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ABSTRACT: Ag-Doped MnFe2O4 catalyst (Ag/MnFe2O4) was
synthesized by a simple sol−gel method followed by H2 reduction.
Utilizing the localized surface plasmon resonance (LSPR) of Ag, ∼35-
fold and ∼7-fold degradation rate increases for a representative
ozone-resistant water pollutant (atrazine) were achieved with a low
photon flux (∼10−10 Einstein L−1), as compared to ozonation and
catalytic ozonation, respectively, which also outperformed the
homogeneous peroxone (O3/H2O2) process. The plasmon-mediated
enhancement was realized through energy transferred from plasmonic
Ag nanostructures to ozone adsorptive sites during the LSPR decay,
leading to an accelerated ozone decomposition and subsequent
radical generation (e.g., ·OH, O2·

−, and 1O2) at both existing and
newly activated catalytic active sites. Ag LSPR also helps maintain Ag0

in an oxidizing aqueous environment, which is crucial to sustain the
high catalytic activity. Because of these plasmonic effects, more than 90% removal was achieved in tap water under realistic water
treatment conditions.
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1. INTRODUCTION

Contamination of the aquatic environment with thousands of
toxic organic compounds is a key environmental problem.1,2

While conventional water/wastewater treatment has limited
removal efficiencies for many of the recalcitrant pollutants,3,4

advanced oxidation processes (AOPs) can permanently
destroy the pollutants through an in situ generation of highly
reactive species such as hydroxyl radicals (·OH) in a sufficient
quantity to affect the water purification.5,6 In particular, ozone
(O3) has long been used in water treatment, and ozone-based
AOPs (e.g., O3/H2O2) are reported to be more energy efficient
than UV-based processes (e.g., UV/H2O2, UV/O3) in terms of
organic pollutants abatement.7−9

Ozone-based AOPs usually involve agents (e.g., H2O2) that
can promote O3 decomposition to initiate and propagate the
formation of ·OH resulting in the faster and unselective
indirect reaction pathway.10 As the addition of H2O2
represents a substantial cost, especially when chemical
transport/storage and destruction of excess dose are taken
into account, heterogeneous processes utilizing solid catalysts
appear to be an attractive option.11−13 Metal/metal oxides are
the most commonly used catalysts to promote ozone
decomposition in both gaseous and aqueous phases.14−16

The overall decomposition generally includes a dissociative
adsorption of O3 and subsequent decomposition of inter-

mediate products or reactions of the intermediate products
with O3, during which reactive oxygen species such as ·OH can
be generated. It is recommended that an effective catalyst for
ozone decomposition should not only have a good reactivity
with ozone (e.g., adsorption and decomposition ability) but
also have “appropriately strong” bonds with the oxygen species
formed during ozone decomposition. In other words, if the
oxygen species on a catalyst surface are very stable, the
desorption of these species becomes the rate-limiting step and
impedes the overall ozone decomposition. Moreover, for
aqueous ozonation reactions, the stability of the catalysts in the
strong oxidizing environment can also be a concern, which may
lead to catalyst deactivation as well as a degradation of the
treated water quality.17−19

Plasmonic metal nanostructures (e.g., Au, Ag, and Cu) can
interact strongly with electromagnetic radiation such as
photons through an excitation of localized surface plasmon
resonance (LSPR) when the frequency of photons matches the
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natural oscillation frequency of the surface electrons. LSPR can
build up intense oscillating electric fields in the neighborhood
of the nanostructure that are several orders of magnitude
higher than that of the incoming photon flux,20−22 through
which plasmonic nanostructures may channel the energy of
photons of Sun-like intensities to drive chemical trans-
formations.23−25 As Ag/Ag oxides have long been used as
ozone decomposition catalysts; it is possible that an even lower
photon energy input can result in a noticeable enhancement of
the reaction rate, since ozone decomposition is a thermody-
namically favorable process (ΔG0

298 = −163 kJ/mol, ΔH0
298 =

−138 kJ/mol) with low activation energy using proper
catalysts.26

Herein, we report the first study on plasmon-enhanced
catalytic ozonation for the degradation of recalcitrant water
pollutants. Atrazine (ATZ), a widely used herbicide, was
selected as a model ozone-resistant pollutant (kO3, pH=7 = 6
M−1·s−1, k·OH = 3.0 × 109 M−1·s−1).27 H2-reduced Ag-doped
spinel ferrite (Ag/MnFe2O4) was prepared and used as the
catalyst. We chose spinel ferrite as the substrate for plasmonic
nanostructures because the stable mineralogical structure can
prevent metallic ion leaching, and also because the enriched
surface hydroxyl groups can provide active sites for catalytic
ozone decomposition, as reported in previous studies.28,29

