snanogap (> 8 M), although a

d

wider plasmonic nanogap of TiO, layer induced larger charge diffusion, it lowered the plasmonic
coupling. Acc ly, to maximize the combined effects of the plasmonic nanogap and the charge

diffusio

\

nanolayer between two AuNS arrays, we optimized the TiO, layer thickness

(Ohanogap = SgiM) for simultaneous light harvesting and OH radical generation under visible light. The

I

E-fieldin P nogap =~ 8 NM resulted in a rapid charge separation comparing the AuNS and

O

TiO,/AuNS 5) as well as a faster photocatalytic reaction rate.

2.3. Visible induced bacteria inactivation

Auth
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We turned to visible light induced inactivation of bacterial particles in water
based on the mechanism of photocatalytic performance enhanced by PNA (Figure 5).
The Visibﬁ:ed e OH generation from PNA expected to damage the membrane of
bacterial ﬁ

: W e— . :
1ntegrate§1croﬂu1dlc reactor to enable straightforward setup and operation for a

water (Figure 5a). The tests were performed in the PNA

potential Qnel design (see Method section). In this test, as a representative

water patho model, we used Escherichia coli (E. coli) K-12 (~5 x 10° CFU) in a
tap water eddimedium (Washtenaw County, MI USA) (see Method section). First,
to confirm the photocatalytic inactivation, we characterized the E. col/i morphology by

obtaining ﬁ:\‘ages (Figure Sb). In PNA with S,u100qp = 8 nm, the images of the

treated E.

observedne damage in which pores were formed by OH radicals. This

inactivai ated E. coli in PNA was quantified by estimating - logN/logNy (N

ple under light illumination (7 = 200 mW/cm?) for 90 min, we

and Ny ar . coli populations before and after the treatment, respectively), and we
compared it with them in control, AuNS array, and TiO,/AuNS array (Figure Sc).
PNA wasMst effective for inactivating E. coli. PNA was the most broadly
effective @ , able to achieve a 6-log inactivation of E. coli, and a 4.7 and 4.1- log
inactivatio min illumination. The -logN/logN, value of AuNS array indicates
that piﬁ effect is involved in the inactivation of E. coli.

structure, if the photothermal effect on the E. coli inactivation is

sigmﬂca wer nanogap leading to larger photothermal effect owing to focused

E-fiel sult in higher performance in E. coli inactivation. On the other hand, if

This article is protected by copyright. All rights reserved.
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the photocatalytic effect is dominant, the inaction performance will follow the trends

of OH radical generation as a function of Snunogap- T0 confirm this, we tested the effect

of nanogapddaickness and / on the inactivation performance by estimating - log/N/

logNy by Onanogap from 1 to 30 nm (Figure 5d). The lowest logN/logN of -
 EE—

5 at Suunoslly = 8 nm under the same light illumination condition was observed. This E.

coli deactiwatiOMmtrends is similar to that of MB decomposition. This result clearly
indicates that the combined mechanism of larger light absorption and charge transfer

led to suc nactivation.

C

U

g the optofluidic performance, to investigate retention time effect,

we furthalf evaluated the E. coli inactivation performance as a function of flow rate (Q)

n

ranging fr, 20 ml/min (Figure 5e). In this optofluidic panel test, this range of

d

flow rate cided according to the average volume of greywater production per
day in a amily household in the USAP® ! In general, up decrease with O, and

the hi

M

s observed at Syanogqp = 8 Nm and O = 1 ml/min. Taken together,

these results successfully demonstrate visible-light-induced 5-log N/No water

.

disinfectio 100% chemical decomposition for the sustainable water treatment.

0

3. Conc

th

, we studied highly sustainable solar water inactivation with the

T

multidimensional BNA structure. The multidimensional PNA allowed significantly enhanced visible-

light fo d rapid charge separation for rapid OH radical generation. In this multidimensional

A
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geometric arrangement, the TiO, nanolayer between the two layers of the AuNS array played the
critical roles of i) a plasmonic nanogap enhancing local electric field, ii) a diffusion channel for
separatmmers, and iii) an active sites for catalytic generation of OH radicals. Through the
geometric t of the TiO, nanolayer in the plasmonic coupling, we successfully

demondtra at optimizing the charge carrier length in the plasmonic nanogap of TiO, layer led to

highly enhangedthe E. coli inactivation. The PNA potentially targets an optofluidic panel for solar

water trea introducing scale-up method. Similar to a conventional solar panel, which
converts sunlight ifito electrical energy, the thin optofluidic panel with PNA integration can be
potentially on the exteriors of houses or buildings. The PNA will be integrated into the
optofluidic , and, under sunlight illumination, the flow of the contaminated water on the

metal semgnductor structure enables recycling of the treated water. We expect that the
integrated ic panel will be widely used to treat low-contaminated water (e.g., greywater)

from buildings ouses owing to its energy sustainability, set-up flexibility, and scalability (Figure

S6). E

4, Experimhtion

Material@droxyterephthalic acid (TAOH), terephthalic acid (TA), Methylene
blue (MBY, Sodium hydroxide (NaOH) were purchased from Sigma Aldrich Inc..

