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The development of sustainable methods for the degradation of
pollutants in water is an ongoing critical challenge. Anthropogenic
organic micropollutants such as pharmaceuticals, present in our water
supplies in trace quantities, are currently not remediated by conven-
tional treatment processes. Here, we report an initial demonstration
of the oxidative degradation of organic micropollutants using
specially designed nanoparticles and visible-wavelength sunlight.
Gold “Janus” nanorods (Au JNRs), partially coated with silica to en-
hance their colloidal stability in aqueous solutions while also main-
taining a partially uncoated Au surface to facilitate photocatalysis,
were synthesized. Au JNRs were dispersed in an aqueous solution
containing peroxydisulfate (PDS), where oxidative degradation of
both simulant and actual organic micropollutants was observed. Pho-
tothermal heating, light-induced hot electron-driven charge transfer,
and direct electron shuttling under dark conditions all contribute to
the observed oxidation chemistry. This work not only provides an
ideal platform for studying plasmonic photochemistry in aqueous
medium but also opens the door for nanoengineered, solar-based
methods to remediate recalcitrant micropollutants in water supplies.

organic micropollutant | solar water treatment | plasmon resonance |
persulfate-based advanced oxidation process

he optical excitation of noble or coinage nanoparticles at

energies corresponding to their localized surface plasmon
resonance (LSPR) induces the coherent oscillation of electrons
(1). This strong light-matter interaction has been exploited for a
wide range of applications, including bioimaging, sensing, and
photocatalysis (2-4). In addition to large local electromagnetic
field enhancements, LSPR excitation also gives rise to strong
light-to-heat conversion (5, 6). Following the absorption of
photons by the nanoparticle, the excited surface plasmons can
decay into hot electron/hole pairs via Landau damping; the pairs
thermalize to form a hot Fermi-Dirac-like distribution via
electron—electron scattering, then equilibrate with the nano-
particle lattice through electron—phonon interactions (7). This
photo-induced generation of heat results in an elevated tem-
perature at the nanoparticle surface (7, 8). This localized heating
effect has been employed to develop novel photothermal ther-
apies; for example, the conversion of near-infrared radiation into
heat for the highly localized induction of coagulative necrosis in
cancerous tumors (9). The first successful clinical trial for pho-
tothermal ablation of human prostate tumor using gold nano-
shells was recently reported (10).

Nanoparticle-based localized photothermal heating has recently
attracted extensive attention as an innovative approach to harvest
solar energy for water desalination and disinfection (11, 12). Upon
solar illumination, dispersed collections of nanoparticles can effi-
ciently convert water into steam by their intense optical absorption
that, combined with multiple scattering events, concentrates light
within a small spatial domain (8, 13, 14). Compared to conven-
tional bulk heating, the steam production enabled by localized
heating requires much less energy input, since the entire volume of
water does not need to be heated. Accordingly, low-cost water
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desalination technologies such as solar photothermal membrane
distillation and solar distillation with zero liquid discharge have
recently been demonstrated (11, 15-17). Photothermal nano-
materials have also been employed to produce potable water by
capturing atmospheric water under dark conditions and releasing it
using sunlight (18). Photothermally produced steam has been
harnessed for other applications, such as medical instrument ster-
ilization (8) or the off-grid production of cellulosic bioethanol (19).
More recently, broadband absorbing photothermal nanoparticles
were employed to inactivate waterborne pathogens under solar
irradiation to develop low-cost water disinfection technologies
(12, 20). To date, however, the majority of environmental appli-
cations remain based primarily on sunlight-induced liquid-to-vapor
phase change.

Plasmonic photocatalysis by hot carriers (e /h* pair) is another
important property of plasmonic nanoparticles (7). Since the first
successful demonstration of the photoinduced reduction of Ag* to
grow Ag nanocrystals by plasmonic hot electron transfer (21, 22),
hot carrier-mediated reactions including hydrogen dissocia-
tion (23-25), ethylene epoxidation (26), CO oxidation (26),
and NHj; oxidation (26) have been reported. Efficient hot electron
transport across the Schottky barrier in plasmonic nanoparticle/
semiconductor heterojunctions has been instrumental for the
development of plasmon-based optoelectronic devices (27, 28).

Significance

The presence of organic micropollutants, resulting from pesti-
cide, solvent, detergent, or pharmaceutical use, in drinking
water sources poses a significant threat to human health.
Degrading these dangerous pollutants using advanced oxida-
tion processes is a desirable but highly energy-intensive
treatment option. Here, we report the solar oxidation of or-
ganic micropollutants, facilitated by nanorod particles specially
designed both for photocatalytic reactivity and for stability
under actively transforming water conditions induced by the
photocatalytic process itself. Gold Janus nanorods, designed to
harvest visible and near-infrared light, are demonstrated to
cooperatively activate persulfate ions to generate free radicals
for the oxidative decomposition of recalcitrant pollutants. This
material platform presents an alternative approach to utilize
sunlight for low-cost water purification.
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Antenna-reactor complexes are an emerging class of plasmonic
photocatalysts that combine the light-harvesting property of
plasmonic nanoparticles (optical nanoantennas) with the catalytic
reactivity of transition metal nanoparticles (reactors) (29-31).
Zhou et al. (3) recently developed a theoretical framework for
plasmonic photochemistry, quantifying the thermal and hot carrier
contributions in ammonia decomposition by defining a light-
induced lowering of the reaction barrier by the illuminated plas-
monic photocatalyst. Despite growing interest, the possibility of
using plasmonic photocatalysts for facilitating water pollution re-
mediation chemistry has not yet been explored.