Monochromatic blue light-emitting diode (LED, 470 ± 10
nm) was employed as a low-energy light source. The main
objective of this paper was to demonstrate that, with a low
photon input (∼10−10 Einstein L−1·s−1), the ATZ degradation
rate can be dramatically increased compared to ozonation and
catalytic ozonation, owing to the plasmonic effects of Ag. A
further research effort was taken to investigate the underlying
mechanism of such plasmon-mediated enhancement and
possible ozone decomposition pathways. Lastly, the perform-
ance of plasmon-enhanced catalytic ozonation for ATZ
removal was evaluated in tap water.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. All chemicals were of

analytical grade and were used as received without further
purification. The detailed information on chemicals and
reagents is provided in the Supporting Information (Text S1).
2.2. Catalyst Synthesis. Spinel ferrites (MnFe2O4) were

synthesized using a one-pot sol−gel autocombustion method
as detailed in Text S1. Ag-doped MnFe2O4 was prepared
following the same procedure except that a certain amount of
Ag (NO3) (0.25−1 wt % Ag relative to Mn) was added into
the precursor solution along with manganese and ferric salts.
2.3. Characterization. X-ray diffraction (XRD) patterns

were collected on a Rigaku MiniFlex 600. Transmission
electron microscopy (TEM), high-resolution transmission
electron microscopy (HR-TEM), and selected area electron
diffraction (SAED) characterizations were conducted using
Argonne chromatic aberration-corrected TEM (ACAT; FEI
Titan 80-300 ST with an image aberration corrector) at an
accelerating voltage of 200 kV. X-ray absorption spectroscopy
(XAS) measurements including X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) were conducted for Ag K (∼25 514 eV),
Fe K (∼7112 eV), and Mn K (∼6539 eV) edges at beamline
20-BM at the Advanced Photon Source at Argonne National
Laboratory using a double crystal Si(111) monochromator.
The XAS spectra were recorded in the fluorescence mode for
Ag K edge and in the transmission mode for Mn K and Fe K

edges. The samples were pressed into pellets and protected
with kapton tape. X-ray photoelectron spectroscopy (XPS) was
examined using Thermo Scientific ESCALAB 250Xi. The
specific surface area was measured with the Brunauer-Emmett-
Teller (BET) method on a Quantachrome Autosorb IQ-MP/
XR at 77K (Table S1).

2.4. Catalytic Ozonation Experiments. Catalytic ozona-
tion experiments were conducted in a batch reactor illuminated
externally by two LEDs (470 ± 10 nm) (Figure S2). The
ozone solution was first prepared in a 1 L Erlenmeyer flask by
continuously feeding ozone gas into the container, where
ozone was generated by an ozone generator (MP5000, A2Z
Ozone Inc.) with pure oxygen as the feeding gas. To start an
experiment, catalysts, atrazine, and 150 mL of ozone solution
were added into the reactor, and the mixture was continuously
stirred at 500 rpm at room temperature (22 ± 2 °C). Unless
otherwise noted, experiments were conducted in unbuffered
deionized (DI) water to eliminate the interfering effects of
other inorganic ions.30 The initial pH was adjusted to a desired
value using NaOH, and the pH evolution during the
experiments was monitored. Samples were taken at prede-
termined time intervals, quenched by Na2S2O3 to remove the
residual ozone, and then filtered through a 0.45 μm filter for a
further analysis. Addition of Na2S2O3 and filtration had no
effects on the ATZ quantification (data not shown). All
experiments were conducted at least in duplicate, and the error
bars in the figures indicate standard deviations. Concentrations
of atrazine were measured by high-performance liquid
chromatography (HPLC, Agilent 1100 series) and HPLC/
MS/MS (DionEX UltiMate 3000-LTQ Orbitrap XL). Electron
paramagnetic resonance (EPR) spectra were collected on a
Bruker Elexsys1 × 10−10 E580 series X-band Fourier transform
(FT) EPR at room temperature. Detailed information
regarding analytical analysis of atrazine and dissolved ozone
(DO3) and determination of the photon flux is provided in the
Supporting Information (Text S1).