Polydimalllxlsil'xane (PDMS) were purchased from Dow chemicals Inc.. The high-
purity Wzm was distilled, deionized and then purified with the Milli-Q system

(Nippon Millipore Co., Tokyo).

This article is protected by copyright. All rights reserved.
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PNA fabrication: After Au deposition on a clean SiO; substrate (4inch wafer), we
performed a dewetting step at 450°C for 10 min using lamp-heated Rapid Thermal
Process ! Jetfirst RTP 150) (see Supplementary information). After confirming
the unifo structures (AuNS) array, we layered TiO, nanolayer using E-

H . .
beam evagratlon (Angstrom Engineering Evovac Evaporator) on top of the AuNS. To
ensure C\Qty of the TiO, layer® *?!, we annealed the sample at 400°C for 1 hr.

We next ¢ cted another AuNS layer on top of the TiO,/AuNS at the same

conditionWhe first the AuNS layer.

Characterizat;'in of morphologies and optical properties: Morphologies of the

PNA sa re analysed by SEM images, Image J, and AFM (see Supplementary
information). The optical properties of PNA was characterized by a dark-field

microsco a dark field condenser lens (NA = 1.45, MBL 12000, Nikon). Global
optica crtics of the samples were measured by a UV-Vis spectrometer (Agilent
8453).

Construg'on of the integrated optofluidic device: We designed an optofluidic
reactor consisting of an optical window and 5%5 micro pillar arrays in the reaction

chamber e Supplementary information). We fabricated the optofluidic reactor

accordinito the PDMS based soft-lithography process.

QuantM)f hydroxyl radicals: We employed a stand scavenger reaction (see
Supplementary s-formation). Chemical transformation of terephthalic acid (TA) with
the genera radicals results in formation of 2-hydroxyterephthalic acid (TAOH)

(see Supp ry information). By analysing the TAOH which is fluorescence

This article is protected by copyright. All rights reserved.
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molecules in treated sample, the generated OH radical quantified. The TAOH analyses

were performed using a microplate reader (BioTek, Inc.).

Visible lﬂmced photocatalytic reaction: We estimated the photocatalytic
activit%o tﬂstem in the optofluidic reactor under visible light illumination (Dolan-
Jenner Fim 180 with a 150W, 21 V halogen (EKE) lamp) (see Supplementary
informati@ flow rate of the solution into an optofluidic reactor was controlled

by using me pump (Cole Palmer, EW-74900-00). The treated sample solution

was analy ing a UV-vis absorbance spectrometer (Agilent Technologies, Inc.)

and microElate sader.

E. coli inQctivation test: The cultured bacteria were added to 10 mL of Luria-Bertani
(LB) bro cubated it (see Supplementary information). Using an OD meter, a
portion of the $0lution containing the bacteria was diluted to ~5 x 10° CFU/mL with
tap water. visible light illumination, we flowed the prepared E. coli sample in
the re llected the treated E. coli solution through the outlet of the
optoﬂuid*rﬂctor to a microtube. We then characterized and quantified the treated E.
coli sambfter the dehydration of the treated E. coli, we obtained SEM images,

and i1) w fied the number of inactivated E. coli using a standard spread-plate

counting gethod.

Model |0la| electric (E) field distribution: We used finite element analysis (FEA,
COMSOL Mul;Jhysics software) (see Supplementary information). To characterize

E-field ar S, AuNS, and TiO,/AuNS. Based on the obtained SEM images, we

This article is protected by copyright. All rights reserved.
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defined representative geometry of PNA (Au diameter = 40 nm, Au thickness = 20

nm, and interparticle distance = 40 nm) and thickness of TiO; layer was changed from