As an unfortunate by-product of global population and eco-
nomic growth, many anthropogenic chemicals, such as pesticides,
pharmaceuticals, and flame retardants, are being manufactured
and unavoidably discharged into nature. These chemicals, often
referred to as organic micropollutants due to their typically trace
concentrations, are frequently found not only in natural water
bodies such as river and lake but also in tap water, because they
are not effectively remediated by conventional drinking water and
wastewater treatment processes (32). Peroxydisulfate (PDS)
[Eo(S;04*7/280427) = +2.0 V vs. standard hydrogen electrode
(SHE)] is a promising alternative oxidant for water treatment (33,
34). In persulfate-based advanced oxidation processes (AOPs),
PDS is activated by either the one-electron reduction of PDS or
the homolytic cleavage of its O—O bond for the in situ production
of highly reactive sulfate radicals [Eo(SO, ¢/SO4*") = +2.43 V vs.
SHE] (33). This activation process requires energy, in the form of
light, sonication, and/or heat (35-37), or the addition of redox
reagents such as transition metals (38, 39). Activating PDS using
solar irradiation would be ideal, since sunlight is free, abundant,
and easily accessible. However, PDS does not absorb light at
wavelengths longer than 350 nm (40), making visible wavelength
sunlight-induced PDS photolysis impossible.

Here, we investigate the use of plasmonic nanoparticles and
visible-wavelength sunlight to degrade organic micropollutants
in water. Common designs for plasmonic nanostructures,
i.e., core—shell and simple surface loading (or deposition), often
suffer from inefficient electron/hole separation/utilization, low
photothermal conversion efficiency, poor colloidal stability, and
high synthesis cost. We designed and synthesized “Janus” (41)
Au nanorods (Au JNRs) partially coated with silica that can
overcome these disadvantages. This partial silica coating pro-
vides stability in ionic solutions where uncoated nanorods would
characteristically flocculate, while the exposed portion of the Au
surface provides an active plasmonic surface for oxidative deg-
radation chemistry. The presence or absence of hexadecyl-
trimethylammonium bromide (CTAB) coating on the exposed
section of the nanorod, and its role in the chemical degradation
process, is also studied. Fully silica-coated Au nanospheres (Au
NSs/SiO,) were also studied as a control. We hypothesize that
photothermal heating by solar illumination of the Au JNRs can
drive the homolytic cleavage of the PDS peroxide bond and
produce sulfate radicals for organic pollutant degradation. We
also examine how Au nanoparticles (Au NPs) with different
morphologies degrade select pollutants, including emerging
contaminants such as perfluorooctanoic acid (PFOA), with
varying kinetics and through different mechanisms such as PDS
activation through bulk heating, localized heating, and direct and
light-induced electron transfer. This study represents an in-
vestigation of the use of plasmonic nanoparticles to drive an
AOP directly relevant for water treatment, also providing an
important use for nanophotonics in environmental remediation
applications.

Results and Discussion

Improved Stability of Silica-Encapsulated Au NPs. As-prepared Au
NR [length = 54 + 3 nm, diameter = 12 + 1 nm, number of
measurements (7) = 20, as previously reported (12, 42)] and Au
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NS [diameter = 13 + 2 nm, n = 135, based on transmission
electron microscopy (TEM) image analysis] were coated by
CTAB and citrate ligands, respectively (SI Appendix, Figs. S1 and
S2). While these ligands typically ensure colloidal stability in
water, the addition of electrolyte, e.g., PDS, to these nano-
particle suspensions resulted in irreversible aggregation. Taking
Au NRs as an example, we characterized their aqueous stability
by monitoring the variation of longitudinal LSPR band intensity
as a function of time (Fig. 14). The band intensity decreased by
73% immediately after the addition of 86 mM NaCl and grad-
ually declined to zero in 5 h. The loss of the LSPR peak was the
result of Au NR aggregation and flocculation.

To overcome this limitation, we synthesized Au JNRs partially
encapsulated with silica by employing a modified Stober process
(SI Appendix, Fig. S3). As previously reported (43, 44), the CTAB
double layer binds strongly onto the (110) facet of Au NRs and
cannot be easily displaced. By adding polyvinylpyrrolidone (PVP)
at a high concentration, we partially displaced the CTAB layer on
other facets of the Au NR surface with PVP and stabilized them in
an ethanol/water cosolvent (note that the Stober reaction pro-
ceeds only when ethanol is added; ST Appendix, Fig. S3) (45). As
tetraethyl orthosilicate (TEOS) hydrolyzed, the newly formed
SiO, preferentially deposited onto the PVP-functionalized Au NR
surfaces to result in a partially encapsulated JNR. The asymmetric
structure of the Au JNRs was confirmed by high-angle annular
dark-field scanning TEM (HAADF-STEM) images, energy-
dispersive X-ray spectroscopy (EDS) mapping, and scanning
electron microscopy (SEM) images (Fig. 1B and SI Appendix, Figs.
S4 and S5). Due to the presence of excess PVP in solution, SiO,
NPs were also formed during this synthesis (SI Appendix, Fig. S5),
which are chemically inert and do not affect the photochemistry
investigated in this study.