3. RESULTS AND DISCUSSION
3.1. Catalyst Characterization. The crystalline phases of

MnFe2O4 with and without Ag doping were explored by XRD
patterns (Figure 1A), which agree well with the standard
JCPDS (Card No. 10-0319) for the magnetic spinel
MnFe2O4,

31 suggesting that Ag doping did not change the
spinel structure. While MnFe2O4 calcined in air
(MnFe2O4_air) and MnFe2O4 calcined in H2 (MnFe2O4)
exhibited the same diffraction peaks, the Bragg’s angle of the
(311) peak of 0.5 wt % Ag/MnFe2O4_air slightly shifted
toward lower 2θ values by 0.30° (Figure 1B), indicating an
increase in the lattice parameter values (Text S2 and Table
S2). This may result from the substitution of Mn2+ with a
smaller ionic radius (0.7 Å) by Ag+ with a lager ionic radius
(1.15 Å). In other words, Ag+ ions have infiltrated into the
lattice of MnFe2O4 and generated stress in the crystal lattice.32

When Ag-doped MnFe2O4 was calcined in H2 (0.5 wt % Ag/
MnFe2O4), the diffraction peak of (311) shifted toward a lower
2θ further (Figure 1B). This can be ascribed to the generation
of oxygen vacancies during the H2 treatment (which is
compensated for by the valence change of Ag ions (Ag+ →
Ag0) or is occupied by a hydrogen atom).33 Hence, the Ag
exsolution might have occurred.34 High-resolution trans-
mission electron microscopy (HRTEM) images of 0.5 wt %
Ag/MnFe2O4 taken in the [100], [112], and [111] zone axes
are shown in Figure 1C−F. The lattice fringes calculated from
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both HRTEM and SAED agree well with those obtained from
XRD results (Table 1), which are also similar to that of

MnFe2O4 except for a contraction of (220) and (311) planes.
This could be an indication of the crystal structure being
altered by the addition of Ag. The oxidation state of the metal
species in 0.5 wt % Ag/MnFe2O4 was probed by XANES
measurements. As shown in the normalized spectra of K-edge
XANES (Figure 2), the oxidation state of Fe in both MnFe2O4
and 0.5 wt % Ag/MnFe2O4 is comparable to that of Fe3O4
(Figure 2B). The Mn K edge spectra of 0.5 wt % Ag/MnFe2O4
are similar to that of Mn3O4, which has a mean valence of 2.67.
In addition, the broadening pre-edge peaks shown in Figure

2D suggest that the predominant manganese is in the
octahedral sites, since a tetrahedral site occupancy leads to a
sharper pre-edge peak.35 On the basis of a linear combination
fitting (LCF) of Ag K edge XANES spectra, Ag0 and Ag+

account for 22% and 78% of Ag in the bulk catalyst,
respectively. The majority Ag+ can be assigned to the Ag+

incorporated in the manganese ferrite structure, while the rest
comes from the oxidized surface of silver (Ag0) nanoparticles
under ambient conditions. The XANES results also agree well
with the XPS spectra (Figure S3; Text S3). Further, an EXAFS
fitting was performed to obtain quantitative information on the
inversion degree of the spinel manganese ferrite, and a general
formula [Mn0.22 Fe0.78]

A[Mn0.78Fe1.22]
BO4 was derived, where

A and B represent the tetrahedral and octahedral sites,
respectively. A detailed analysis and discussion is provided in
Text S4, Tables S3−S5, and Figures S4 and S5.

3.2. Plasmon-Enhanced Catalytic Ozonation of
Atrazine. Results of ATZ degradation under different
conditions are shown in Figure 3A. Adsorption, photolysis,
and photocatalysis exhibited limited removal efficiency
(<10%). While single ozonation and photo-ozonation achieved
25−35% reduction in 10 min, ∼60% of the ATZ was degraded
with 0.5 wt % Ag/MnFe2O4 as the ozonation catalyst.
However, ∼65% of the ATZ was eliminated within 1 min,
and a total removal greater than 95% was realized in 15 min
with the addition of light irradiation (470 nm). The faster ATZ
degradation also corresponded to a faster ozone depletion
(Figure S6), indicating the important role of efficient ozone
decomposition. Various amounts (20−30 μg/L) of metal ions
(i.e., Ag, Fe, or Mn) were detected at the end of experiments,
which showed no effect on ATZ removal in the presence of
ozone with or without light (data not shown). This confirms
the heterogeneous catalytic pathway as well as the stable
mineralogical structure of Ag/MnFe2O4.