{

rip

1 to 30 nm estimated E-field and energy around the PNS, AuNS, and TiO,/AuNS

as a func elength and direction of the incident light.
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Figure 1. Visible light induced water treatment with plasmo-semiconductor nanogap bridge,
PNA. (aw that shows that plasmonic nanogap bridged by semiconductor nanolayer
mgebacteria in water through visible-light photocatalytic reactive oxygen species

maximize eneration. (b) Mechanism of nanogap assisted plasmonic resonance

C N\NU
energy fta T) with energy levels on charge separation. Blue lines indicate the
energy le rface ROS (ex. OH radicals) generation. This mechanism involves

following sgepsimgi) Nanogap assisted SP state which is excited from electrons around the
Fermi levél (E,) off the metallic structure, (i1) the transfer of the excited hot electrons to a
neighborin nanostructure, (iii) charge separation between valance band (VB) and

conductio d fCB) induced ROS generation, and (iv) Bacteria inactivation by the the
generated
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Figure 2. C&ization of multidimensional plasmonic nanogap bridged with a

semicond ayer in a large area substrate. (a) Schematic shows the fabrication procedure
of PNA. .m M image and (ii) profiles of PNA (uanogqp = 8nm) (scale bar =50 nm) (c)
SEM ima B AuNS array, (ii) TiO2/AuNS, and (ii) PNA (Shunogep = 8nm) (scale bar =
50 nm), ang (iii) cross-section of the PNA as a function of Ganogqp from 1 to 30 nm (scale bar
=50 nm). DS spectrum of PNA (yunogqp = 8nm) and (ii) Ti counts as a function of
Onanogap 0 nm. (e) (i) Crossectional schematics, (ii) SEM images, and (iii) TiO,
thickness mon glass substrates as a function of Ganogqp from 1 to 30 nm. (f)

Quantific e morphology of PNAs: (i) average sizes and (ii) average diameter of
AuNS as a fupefi®n of unogqy from 1 to 30 nm.
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Figure 3. Qpis roperties of the multidimensional PNA. (a) Schematic of visible light
focusi e separation in the PNA. The nanogap between AuNS layer of PNA leads

to plasmonic coupling. The nanogap is filled with TiO; nanolayer. (b) Distribution of £- field
around AUNS array, TiO,/AuNS array, and PNA at A = 650 nm (Scale bar = 40 nm). (c)

of AuNS, TiO,/AuNS, and PNA. (d) Measured extinction spectrum as a
@ , from 1 to 30 nm. (e) Comparison between absorption and scattering
peffon of ,unogqp from 1 to 30 nm.
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Figure 4 mght—induced photocatalytic performance in PNA. (a) A schematic diagram
of char pon and radical generation though the plasmonic nanogap of TiO, between

ification of OH radical generation; fluorescent intensity of sample the
prepared at pH 12.5 containing TA and 0.1 M Na,;SO4 at [ = 200 mW/cm?
ersion of photocatalytic MB decomposition under visible illumination in
the AuNS TiO,/AuNS, and PNA (Snanogap 8 nm) nanostructures as a function of light
intensity () from 0 (Dark) to 200 mW/cm? at Q = 2.0 mL/min. (d) Normalized efficiency of

photocatalytic decomposition as a function of filter cut-off wavelength in the TiO,,
TiO2/AuNS, and®NA (dnanogap = 8 nm) nanostructures at TiO,, TiO,/AuNS, and PNA at Q
= 2.0 mL/Migga® I = 200 mW/cm®. The normalized efficiency was estimated by
normalizati e ratio between MB decomposition rate and number of photon absorption

rate at eacly filter cut-off wavelength. Error bars represent the standard deviation of the
systematic errors in the collection of spectrum data. (¢) Nanogap effect on MB
decompHynamics of photocatalytic performance as a function of dnanogap from 1
to 30 nm 0 mL/min and 7/ =200 mW/cm?2. ii) Conversion of MB decomposition as a
function (;map from 1 to 30 nm at Q = 2.0 mL/min and /=200 mW/cm”,
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Figureﬁight-induced water inactivation. (a) Schematic of interaction between the

generated OH radicals from PNA and E. coli under visible light illumination. (b) SEM
images of@. coli without any treatment 1) —ii) and treated with AuNSs iii) —iv) and t PNA v)-
vi) (scale =0.57um). (c) E. coli inactivation on control, AuNS, TiO,/AuNS, and PNA with
Onanogap = § Adark and light on (I = 200 mW/cm?) after 60 mins. (d) E. coli inactivation
as a functi Oyl q0q.» from 1 to 30 nm with varying / from 50 to 200 mW/cm? at 0=2.0

mL/min u gsible-light illumination. (e) E. coli inactivation performance as a function of
O from / % 20 mL/min at / = 200 mW/cm” with nanogap varying from 1 to 30 nm.
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The imbalance between light capture, charge transfer, and the required recycling steps has
prohibited potential uses of plasmonic semiconductor structure for sustainable environmental
process. This articli presents a significantly improved visible-light-induced water treatment method

that use semiconductor nanogap bridge array (PNA).

P

Keyworgd: Inferfacial antibacterial method, plasmo-semiconductor nanogap bridge, localized surface
plasmon rGSHance (LSPR), bacteria, sustainable water treatment
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