Au NS/SiO, were synthesized using a similar method, as
schematically illustrated in SI Appendix, Fig. S6. The fully en-
capsulated structure of Au NS/SiO, was confirmed by HAADF
images and EDS mapping (Fig. 1C and SI Appendix, Fig. S7).
SEM images at lower magnifications suggested no uncoated Au
NSs and hollow SiO, NPs were present (SI Appendix, Fig. S8).
The diameter of the core Au NS (129 + 1.7 nm, n = 40)
remained unchanged following SiO, coating, and the thickness
of the added SiO; shell was determined to be 44.4 + 8.0 nm (n =
70). This thick silica shell is expected to prevent contact between
the Au NS and the reactants in water (i.e., PDS and pollutants).

Silica encapsulation significantly improved the colloidal sta-
bility of both types of Au NPs (SI Appendix, Figs. S9-S11). After
silica coating, the longitudinal band intensity of Au JNRs
remained constant over 5 h (Fig. 14), indicating that agglom-
eration did not occur. Au JNR suspensions retained their strong
optical absorption in the presence of 100 mM PDS for 24 h while
the Au NRs severely agglomerated in the presence of 10 mM
PDS (SI Appendix, Fig. S10). Similar improvements in colloidal
stability were observed for Au NS/SiO, (SI Appendix, Fig.
S11 A-C). The improved stability also enabled repeated washing
and recovery of the Au NPs by centrifugation and resuspension
(SI Appendix, Fig. S11D). Note that the Au NPs with improved
colloidal stability reported in the past literature typically ex-
hibit a core—shell structure (i.e., Au NP surface fully encapsulated
by SiO,) similar to our Au NS/SiO; (46-49). In contrast, the
asymmetric Au JNRs are unique, exhibiting excellent stability
in ionic solutions and also providing exposed Au surfaces avail-
able for chemical processes, such as plasmonic photocatalysis
discussed below.

Optical and Photothermal Properties of Au NP/Si0,. Both Au JNRs
and Au NSs retained their plasmon resonance property after
partial or complete silica encapsulation, respectively (Fig. 1D).
Following silica encapsulation, the LSPR band of Au NSs was
still distinguishable despite the spectrum exhibiting predominant
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Fig. 1. (A) Variation of the longitudinal LSPR band intensity of Au NRs and Au JNRs in the presence of 86 mM NaCl as a function of time. HAADF images and
schematics of (B) Au JNR and (C) Au NS/SiO,. (D) UV-VIS spectra of Au NR, Au JNR, Au NS, and Au NS/SiO, suspensions. (E) Accumulated mass of solar steam
generated from aqueous suspensions of Au NRs, Au JNRs, Au NSs, and Au NS/SiO,.

features of the SiO; scattering spectrum. Since SiO, NP scatters
UV light, but not visible or infrared light (50), a significant
portion of sunlight would penetrate the shell and reach the Au
NS core. Au NRs exhibited a transverse LSPR band at 508 nm
and a longitudinal LSPR band at 842 nm. Following silica en-
capsulation, the longitudinal band red-shifted to 858 nm due to
the increase in the dielectric constant of the surrounding me-
dium (e,) (51). This increase in e, results in a decrease of the
real part of the dielectric function of gold (¢;) when the condi-
tion of maximum extinction (i.e., sum of absorption and scat-
tering) is met (&, = —2&y,) (1). This in turn leads to an increase in
the maximum extinction wavelength due to its negative correla-
tion with &;. The decrease of the primary LSPR band intensities
for Au NRs (858 nm) and Au NSs (522 nm) following silica
encapsulation is likely due to a loss of Au NPs during the
washing process.

The rate of solar steam generation by the Au JNR and Au NS
suspensions was 42 to 62% faster than the rate of pure water
without nanoparticles, confirming that the nanoparticle-induced
localized photothermal heating is sufficient for vaporizing water,

Wei et al.

i.e., the surface temperature of Au NPs is substantially higher
than that of the bulk suspension (Fig. 1E). The slower rate of Au
NSs during the initial 40 min is possibly due to the oxidation of
citrate by the hot holes (52). The hot carrier-mediated reaction is
an alternative channel for LSPR relaxation (7), thus allowing less
energy to be converted into heat. This hypothesis was supported
by the aggregation of Au NSs under simulated sunlight illumi-
nation, which indicated that the stabilizing citrate layer was most
likely to be compromised (SI Appendix, Fig. S12). Although the
photothermal effect of plasmonic nanoparticles has been well
documented (8, 13), the influence of silica encapsulation has not
been reported. The rates of steam generation by Au NRs and Au
JNRs were very similar (Fig. 1E and SI Appendix, Table S1),
indicating that partial silica coating did not affect steam gener-
ation. However, the rate of steam generation by Au NS/SiO, was
24% lower than that by Au NSs (Fig. 1E and SI Appendix, Table
S1), indicating that the ability of Au NSs to produce steam was
affected after they were fully coated with a thick silica shell. This
was further supported by the lower equilibrated temperature of
bulk Au NS/SiO, suspensions compared to that of Au NS

PNAS | July7,2020 | vol. 117 | no.27 | 15475
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suspensions (SI Appendix, Fig. S13). The kinetics of steam gen-
eration followed a zeroth-order model, and the rate constants
are listed in SI Appendix, Table S1.