17 While many radical
chain reactions may be involved, the overall decay of ATZ
followed a simple second-order kinetics with a rate constant
KATZ of 0.091 and 0.636 (mg/L)−1·min−1 for catalytic
ozonation and plasmon-enhanced catalytic ozonation, respec-
tively, that is, light irradiation led to a sevenfold enhancement
(Figure 3B). More notably, this degradation rate was
approximately twice as fast as that of conventional O3/H2O2,
a homogeneous process, at the same ozone dose ([H2O2]0 = 1
mg/L). Furthermore, the light-induced enhancement exhibited

Figure 1. XRD patterns of catalysts with and without Ag doping (A,
B) [A: continuous model, step size = 0.01 degree, speed = 0.5 degree/
min; B: step scan mode: step size = 0.01 degree, count time = 5 s];
HRTEM images of 0.5%Ag/MnFe2O4 (C−F) [C: (111) lattice
fringe; D: (220) lattice fringe; E: SAED pattern along [112] zone
axes; and F: SAED pattern along [111] zone axes.

Table 1. Comparison of Measured Lattice Spacing along
Respective (hkl) Indexes of 0.5%Ag/MnFe2O4 and Standard
MnFe2O4 Lattice Spacing

lattice fringe (Å)

(hkl) 2θ XRD HRTEM SAED standard

(111) 18.15 4.87 4.8 4.87 4.8666

(220) 29.84 2.9 2.9 2.9 3.0167

(311) 35.17 2.54 2.54 2.5667

Figure 2. XANES spectra of 0.5 wt %Ag/MnFe2O4 with respective
reference spectra at (A) Ag−K, (B) Fe−K, and (C, D) Mn−K edges.
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a high wavelength dependence, with the maximum achieved at
the wavelength corresponding to the Ag surface plasmon band
(Figure 3C). This is a clear indication of plasmonic effects,
which is also supported by the superior performance of 0.5 wt
% Ag/MnFe2O4 compared with that of 0.5 wt % Ag/
MnFe2O4_air under light irradiation (Figure S7). It should
also be emphasized that the volumetric photon flux dosed into
the solution was only 6.4 × 10−10 Einstein L−1·s−1, which is
several orders of magnitude lower than those used in
photocatalytic ozonation reported in the literature (10−5−
10−8 Einstein L−1·s−1).36−38 To further put this into
perspective, the solar flux is ∼6 × 10−3 Einstein m−2·s−1 with
∼7.6% between 450 and 500 nm.39 This means that, without
considering other interferences and limitations of environ-
mental matrices, the intensity of the sunlight impinging on 1
m2 of earth may drive the catalytic ozone decomposition
mediated by Ag LSPR for the treatment of >100 m3 water,
demonstrating the great potential of a plasmon-enhanced
catalytic ozonation as an energy-efficient AOP for water
purification. The pH evolution during the experiments was
shown in Figure S8. All pH profiles exhibited a similar trend,
where it quickly increased within ∼1 min due to atrazine
degradation (e.g., dealkylation) and then remained at a
relatively constant value throughout the run, with the final
pH varied between 7.7 and 7.9. Such a narrow pH range also
confirms that the observed performance enhancement was not
caused by a significant pH difference between different
processes.
The effects of operating variables (e.g., pH, ozone/catalyst

dose) were also examined, and the results are presented in
Figures S9. Generally a higher pH favored ozone decom-
position for ·OH generation, leading to a faster ATZ
degradation. However, no appreciable difference was observed
for pH 7 and 9. This may be explained by the fact that 0.5 wt %
AgMnFe2O4 prepared in our study has a pHpzc of 6.98 (Table
S1). Catalysts usually have the maximum ozone decomposition
capability when surface hydroxyl groups are mostly zero-
charged,14,30,40 and consequently the ATZ removal efficiency
was increased. As the main reactive oxidant, a higher O3 dose
led to a faster ATZ removal (Figure S9B). Similarly, a higher
catalyst dose can provide more actives sites, thus enhancing the
ozone decomposition and ATZ removal (Figure S9C).
However, a further increase of the catalyst dose from 1.2 to
1.5 g/L resulted in no improvement in the ATZ removal,
indicating the O3 dose could be the limiting factor under the

experimental conditions here. We also identified and quantified
the transformation products of ATZ during the different
treatment. Details can be found in the Supporting Information
(Text S5, Figures S10 and S11).

