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ABSTRACT: Semiconductor nanostructures with photocatalytic
activity have the potential for many applications including
remediation of environmental pollutants and use in antibacterial
products. An effective way for promoting photocatalytic activity is
depositing noble metal nanoparticles (NPs) on a semiconductor.
In this paper, we demonstrated the successful deposition of Au
NPs, having sizes smaller than 3 nm, onto ZnO NPs. ZnO/Au
hybrid nanostructures having different molar ratios of Au to ZnO
were synthesized. It was found that Au nanocomponents even at a
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very low Au/ZnO molar ratio of 0.2% can greatly enhance the photocatalytic and antibacterial activity of ZnO. Electron spin

resonance spectroscopy with spin trapping and spin labeling was

used to investigate the enhancing effect of Au NPs on the

generation of reactive oxygen species and photoinduced charge carriers. Deposition of Au NPs onto ZnO resulted in a dramatic
increase in light-induced generation of hydroxyl radical, superoxide and singlet oxygen, and production of holes and electrons.

The enhancing effect of Au was dependent on the molar ratio of

Au present in the ZnO/Au nanostructures. Consistent with

these results from ESR measurements, ZnO/Au nanostructures also exhibited enhanced photocatalytic and antibacterial activity.
These results unveiled the enhanced mechanism of Au on ZnO and these materials have great potential for use in water

purification and antibacterial products.

B INTRODUCTION

Because of their current and potential commercial importance,
nanomaterials composed of metal oxides have received a great
deal of interest. Metal oxide nanomaterials, such as ZnO and
TiO,, have been used in sunscreens,’ antimicrobial agents,2'3
solar energy conversion, and photocatalysis for remediation of
environmental pollutants.*"® The unique way in which metal
oxide nanomaterials interact with light underlies many of these
applications. When light (usually UV light) is absorbed, the
photoexcited nanoparticle stores energy by charge separation
and creating electron—hole pairs. The fate of the electron/hole
pairs determines the chemical and biological reactivity of the
photoexcited nanoparticle. Pure semiconductors usually exhibit
low photoenergy conversion efficiency probably because of their
relatively low chal}e separation efficiency and fast recombination
of charge carriers.” Recently, the combination of metal oxide NPs
with noble metals to form metal/semiconductor hybrid
nanostructures has been 0proposed as a way to increase
photocatalytic efficiency.®*”'® For example, deposition of Au or
Pt NPs onto TiO, was reported to greatly improve the
photocatalytic reaction rate in organic degradation reactions.""
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The preparation and enhanced photcatalytic activity of noble
metal/metal oxide hybrid nanostructures have been re-
ported.">""* Noble metal NPs have been shown to increase
the photoenergy conversion efficiency of semiconductors by (1)
increasing the efficiency of charge carrier separation," "' and (2)
extending light absorption and facilitating creation of electron/
hole pairs induced by the surface plasmon resonance (SPR)
effect (especially for Au and Ag).'®™'® However, optimizing the
efficiency of noble metal/metal oxide nanostructures remains a
challenge because of our limited understanding of the
mechanisms by which noble metals alter the fundamental
photophysics (e.g., effects on charge carrier lifetime) and
photochemistry (e.g., generation of reactive chemical inter-
mediates) of metal oxides.

Reactive oxygen species (ROS), typically including hydroxyl
radicals, singlet oxygen and superoxide radicals, have been
proposed as the main reactive species responsible for the
photocatalytic activity of semiconductor NPs.'”*° Similarly,
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Figure 1. TEM images of ZnO NPs (a) and ZnO/Au hybrid NPs formed at different Au/ZnO molar ratios of 0.02 (b), 0.04 (c), and 0.1 (d). (e)
HRTEM image for the sample from panel d; (f) size distribution of Au particles formed on ZnO at different molar ratios for reactants. Scale bars in

panels a—d are all 20 nm; scale bar in panel e is 5 nm.