Solar Photothermal Degradation of Organic Pollutants: The Role of
Bulk Water Heating. The photothermal response of Au NPs was
observed by monitoring the increase in the bulk water temper-
ature under solar simulator illumination (Fig. 24). We first ex-
amined whether photothermal heating was sufficient to drive
PDS-mediated degradation of a model micropollutant, phenol,
by measuring its degradation kinetics in the presence of PDS and
Au NPs (or Au NP/SiO,) (Fig. 2B). No phenol degradation was
observed in the presence of PDS for 2 h under dark conditions,
while under sunlit conditions, phenol was slowly decomposed by
PDS following pseudofirst-order kinetics (k = 2.2 x 107> min™";
SI Appendix, Table S2). The degradation was due to the increase
of bulk water temperature from 22 to 37 °C (Fig. 2.4 and B). This
increase in water temperature is likely due to the absorption of
infrared light. The rate constant for phenol degradation in-
creased by 18% in the presence of Au NS/SiO, (SI Appendix,
Table S2), while the bulk water temperature increased from 37
to 43 °C (Fig. 2 4 and B). This moderate increase in phenol
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Fig. 2. (A) Increase in bulk temperature of suspensions containing Au NS/
SiO,, Au NRs, and Au JNRs. (B) Degradation kinetics of phenol in PDS solu-
tions containing Au NS/SiO,, Au NRs, and Au JNRs ([PDS], = 10 mM; [phenol], =
100 pM; temperature, 22 °C under dark conditions; illumination, 4 Sun).
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degradation rate indicates that bulk temperature alone does play
a relatively minor role in PDS-mediated phenol degradation.

Au NRs degraded phenol significantly faster (k = 7.1 x 10> min™")
than Au NS/SiO,. CTAB is known to react with PDS (53), which
may generate SO, e for phenol oxidation. This possibility was
eliminated, since no phenol degradation by Au NRs was ob-
served under dark conditions (SI Appendix, Fig. S14). Au NRs
heated the bulk water to 48 °C, which might account for its
faster phenol degradation than Au NS/SiO, (Fig. 24). However,
Au JNRs heated the bulk water to the same temperature, but
exhibited a phenol degradation rate 21 times higher (k = 0.15 min™").
This clearly indicates that mechanisms other than bulk water
heating are important in the Au JNR-mediated photocatalysis
of phenol degradation. Compared to CTAB-capped Au NRs, the
Au JNRs were washed nine times, which is likely to remove much
of the CTAB from the Au NR surface (S Appendix, Fig. S3). This
expectation is consistent with the fact that phenol degradation
was much slower in the presence of unwashed Au JNRs (S7
Appendix, Fig. S15). A negligible amount of phenol would transfer
to the headspace of the quartz cuvette (molar ratio between phenol
in gaseous and aqueous phases: ngg/Magueous = 3 X 1075, Henry’s
law constant = 1,270 mol kg~'-bar™" at 48 °C; aqueous solution
volume, 4.5 mL; headspace volume, 0.5 mL). Therefore, we
hypothesize that the rapid increase in phenol degradation is
related to the exposed Au JNR surface. The Au JNR nano-
structures remained stable after the photocatalytic process as
supported by visual observations and the control experiments
(SI Appendix, Fig. S16). Since the Au JNRs exhibited the
fastest phenol degradation kinetics, it was employed for the
experiments described below.

Role of the Au NR/Water Interface. To further elucidate the mech-
anism of phenol degradation in the presence of Au JNRs and
light, we studied the degradation kinetics under dark conditions in
the environmentally relevant pH range of 5 to 9 (Fig. 34). Phenol
was readily degraded under dark conditions with a rate constant of
0.95-1.5 x 102 min~". Recently, it has been reported that noble
metals (e.g., Pd, Pt, Au, Rh, Ir) in nanoparticulate form can ac-
tivate peroxymonosulfate (PMS) and degrade phenol without
generating free radicals (54, 55). Noble metals are thus considered
to be “electron shuttles” between PMS (electron acceptor) and
organic pollutants (electron donor). If the exposed Au surfaces
were involved in phenol degradation, direct electron transfer from
the phenol to PDS would occur without illumination. To further
confirm the direct electron transfer, methanol was added as the
SO, e and OHe quencher (their second-order rate constants are
both on the order of 10~ M~':s™) (56). Under dark conditions, the
kinetics of phenol degradation did not change following the addi-
tion of methanol, indicating that phenol was being degraded
through a nonradical process (Fig. 3B). These results collectively
support the hypothesis that phenol can directly transfer its electrons
to PDS via Au JNRs, which serve as an electron transfer mediator.

Interestingly, under sunlit conditions, the rate constants for
phenol degradation increased by 3 to 10 times (Fig. 34), sug-
gesting that localized photothermal heating also plays a critical
role in the degradation process. Heat can break the O-O bond of
PDS and produce two SO,4°~ (33, 36). It is possible that sulfate
radicals were produced during phenol degradation under sunlit
conditions. The addition of methanol significantly inhibited
phenol degradation under simulated solar illumination, con-
firming free radical production (Fig. 3B). When no electron
donor was added, PDS did not react in the nanoparticle sus-
pension under dark conditions, but decomposed under solar il-
lumination (SI Appendix, Fig. S17). This observation further
supports our speculation. The addition of 50 mM HCO;5™ (an
anion commonly present in surface water) had a negligible effect
on the phenol degradation rate under both dark and sunlit
conditions (SI Appendix, Fig. S18) because HCO;3™ exhibits a
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www.manaraa.com