3.3. Reactive Sites and Mechanism of Plasmon-
Mediated Enhancement. To gain a deeper understanding
of the plasmon-mediated enhancement in catalytic ozonation,
we first tested MnFe2O4 as a control catalyst, where very
limited catalytic activity was observed with or without light
irradiation (Figure S12). These results indicate the important
role of Ag/Ag2O. For metal-based heterogeneous catalysts,
surface hydroxyl groups (−OH) and/or metal redox sites
(often covered by −OH in aqueous solutions) are usually the
catalytic active sites for ozone decomposition.41 Here the
resulting inhibition on AZT removal upon addition of
phosphate as a strong Lewis base to substitute the surface
−OH supports such statement (Figure S13). Moreover,
structural defects such as oxygen vacancies are reported to
be the active sites in catalytic ozonation.42,43 To further probe
the possible catalytic reactive sites, we conducted XPS analysis
on both pristine and used catalysts. For O 1s spectra, the peak
area ratio of P1 (lattice oxygen) to P2 (−OH and other surface-
adsorbed O) is often used to reflect the relative abundance of
different oxygen species.44,45 As shown in Figure 4A, the P1/P2
ratio is lower for MnFe2O4 than for the Ag-doped one,
indicating the abundant −OH and surface-adsorbed O in the
spinel substrate (but apparently not “energetic” enough to
induce an efficient O3 decomposition). After reactions, the P1/
P2 of 0.5 wt % Ag/MnFe2O4 decreased, meaning the
consumption of lattice oxygen and/or formation of −OH or
other chemisorbed oxygen. Valence changes occurred to all the
metal species after reactions indicating their active involvement
in the catalytic process (Figure 4B−D). In particular, the
distribution of Ag and Mn species is clearly influenced by light
irradiation and further trends with the photon flux, implying
the associated reactive sites are more photoresponsive. Besides
being active sites for the dissociative ozone adsorption, Ag/
Ag2O are characterized by the excellent mobility of charge
carriers and can facilitate an efficient electron shuttling at the
nearby redox sites (e.g., Mn2+/Mn3+).28,46

Under light irradiation at the surface plasmon band of Ag,
the Ag nanoparticle acts as a nanoconcentrator through LSPR
that concentrates and amplifies the incoming photon flux in
small volumes surrounding the nanostructure.24,47,48 The
decay of LSPR can lead to energy transfer from the plasmonic

Figure 3. ATZ degradation under different conditions (A) [ozonation (black ■), photolysis (red ●; 470 nm), adsorption (black-blue ▲),
photocatalysis (pink ▼), photo-ozonation (purple ◆; 470 nm), catalytic ozonation (green ▶), plasmon-enhanced catalytic ozonation (blue ◀;
470 nm)]; comparison of ATZ degradation rates (B); and effect of the irradiation wavelength (C). [Experimental conditions: Initial ATZ
concentration: 2 mg/L; initial O3 concentration (when added): 2.7 mg/L; initial H2O2 concentration (when added): 1 mg/L; working solution:
150 mL; catalyst dose: 1.2 g/L; light source: LEDs; photon flux (when irradiated): 6.4 × 10−10 Einstein L−1·s−1; pH0 = 7.].
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nanostructure to its surrounding environment or to local
heating of the nanostructure, both of which may accelerate
chemical reactions.49 It has been suggested that, for plasmon-
induced heating to have a meaningful change in reaction rates,
usually a very high light intensity (orders of magnitude higher
than the solar flux) or an extreme thermal isolation of the
nanostructure from the environment is needed.49−51 Here we
monitored the bulk solution temperature during the experi-
ment, and no appreciable increase was observed (Figure S14).
Given the facts of the low photon flux, the continuous mixing
of the working solution with the catalysts under ambient
conditions, and the steady bulk temperature, the extent and
consequent effects of local heating (if any) should be very
limited. On the other hand, we noticed that the rate constants
of ozone decomposition as well as those of ATZ degradation
changed proportionally to the photon flux (Figure 5). This
linear dependence is an experimental signature of charge

carrier-induced chemical reactions, and other mechanisms such
as heating do not exhibit this behavior.24 All these provide
compelling evidence that catalytic ozone decomposition was
promoted mainly through the energy transfer from and not the
equilibrium heating of the Ag particles.
For the catalysts used in this study, Ag nanoparticles are in