generation of ROS, resulting in oxidative stress, has been
recognized as a predominant mechanism underlying the effects
of photoexcited metal oxides on mammalian and bacterial
cells.”"** In addition, physical interaction with cellular
components and metal ions released following dissolution
appear to contribute to the bioactivity of some metal oxides.”>**
Zhang et al. have proposed that the band gap energy can be used
to rank the ability of metal oxide NPs to induce oxidative stress
and biological responses such as acute inflammation.*> A number
of mechanistic studies have investigated the events following
photoexcitation of NPs leading to generation of ROS.
Investigators have used indirect spectroscopy or electron spin
resonance (ESR) spectroscopy to determine the generation of
ROS,***” and transient spectroscopic methods to measure
charge carrier dynamics.”® However, detailed mechanistic studies
on noble metal/metal oxide NPs are very limited. As a result, we
lack the knowledge needed to optimize the photocatalytic and
antibacterial activities of these NPs.

ESR spectroscopy is a powerful tool for studying molecules
and materials with unpaired electrons.”® ESR with spin trapping
is the most reliable and direct method for identification and
quantification of short-lived free radicals. Spin trapping is based
on the reaction between an unstable free radical and the spin trap
to produce a relatively stable spin adduct, which is then
characterized by ESR. Spin trapping has been used to detect
free radical intermediates in photoinduced reactions involving
semiconductors such as TiO, and ZnO.*® However, it is difficult
to identify photoinduced charge carriers (electrons and holes)
using spin trapping. Recently, 2,2,6,6-tetramethylpiperidine-1-
oxyl (TEMPO) has been employed as a NMR probe for
elucidation of electron and proton transfer during photo-
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excitation of TiO, and ZnO.*" This application inspired us to
investigate the utility of TEMPO and ESR to examine the effect
of metal NPs on electrons and holes formed during photo-
excitation of semiconductors. Combined use of ESR spin traps
and spin probes can give detailed mechanistic information about
both the generation of ROS and behavior of electron/hole pairs.

In this study, we examined ZnO/Au hybrid nanostructures as
an example of metal oxide/noble metal nanostructures. Zinc
oxide was selected as a representative metal oxide because of its
widespread use in commercial products. Our primary objective in
studying ZnO/Au hybrid nanostructures was to understand the
relationships among charge carrier formation, generation of
reactive intermediates, photocatalytic activity, and antibacterial
activity. An additional objective was to determine how the
amount of Au loaded into a ZnO/Au hybrid nanoparticle
determines its photochemical reactivity and antibacterial
behavior. In assessing the effect of Au NPs on the generation
of ROS, it is critical to develop methods for definitively
identifying each ROS. Therefore in this work, we also have
developed methods using ESR spectroscopy with spin trapping
and spin probes to identify and quantify individual ROS formed
following photoexcitation of ZnO and ZnO/Au hybrid
nanostructures.