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2003362117/-/DCSupplemental

Downloaded at Palestinian Territory, occupied on December 13, 2021

A 1
O pH=7 Dark pH=7 Light
. pH=5 Dark pH=5 Light
— 0 . pH=9 Dark pH=9 Light
o M
_§ S~ S 0.0095 min™*
z ~s
= [
2 -2- =
0]
c
o
= -3
c
|
-4
0 20 40 60 80 100 120
Time (min)
B
0
= NON
© > s
qC_) -14 RENES
T T O< 2
= =0
S -2+
c
0]
o
e-._./ -3 =[1= No methanol - Dark
c Methanol - Dark
- No methanol - Light
-4 4 Methanol - Light
0 20 40 60 80 100 120
Time (min)
C
0.0 1
= ®:g~ -
S -0.5- W= --U---pg--_-g
o 0.0017 min"
< 104
@ 1.0
=
© -1.5-1
S -~ CI - Dark
e -
o -2.0- Br Qark
= CI" - Light
5 25 Br - Light
-3.0 T T

0O 20 40 60 80 100 120
Time (min)

Fig. 3. (A) Degradation kinetics of phenol under both dark and sunlit
conditions in water environments with different pH ([PDS]p = 10 mM,
[phenol]y = 100 pM, [phosphate buffer (PB)] = 10 mM; pH 5 to 9; tempera-
ture, 22 °C under dark conditions). (B) Influence of free radical quencher -
methanol on the degradation kinetics of phenol under both dark and sunlit
conditions ([PDS]o = 10 mM, [phenol]o = 100 pM, [PB] = 10 mM, [methanol], =
200 mM; pH 7; temperature, 22 °C under dark conditions). (C) Influence of
CI~ and Br~ on the degradation kinetics of phenol under both dark and
sunlit conditions ([PDS]p = 10 mM, [phenol]l, = 100 uM, [PB] = 10 mM,
[CI7]p = [Br7]o = 50 mM; pH 7; temperature, 22 °C under dark conditions).
Au JNRs were used in these experiments.

poor affinity for Au NR surfaces, like most anions in natural
water systems.

When 50 mM CI™ was added to the solution, phenol degra-
dation was significantly inhibited under dark conditions (Fig. 3C

Wei et al.

and SI Appendix, Table S2). Some anions, such as the halides,
exhibit a high affinity for Au NP surfaces, poisoning the surface
and greatly arresting photocatalytic degradation. Chloride ions
can form a covalent Au-Cl bond with an Au surface (57).
Therefore, the CI™ covered Au NR surfaces may severely limit
direct electron transfer from phenol to PDS, leading to an in-
hibition of phenol degradation under dark conditions. Signifi-
cantly different behaviors of CI” and HCOj3;™ in inhibiting the
direct electron transfer under dark conditions indicate that the
electrostatic attraction is not the main reason for this inhibition.
However, under illumination, the phenol degradation rate in-
creased 14 times (Fig. 3C), indicating that the solar-illuminated
Au JNRs efficiently removed phenol in the presence of 50 mM
CI™. Similar results were observed when 50 mM Br~ was added
(Fig. 3C). In the presence of Br~, phenol degradation was
completely inhibited under dark conditions, while it readily
proceeded under sunlit conditions. This can be attributed to the
generation of SO4”e under sunlit conditions that directly oxi-
dized the phenol in solution. To further quantify the contribution
of the radical process, phenol removal under dark conditions was
subtracted from that under illumination, before and after the
addition of CI™ (SI Appendix, Fig. S19). The rate of phenol
degradation contributed solely from the radicals decreased by
51% following CI™ addition. It has been reported that Cl7/Br~
deteriorated the performance of UV/persulfate-AOP because
SO, e can oxidize CI7/Br~ and generate less reactive species
(e.g., CI* and Br®) (58, 59).

The Role of Localized Heating. As shown in Fig. 44, bulk heating
(i.e., heating the water to 48 °C; Fig. 24) resulted in a phenol
degradation rate constant of 0.0071 min~', while the electron
shuttle effect led to a rate constant of 0.015 min~'. The sum of
these two numbers (0.022 min~') was only 52% of the overall
phenol degradation rate constant obtained under sunlit condi-
tions (Fig. 44). Consequently, the contribution from combined
bulk heating and electron shuttle effects still cannot fully explain
the fast phenol removal rate observed in this study. The LSPR of
Au NRs elicits unique localized effects within nanoscale prox-
imity of their surfaces, including the higher temperature than
bulk solution (localized heating) and light-induced charge sep-
aration (hot electron generation). Since the bulk suspension
temperature in this study (48 °C) is close to that usually adopted
for thermal PDS activation (50 °C) (60, 61), the localized tem-
perature on Au JNR surface should be sufficient for generating
sulfate radicals from PDS. To explain our observations more
comprehensively, we examine the possibility that localized
heating due to plasmon excitation and hot electron generation
may also contribute to the degradation rate (8, 13). We propose
mechanisms for solar phenol degradation using the schematic
shown in Fig. 4 B and C. Under dark conditions, phenol transfers
its electrons to PDS (mechanism 1: electron shuttle effect;
Fig. 4B), which accounts for 35% of the overall phenol degra-
dation rate. Upon simulated solar illumination, photothermal
heating effect by the Au JNRs results in an increase of bulk
water temperature to 48 °C (mechanism 2: bulk heating effect;
Fig. 4C), accounting for 17% of overall phenol degradation rate.
Higher local temperatures and plasmonic hot electron transfer
(mechanism 3: localized effects; Fig. 4C) account for 48% of the
overall phenol degradation rate.