direct contact with the spinel ferrite substrate. Therefore, the
incoming photon energy concentrated through Ag LSPR can
be transferred to the surroundings via both radiative (e.g.,
electromagnetic filed) and nonradiative (e.g., formation of
energetic electrons) processes.47 The energy-transfer mecha-
nisms by which Ag LSPR can enhance the catalytic ozone
decomposition are illustrated in Scheme S1. First, Ag/Ag2O
can serve as the reactive sites for ozone decomposition. Upon
an excitation of LSPR, energetic electrons can be transferred to
the surface-adsorbed ozone indirectly, where energetic
electrons first form on the surface of Ag nanoparticles and
subsequently transfer to the adsorbate (O3) acceptor states or
through a direct plasmon-mediated charge scattering via the
adsorbate,47,49 resulting in an enhanced ozone decomposition.
Under the influence of large electric fields, the electron
shuttling between Ag/Ag2O and nearby redox sites becomes
much more efficient as well. Here the presence of photoejected
electrons is supported by the results of electron-trapping tests
with methyl viologen (MV2+) (Text S6; Figure S15).52,53 The
formation of MV·+ cations was only observed under light
irradiation at 470 nm, which further confirms Ag plasmonic
effects. Since photocatalysis only led to very limited ATZ
removal (Figure 2A), these photoejected electrons should
mostly be involved in the electron-assisted ozone decom-
position process directly or indirectly, during which other
reactive species responsible for ATZ degradation were
generated (identification of the reactive species is discussed
in Section 3.4).
In addition to the enhanced catalytic activity at sites that are

active even without light irradiation, we think the elevated
electric fields established through LSPR may also “activate”
more ozone-adsorptive sites, which are otherwise not energetic
enough to overcome the activation barriers. These sites may
locate at regions of proximity of the excited plasmonic
nanostructure or hot spots between Ag particles (where
multiple resonances exist, yielding very strong electric fields),49

and they may be energized via a near-field electromagnetic
mechanism or accelerated electron tunneling processes.
Evidence to support this hypothesis could be significant
impacts of the ozone-adsorptive site density on the plasmon-
induced enhancement. Here we compared the performance
and surface −OH density of catalysts with different Ag doping,
where the validity of the surface −OH density to represent the
ozone adsorption capacity was first demonstrated (Text S7,
Figure S16). As shown in Figure S17A, the efficiency of ATZ
removal generally increased with Ag loading for catalytic
ozonation. With light irradiation, a sharp increase of kATZ was
observed for 0.5 wt % Ag/MnFe2O4 as compared to 0.25 wt %
Ag/MnFe2O4 and 1.0 wt % Ag/MnFe2O4. In the meantime,
0.5 wt % Ag/MnFe2O4 bears the highest surface −OH density.
To minimize the effects of different particle sizes and spacings
caused by different Ag loadings, we also synthesized several
MFe2O4 (M = Co, Cu, Zn, or Mn), all doped with 0.5 wt %
Ag. A similar impact of surface −OH density on kATZ was
observed (Figure S17B). The significance of these results is
that, while multiple factors may account for the different
performance of these catalysts during catalytic ozonation, a

Figure 4. O 1s (A), Ag 3d (B), Mn 2p (C), and Fe 2p (D) XPS
spectra of pristine and spent catalysts (0.5 wt % Ag/MnFe2O4) [(a)
after catalytic ozonation; (b&c) after plasmon-enhanced catalytic
ozonation, photon flux: (b) 4.28 × 10−10 Einstein L−1·s−1, (c) 6.4 ×
10−10 Einstein L−1·s−1].

Figure 5. Reaction rate constants vs photon flux. [Experimental
conditions: initial ATZ concentration: 2 mg/L; initial O3 concen-
tration: 2.7 mg/L; working solution: 150 mL; catalyst dose: 1.2 g/L;
light source: LEDs; pH0 = 7].
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much-pronounced light-mediated enhancement always oc-
curred on the Ag-doped catalyst with the highest ozone-
adsorptive sites, implying Ag LSPR may have channeled energy
to and consequently activated more adsorptive sites to induce
ozone decomposition. Here it is also worth mentioning that
the excitation and decay of LSPR are sensitive to the
composition, size, geometry, and the local environment of
the plasmonic nanostructure.48 While beyond the scope of this
initial demonstration, further studies involving carefully
designed and precisely synthesized nanostructures are needed
to delineate these effects.
In an oxidizing aqueous environment, Ag0 tends to be

oxidized easily. However, in contrast to the decreased surface
Ag0 content after catalytic ozonation, the surface Ag0 actually
increased after the plasmon-enhanced catalytic ozonation,
suggesting photoreduction of the surface Ag occurred (Figure