Bl RESULTS AND DISCUSSION

Formation of ZnO/Au Hybrid Nanostructures. ZnO/Au
hybrid nanostructures were synthesized by the photoreduction
method, in which photoinduced electrons from ZnO were
employed to reduce AuCl,” (Au**) on the ZnO surface. This
method has two advantages: (1) very small particles of Au (<3
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nm) are obtained, and (2) this method is environmentally
friendly and low cost because it needs no additional reactants.
Figure 1 displays the TEM images of pure ZnO NPs and ZnO/
Au hybrid nanostructures having different amounts of Au
loading. Commercial ZnO NPs have an irregular shape with a
diameter of about 30 nm. During photoreduction of Au®" in the
presence of ZnO NPs, the original white suspension changed to
dark gray indicating formation of ZnO/Au. Figure 1 panels b and
c clearly show the dark Au dots distributed on the surface of ZnO.
We observed this color change even during reactions involving
reactants at the lowest molar ratio (0.2%) of HAuCl, to ZnO.
The product of this reaction is referred to as ZnO/Au0.2%.
However, at this level of Au deposition, no Au NPs are visible on
the surface of ZnO. Here, the Au clusters deposited on ZnO may
be too small for observation by TEM. Dots are visible in TEM
images for ZnO/Au hybrid nanostructures formed during
reaction of HAuCl, and ZnO at a molar ratio of 0.02 (ZnO/
Au2%, Figure 1b). When the molar ratio for reactants is
increased, both the size and density of Au dots significantly
increase (Figure 1c,d). We have calculated the Au dot size for
reactions using different molar ratios of HAuCl, and ZnO. The
size distribution is shown in Figure 1f. We found that the average
size was 0.77 (£0.2), 1.4 (£0.2) and 2.3 (+0.4) nm
corresponding to reactant molar ratios (HAuCl, to ZnO) of
0.02, 0.04 and 0.1, respectively. The size of Au dots formed when
the reactant molar ratio was further increased to 0.2 was 2.4 + 0.3
nm (Figure 1f). This indicates that no significant increase in the
size of deposited Au dots is associated with larger molar ratios of
HAuCl, to ZnO. Energy dispersive X-ray (EDX) analysis
confirms the coexistence of Au and Zn in the hybrid
nanostructures (Supporting Information, Figure S1). Assuming
a complete conversion of AuCl,~ to Au, we compared the
calculated Au/Zn ratios with the measured ratios (from EDX
analysis, average of three measurements). We found a linear
relationship with a slope of 0.29. This linear relationship indicates
that the molar percentage of Au deposited on ZnO is
proportional to the molar percentage of AuCl,” in the reaction
mixture. Because the slope for the linear relationship is less than
1, it is clear that not all (~ 30%) of the AuCl,” is photoreduced
and deposited onto ZnO as Au dots. Overall, these results
indicate that loading of Au onto ZnO can be controlled simply by
changing the molar ratio of reactants.

The high resolution TEM (HRTEM) image clearly shows the
lattice pattern and indicates that Au dots have a single crystalline
structure (Figure le). For Au dots, lattice spacing was calculated
to be 0.230 and 0.204 nm, which is similar to the planar distance
for Au {111} (0.235 nm) and Au {200} (0.204 nm), respectively.
The d spacing from ZnO is 0.242 nm corresponding to the
hexagonal ZnO {101} plane (0.246 nm). It was noteworthy that
Au deposits as nanoislands on ZnO rather than as a smooth Au
shell, even at higher molar ratios of Au. This is due to the large
difference in crystal lattice between Au and ZnO. We also noted
that Au {111} faces preferred to grow on ZnO {101} planes. This
may be attributed to the relatively small lattice mismatch (4.47%)
between Au {111} and ZnO {101} facets. The XRD pattern
further supports the formation of ZnO/Au hybrid structures
(Figure 2). The diffraction peaks from pure ZnO samples can be
indexed to the hexagonal phase of the zincite structure (JCPDS
NO. 1-1136), with no additional impurity peaks. After deposition
of Au at a reactant molar ratio of 2% Au/ZnO, the typically
strong peak of Au (111) and weak Au (200) indicate the
formation of crystalline Au, and the dominantly exposed faces are
consistent with the HRTEM observation. The specific surface
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Figure 2. X-ray diffraction (XRD) pattern of ZnO NPs and ZnO/Au
hybrid nanostructures obtained at a Au/ZnO molar ratio for reactants of
2%.

areas (SSA) for ZnO, ZnO/Au hybrid nanostructures with
different Au/ZnO molar ratios of 0.2%, 2%, and 10%, are
determined to be 63.02, 49.35, 46.44, and 36.30 mz/g,
respectively, which indicates the reduction of SSA with an
increase of the Au loading on ZnO.