Some compounds such as benzoic acid cannot directly transfer
electrons to PDS due to their high redox potential (56). As
shown in Fig. 4D, the concentration of benzoic acid remained
constant in 2 h under dark conditions, showing that mechanism 1
contributed negligibly to the overall benzoic acid degradation
rate. However, under illumination conditions, it was readily de-
graded by the photothermally produced sulfate radicals. By
heating the bulk solution to 48 °C under dark conditions, the
degradation rate of benzoic acid contributed by mechanism 2 was
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Fig. 4. (A) Degradation kinetics of phenol acquired by heating the bulk solution to the equilibrium temperature obtained under simulated sunlight illu-
mination ([PDS]o = 10 mM, [phenoll, = 100 pM, [PB] = 10 mM; pH 7; temperature, 22 or 48 °C under dark). Schematic of the mechanisms involved in phenol
degradation under (B) dark and (C) sunlit conditions. ET, electron transfer; ATy, temperature increase in bulk solution; AT, face, temperature increase at
nanorod surface. (D) Degradation kinetics of benzoic acid under either dark or light conditions ([PDS]o = 10 mM, [benzoic acid]lo = 100 uM, [PB] =10 mM; pH 7;
temperature, 22 or 48 °C under dark). Au JNRs were used in all these experiments.

obtained, which accounted for 51% of the overall benzoic acid
degradation rate. The bulk solutions with and without Au JNRs
exhibited similar kinetics for benzoic acid degradation upon bulk
heating (SI Appendix, Fig. S20). Therefore, mechanism 3, the
localized effect, contributed 49% of the overall benzoic acid
degradation rate, which is consistent with the results obtained
with phenol. The rates of plasmonic photocatalytic reactions and
the solar photothermal desalination both follow a superlinear
power law dependence on light intensity (17, 62). The overall
dependence of pollutant degradation efficiency on light intensity
in our system is a result of collective contributions from multiple
mechanisms, which is challenging to deconvolute experimentally.
This study is focused on plasmon-enabled interfacial photore-
tion-based reac-
micals, including

kinetics, mechanisms, and pathways, have been documented in
detail in our recent review paper (63).

Plasmonic hot electron-mediated photocatalysis is a rapidly
developing field due to its unique advantages over conventional
photocatalysis, such as reduced activation barrier and high se-
lectivity to specific reaction products (3, 64). It has been reported
that the plasmonic hot electrons can transfer into the conduction
band of semiconductors via injection across the Schottky barrier
(indirect plasmon-induced charge transfer) or via chemical in-
terface damping mechanism (direct plasmon-induced charge
transfer) (64). Hot electrons can also induce the dissociation of
an H, molecule by transferring into its Feshbach resonance (25)
and facilitate O, dissociation by transferring into its antibonding
orbital (26). In this study, our results suggest that the plasmonic
hot electrons can activate peroxide bond and produce highly
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reactive free radicals. Hot holes in Au are excited at 2.6 to 2.8
eV, which is just above the interband transition in Au at 442 to
476 nm (65). However, Au JNRs absorbs photons primarily at
1.30 to 1.65 eV (750 to 950 nm; Fig. 1D), which has sufficient
energy only for the generation of hot electrons, not hot holes.
The strong Rayleigh scattering of silica on Au and in solution
further inhibits the light absorption by Au JNRs at energies that
are high enough for hot hole generation. In addition, most of
current plasmonic photocatalytic platforms are prepared by ex-
pensive lithographic methods and are only used for driving re-
actions in gaseous phase. In contrast, the Au JNR platform is
synthesized via a scalable bottom-up method and is demon-
strated to drive aqueous reactions. These unique advantages
over conventional (plasmonic) photocatalysis makes Au JNR
plasmonic platform very promising for solar degradation of
recalcitrant water pollutants.

Solar Degradation of Organic Micropollutants. We examined the
degradation of select organic micropollutants such as bisphenol
A (BPA), amoxicillin, and PFOA, using solar simulator-
illuminated Au JNRs. BPA is an important raw material for
making polycarbonate and epoxy resins. The occurrence of BPA
in both surface and underground waters poses risks to human
health due to endocrine disruption (66). BPA was rapidly de-
graded under dark conditions until reaching a plateau at ~50%
removal (Fig. 54). The near-complete inhibition of the “electron
shuttle” effect in 30 min was similar to that in the presence of
Cl7, giving rise to the possibility that some BPA oxidation
products may passivate the Au surface. It has been reported that
polymeric substances can be generated during the oxidation of
BPA by manganese oxide through radical coupling (67). These
polymers may prevent the electron transfer between PDS and
BPA. However, under sunlit conditions, BPA was rapidly de-
graded and reached a 100% removal rate in 30 min (Fig. 54).
Amoxicillin is a widely used antibiotic that poses emerging
concern due to its frequent occurrence in surface waters (68).
Under both dark and illumination conditions, a removal rate of
~15% was observed in 5 min due to its adsorption onto Au NR
surface by forming Au-S covalent bonds (Fig. 5B). This low re-
moval rate is attributed to the low adsorbent-to-adsorbate mass
ratio. Afterward, only slight amoxicillin degradation was ob-
served during 2 h under dark conditions, most likely because
amoxicillin has a high redox potential that makes it challenging
to transfer electrons to persulfate via Au JNRs. On the contrary,
under sunlit conditions, amoxicillin was readily degraded and
achieved a removal of 43% in 2 h. PFOA has attracted tre-
mendous attention recently due to its biotoxicity and persistency
in the environment (69). While PFOA concentration remained

constant for 3 h under dark conditions, it decreased by 13%
under sunlit conditions (Fig. 5C). These results suggest that the
solar photothermal effect of Au JNRs can be used to effectively
degrade certain organic micropollutants with an efficiency that
depends on the specific type of molecule.