4B). This can be attributed to the weakening of Ag−O bonds
by LSPR of the Ag core.54 The presence of Ag0 is crucial to
sustain the high catalytic performance. As illustrated in Figure
6, 0.5 wt % Ag/MnFe2O4 exhibited excellent stability in cyclic
runs, whereas the performance gradually declined during
catalytic ozonation without light irradiation. Even without
considering the LSPR of Ag, we believe a mixture of Ag/Ag2O
is beneficial for efficient ozone decomposition. Metal oxides
have been reported to be more active toward ozone, but a
decomposition that is too fast may cover the catalyst surface
with stable oxygen species and therefore hinder further
decomposition of ozone.12

3.4. Reactive Species and Possible Ozone Decom-
position Pathways. Here we conducted a series of scavenger
tests and EPR measurements to investigate the reactive species
that were generated and responsible for the ATZ degradation

Figure 6. Cyclic runs of catalytic ozonation (A) and plasmon-enhanced catalytic ozonation (B, C). [Experimental conditions: initial ATZ
concentration: 2 mg/L; initial O3 concentration: 2.7 mg/L; working solution: 150 mL; catalyst dose: 1.2 g/L; light source: LEDs; photon flux
(when irradiated): (B) 4.28 × 10−10 Einstein L−1·s−1, (C) 6.4 × 10−10 Einstein L−1·s−1; pH0 = 7].

Figure 7. Effects of different scavengers on ATZ degradation (A, B) [1 mM tert-butanol, 1 mM EDTA-2Na, 0.370 mM 1.4-benzoquione, 0.614
mM NaN3]; EPR spectra of reactive oxygen species (C, D) [control (trapping agent only): green; catalytic ozonation: red; plasmon-enhanced
catalytic ozonation: blue]. (E). Catalytic ozone decomposition pathways at different adsorptive sites.
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during different catalytic ozonation processes. Here, t-BuOH,
1,4-benzoquinone, NaN3, and EDTA-2Na (EDTA = ethyl-
enediaminetetraacetic acid) were employed as the scavengers
for ·OH, ·O2,

1O2, and h+, respectively.55−57 As shown in
Figure 7A,B, the effect of the EDTA-2Na addition was almost
negligible, indicating h+ was not involved in the ATZ removal.
On the contrary, both t-BuOH and 1,4-benzoquinone
inhibited ATZ degradation, implying ·OH and ·O2 were
generated in both processes. An addition of NaN3 affected the
ATZ degradation differently during the catalytic ozonation
with and without light irradiation. While a significant inhibition
was observed in the plasmon-enhanced process, the effect was
much less pronounced in catalytic ozonation. This implies that
1O2 was mainly generated under a light irradiation.
Furthermore, since 1,4-benzoquinone and NaN3 also have
strong scavenging effects against ·OH,58,59 5-tert-butoxycar-
bonyl-5-methyl-1-pyrroline N-oxide (TBMPO) and 2,2,6,6-
tetramethylpiperidine (TEMP) were employed as the spin
trapping agents in electron paramagnetic resonance (EPR)
experiments to further probe O2· ̅ and

1O2, respectively.
60,61

The characteristic EPR signals of TBMPO/O2·
− adducts

(1:1:1:1 four-line spectra; Figure 7C) were detected in both
processes, while the characteristic EPR signals of TEMP/1O2
adducts were only detected during the plasmon-enhanced
catalytic ozonation (Figure 7D), which confirms the results of
scavenger tests.
On the basis of the results and discussion above, the

corresponding catalytic ozone decomposition pathways at
different adsorptive sites are proposed and presented in Figure
7E. At Ag/Ag2O sites, the intense electric field generated at the
surface via LSPR excitation may lead to transient electronic
excitations and consequently induce ozone decomposition,
during which there is no charge extraction out of Ag (Route
I).62 Furthermore, upon plasmonic excitation, energetic charge
carriers such as energized electrons can be generated and
injected into the adsorbate (O3), leading to the formation of
surface-bound intermediates (O2· and HO2· ). O2· can then be
oxidized by the paired hole through which 1O2 is released and
Ag+ returns to Ag0 (Route II). These intermediates may also
react with another ozone and be desorbed from the surface,
leaving the metal nanoparticle in a charged state. As discussed
previously, LSPR of the metal core can help restore the metal
surface to the uncharged state. Besides, the superior electron
transport properties of Ag can also facilitate the electron
shuttling between Mn(II) and Mn(III) for efficient ozone
decomposition,28,46 where LSPR of the metal core helps
restore the uncharged state again. Moreover, surface hydroxyl
groups on the metal-based catalysts can also be the catalytic
active sites for ozone decomposition and the consequent
generation of hydroxyl radical (·OH) and superoxide radical
(O2·

−).41,63 Note that ozone decomposition at all these
adsorptive sites can be enhanced due to the plasmonic effects
of Ag nanostructures. Further, as illustrated in Scheme S1, the
plasmon-induced elevated field may energize more ozone-
adsorptive sites and consequently enable catalytic ozone
decomposition at these sites as well (discussion in Section
3.3). Future studies such as in situ Raman spectroscopy to
characterize intermediate oxygen species in the presence of
ozone/light should be conducted to further support the
proposed pathways.64

3.5. Demonstration in Tap Water. Lastly, the high
efficiency of plasmon-enhanced catalytic ozonation was
demonstrated in tap water (Table S6) under realistic water

treatment conditions. As shown in Figure 8, ∼92% of ATZ
removal (C0 = 30 μg/L) was achieved in 5 min, with an O3/

TOC (total organiccCarbon)mass ratio of 0.7 and a photon
flux of 4.28 × 10−10 Einstein L−1·s−1 at 470 nm. Meanwhile,
the formation of bromate, a typical ozonation byproduct,
decreased from 20 μg/L for ozonation alone to 14.2 μg/L for
catalytic ozonation and, further, down to 6.8 μg/L for
plasmon-enhanced catalytic ozonation, which is lower than
the maximum contaminant level (MCL; 10 μg/L) for drinking
water set by the United States Environmental Protection
Agency (USEPA).65 For comparison, studies on heteroge-
neous catalytic ozonation for ATZ removal reported in the
literature were summarized in Table S7. To the best of our
knowledge, this is the first study that reports plasmon-
enhanced catalytic ozonation can be a very efficient AOP for
the elimination of recalcitrant water pollutants, which warrants
further investigation. We also think spinel ferrite-based
catalysts are very promising for practical applications, ascribed
to its stable mineralogical structure with abundant ozone-
adsorptive sites and magnetic property for easy separation, the
facile and scalable synthesis route (nearly 100% yield), the
superior performance of plasmon-enhanced catalytic ozonation
with very low Ag loading (∼0.1 wt % of the total catalyst mass)
and photon input, and the good recyclability.

4. CONCUSION
In this study, we have demonstrated for the first time that the
treatment efficiency of recalcitrant organic water pollutants by
heterogeneous catalytic ozonation can be significantly
enhanced utilizing the LSPR of Ag on Ag/MnFe2O4 with a
photon input as low as ∼10−10 Einstein L−1·s−1 at the Ag
plasmon band. The high and stable catalytic activity of Ag/
MnFe2O4 can be ascribed to the LSPR of Ag, which not only
enables energy transfer to the ozone-adsorption site and
consequently leads to the enhanced ozone decomposition and
subsequent generation of reactive oxygen species (e.g., ·OH,
O2·

−, and 1O2) for organic degradation, but also helps maintain
Ag0 in the catalysts in an oxidizing aqueous environment. We
think this work is of great environmental significance. It paves
the way for the development of plasmon-enhanced catalytic
ozonation processes for the efficient elimination of refractory
organic pollutants in water treatment. It also sheds light on
designing plasmonic photocatalysts for gaseous ozone
decomposition for air pollution control.

Figure 8. ATZ removal and bromate formation in tap water.
[Experimental conditions: test in tap water: initial ATZ concen-
tration: 30 μg/L, working solution: 150 mL, catalyst dose: 1.3 g/L,
photon flux (when irradiated): 4.28 × 10−10 Einstein L−1·s−1, O3/
TOC (mass ratio): 0.7, reaction time: 5 min].
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Grünbacher, M.; Praty, C.; Tada, M.; Matsui, H.; Ishiguro, N.;
Gurlo, A.; et al. Structural Investigations of La0.6Sr0.4FeO3-:δ under
Reducing Conditions: Kinetic and Thermodynamic Limitations for
Phase Transformations and Iron Exsolution Phenomena. RSC Adv.
2018, 8, 3120−3131.
(35) Wei, C.; Feng, Z.; Scherer, G. G.; Barber, J.; Shao-Horn, Y.; Xu,
Z. J. Cations in Octahedral Sites: A Descriptor for Oxygen
Electrocatalysis on Transition-Metal Spinels. Adv. Mater. 2017, 29
(23), 1606800.
(36) Piera, E.; Calpe, J. C.; Brillas, E.; Domeǹech, X.; Peral, J. 2,4-
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