This study reports visible-wavelength solar degradation of
aqueous organic micropollutants using specially designed plas-
monic nanoparticles. Partially coating Au NRs with silica to form
Janus NRs creates a plasmonic nanoparticle with a high stability
in a wide range of aqueous solutions as well as a reactive surface
available to drive persulfate-based advanced oxidation. Several
mechanisms appeared to have contributed to the degradation of
a model pollutant, phenol, to environmentally benign products,
such as hydrogen oxalate (SI Appendix, Text S1 and Fig. S21),
including electron shuttling under dark conditions and plasmonic
effects such as bulk and localized heating and hot electron
transfer. These combined processes were also demonstrated to
degrade select micropollutants of current concern, including
BPA, amoxicillin, and PFOA. This initial demonstration of the
design and engineering of stabilized, solar plasmonic nano-
particles for micropollutant remediation opens the door to ap-
plications of plasmonics that address a critical environmental
need. Due to its untapped fundamental advantages and low re-
quirement on infrastructure investment, this technology is
promising for a decentralized water treatment application in
regions with abundant solar energy. In the future, recognition
and quantitation of reactive species and intermediate products of
plasmon-enabled pollutant degradation as a function of water
chemistry, such as pH, ionic strength, and organic substrates, will
be conducted in detail. Moving up technology readiness levels,
issues regarding photoreactor scaling up and ways to reduce
material cost will also be considered. This study employs the
plasmonic photothermal and hot electron-mediated photo-
catalysis to drive an AOP in aqueous phase. Deconvolution of
the contributions from each mechanism allows further optimi-
zation of this process in the future, including higher light-to-heat
conversion and hot electron transfer efficiency. This work also
bridges the plasmonic hot carrier-mediated photocatalysis and
sulfate radical chemistry, which may have implications on light-
controlled free radical-mediated reactions, such as free radical
polymerization.

Methods

Materials. Gold chloride trihydrate (HAuCl;e3H,0), PVP (average molecular
weight, 40,000), potassium persulfate, L-ascorbic acid, CTAB, silver nitrate,
benzoic acid, TEOS, phenol, BPA, amoxicillin, PFOA, ammonium hydroxide
(28 to 30% NH3 basis), and sodium phosphate monobasic dihydrate were
purchased from Sigma-Aldrich. Sodium citrate dihydrate (NasCite2H,0) and
methanol were acquired from J. T. Baker. Sodium borohydride (NaBH,),
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Fig. 5. Degradation kinetics of (A) BPA, (B) amoxicillin, and (C) PFOA in Au JNR suspension under dark and sunlit conditions ([PDS]l, = 10 mM, [BPA], =
[amoxicillinly = [PFOA], = 100 pM, [PB] = 10 mM; pH 7; temperature, 22 and 48 °C under dark and sunlit conditions). Au JNRs were used in all of these

experiments.
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sodium phosphate dibasic, and ethanol were obtained from Fluka, Fisher
Chemical, and Decon Labs, respectively.

Synthesis of Au JNRs. Au NRs were synthesized using a seed-mediated growth
method (S/ Appendix, Text S2) (12, 42). Briefly, Au NR seeds were prepared
by adding 0.6 mL of NaBH, solution (10 mM) to a 10-mL mixture containing
0.25 mM HAuCl4 and 97.5 mM CTAB. The mixture was left at room tem-
perature for 2 h to allow for seed formation. The growth of Au NRs was
initiated by adding 0.096 mL of the seed suspension into a mixture con-
taining 0.46 mM HAuCly, 91.7 mM CTAB, 0.09 mM AgNOs3, 0.74 mM ascorbic
acid, and 18 mM HCl. The high concentration of CTAB was selected to ensure
the colloidal stability and anisotropic growth of Au NRs during the synthesis
process. The mixture was kept under dark conditions overnight, and then
washed twice by centrifugation and resuspended in water. The Au JNRs
were synthesized using a modified Stober approach (S/ Appendix, Fig. S3).
Briefly, an aliquot of 0.5 mL of PVP (0.88 M) was added into 25 mL of Au NR
suspension (8.5 x 10'? particles/mL). Following vigorous vortexing, an ali-
quot of 5 mL of ethanol was added to the 2.5-mL PVP/Au NR suspension
followed by the addition of 250 pL of ammonium hydroxide and 125 pL of
TEOS. The mixture was shaken for 24 h to complete the growth of the silica
shell. After synthesis, Au JNRs were washed extensively to remove CTAB and
ethanol (which can act as a radical quencher) according to the following
procedures. As-synthesized Au JNR suspension (5 mL) was diluted by 5x us-
ing ethanol. The diluted Au JNR suspension was then centrifuged and twice
resuspended in ethanol. Following centrifugation, the pellet was resus-
pended in 10 mL of PDS solution (10 mM). The Au JNRs were then centri-
fuged and resuspended in 10 mL of PDS solution another six times, keeping
the pellet collected after the last centrifugation for future use.

Synthesis of Core-Shell Au NS/Si0, Nanohybrids. Au NSs were synthesized
using the citrate reduction method (see details in S/ Appendix, Text S3).
Briefly, an aliquot of 1.3 mL of NasCit solution at a concentration of 150 mM
was added into 48.7-mL boiling HAuCl, solution (1 mM) under vigorous
stirring. The core-shell Au NS/SiO, nanohybrids were synthesized using a
modified Stober approach (SI Appendix, Fig. S6) (70). An aliquot of 0.18 mL
of PVP at a concentration of 0.88 M was added to 25-mL Au NS suspension
45x%x 10" particles/mL). Following vigorous vortexing, 4 mL of ethanol was
added to 2 mL of PVP-coated Au NS suspension, followed by the addition of
200 pL of ammonium hydroxide and 100 pL of TEOS. The mixture was shaken
for 24 h to complete the growth of the silica shell. For the washing steps, an
aliquot of 2-mL as-synthesized Au NS/SiO, suspension was diluted by 12.5x
using ethanol, followed by ethanol removal as described above for Au JNRs.

Characterization. Nanoparticle morphologies were characterized by field
emission SEM (Hitachi; SU8230) and TEM (FEI Tecnai Osiris). Samples for SEM
and TEM imaging were prepared by drop casting a 5-uL nanoparticle sus-
pension onto a silica wafer and a copper grid, respectively. SEM images were
acquired using a secondary electron detector at 10 kV. Elemental mapping
of silica and gold was achieved using HAADF-STEM coupled with EDS. Op-
tical properties of the Au NPs were characterized using UV-VIS spectro-
photometer (Agilent Cary 50). Simulated sunlight was generated by a solar
simulator (ABET) with an illumination intensity at ~400 mW/cm? (4 Sun). To
avoid PDS photolysis, the UV portion of the light was removed using a
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400-nm long-pass filter. Concentrations of phenol, BPA, benzoic acid,
amoxicillin, PFOA, and PDS were analyzed using high-performance liquid
chromatography (HPLC) (Agilent 1100) equipped with a UV detector (see
details in S/ Appendix, Table S3). The phenol degradation products were
analyzed using the electrospray ionization-mass spectrometer (Waters; LC/-
MS ZQ 4000) with the negative ion mode.

Solar Photothermal Response. The solar photothermal response of Au NRs, Au
NSs, Au JNRs, and Au NS/SiO, was characterized by measuring the variation
of bulk water temperature as a function of irradiation time with simulated
sunlight (4 Sun, UV blocked). An aliquot of 4.5 mL of the nanoparticle sus-
pension was added to a closed quartz cell, which was placed under the solar
simulator (SI Appendix, Fig. S22A). The photothermal response was also
characterized by measuring the loss of water from the aqueous suspensions.
A 4-mL aliquot of the suspension was added to a beaker, with the illumi-
nation directed from above (S/ Appendix, Fig. S22B). The mass concentra-
tions of gold in different suspensions were kept constant.

Solar Photothermal Degradation of Organic Micropollutants. A 4-mL aliquot of
PDS solution (10 mM) was added to a 15-mL centrifuge tube containing a
pellet of nanoparticles. The nanoparticles were resuspended in the PDS so-
lution following manual shaking for several seconds and remained as a stable
colloid throughout the reaction period. A 0.4-mL aliquot of phenol (1 mM)
was added to initiate the redox reaction. A mixture of PDS and phenol
without Au NPs was used as a control. These mixtures were prepared in
parallel with one kept under dark condition and the other one placed under
simulated sunlight. A 0.25-mL aliquot of the suspension was withdrawn
from the mixture at 5, 15, 30, 60, 90, and 120 min. Following centrifugation,
a 0.1-mL aliquot of supernatant was withdrawn for HPLC analysis. Experi-
ments were repeated at least in duplicate.

To investigate the influence of solution pH on pollutant degradation, a 90-
uL aliquot of phosphate buffer (PB) (0.5 M) over a range of environmentally
relevant pH values (5-9) was added to the suspension, followed by the ad-
dition of 0.4 mL of phenol (1 mM). To investigate the influence of halide ions
on PDS activation, a 200-pL NaCl or NaBr solution (1 M) was added to the Au
JNR suspension containing 10 mM PDS and 10 mM PB, followed by the ad-
dition of 0.4 mL of phenol (1 mM). To investigate the influence of bi-
carbonate on PDS activation, a 200-uL NaHCOs solution (1 M) was added to
the Au JNR suspension containing 10 mM PDS between the addition of 90 pL
PB (0.5 M, pH 7) and 0.4 mL phenol (1 mM). To investigate the influence of
an electron donor on PDS activation, a 0.4-mL benzoic acid, BPA, amoxicillin,
or PFOA solution with a concentration of 1 mM was added to a 4-mL Au JNR
suspension containing 10 mM PDS and 10 mM PB (pH 7). The degradation
kinetics of pollutants was obtained following the same procedure
described above.

Data Availability Statement. All data necessary for replication are presented in
the main text or S/ Appendix.
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