Au NPs are often employed to improve the optical and
catalytic properties of metal or semiconductor nanomaterials,
because of their unique SPR properties. The SPR property is
highly dependent on the size and shape of Au NPs. As reported,
Au particles smaller than 3 nm show negligible SPR
phenomena.*” To determine how depositing small Au dots
affects the optical properties of ZnO, we examined the UV—vis
spectra of ZnO suspensions before and after modification with
Au dots (Supporting Information, Figure S2). Even at a very low
Au/ZnO ratio of 0.002, deposition of Au onto ZnO significantly
influenced the optical response of ZnO. We observed a stronger
adsorption intensity below 350 nm and an absorption edge shift
to shorter wavelength. The band gap energy (Eg) was calculated
based on the absorption spectra by the formula, ahv = A(hy —
Eg)l/ 2 where a is the absorption coefficient, A is a constant, hv is
the photon energy. Deposition of Au resulted in an about a 10%
increase in the band gap (Supporting Information, Figure S2
inset). Increasing the Au/ZnO ratio further resulted in no
additional changes in the spectra and/or band gap. Also, none of
the spectra show a SPR absorption band characteristic for Au
NPs around 520 nm. This may be because the SPR effect is very
weak for small Au dots.

Enhanced Effect of Au Loading on Photocatalytic
Degradation over ZnO/Au NPs. ZnO has been studied
extensively because of its high photocatalytic activity. We
examined how Au deposition affected the photocatalytic
performance of ZnO. The photocatalytic activity of ZnO and
various ZnO/Au hybrid nanostructures have been evaluated by
degradation of two representative substrates, the organic dye
methylene blue (MB) and the colorless pollutant salicylic acid
(SA) (Figure 3). ZnO NPs show good catalytic ability both for
the degradation of MB and SA under simulated sunlight. After Au
modification even at a very low Au/ZnO molar ratio of 0.002, the
degradations of MB and SA were both significantly enhanced.
Moreover, ZnO/Au with a higher Au to ZnO molar ratio
exhibited enhanced photocatalytic performance. For example,
ZnO/Au hybrid nanostructures at Au to ZnO molar ratio of 0.1
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Figure 3. Photocatalytic activity of ZnO and ZnO/Au NPs with
different Au loading on the degradation of MB (a) and SA (b) under
simulated sunlight. The concentration of catalysts is fixed at 0.1 mg/mL.

have a photocatalytic activity about four times higher than ZnO
at 20 min toward the MB degradation. These observations verify
that deposition of Au onto ZnO significantly enhances the
photocatalytic activity of ZnO.

Reactive oxygen species and photogenerated charge carriers
have been proposed as the main reactive species responsible for
the reactions photocatalyzed by ZnO. Therefore, we examined
how the deposition of Au onto ZnO influenced the generation of
ROS and behavior of charge carriers. For this purpose, it was
critical to develop a method to identify and distinguish the ROS
and photogenerated holes and electrons. We have used ESR
spectroscopy with spin trapping and labeling as an effective
technique to identify and characterize the activities of the ROS
and electron/holes generated during irradiation of ZnO/Au
hybrid nanostructures.

Identification of ROS and Charge Carriers by ESR
Spectroscopy. ESR spin trapping and spin labeling are two
recognized techniques for the detection of short-lived free
radicals and paramagnetic species.”® Spin labels refer to the
molecules with unpaired electrons and having an ESR signal, for
example, TEMPO. Silent spin labels are molecules which are ESR
silent but form stable radicals with an ESR signal after donating
electrons, for example, 2,2,6,6-tetramethylpiperidine (TEMP)
and 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine (CPH).
Generally, the silent spin labels are the reduced state of spin
labels. Here, we select S-tertbutoxycarbonyl-S-methyl-1-pyrro-
line N-oxide (BMPO) as a spin trap for the hydroxyl radical and
superoxide, 4-0x0-2,2,6,6-tetramethylpiperidine (4-oxo-TEMP)
for detection of singlet oxygen, and TEMPO and CPH for
characterization of electrons and holes. In addition, for
confirmation of each ROS, we examined the scavenging of the
hydroxyl radical, superoxide, and singlet oxygen by DMSO,
superoxide dismutase (SOD), and NaNj, respectively. Figure 4
illustrates the method used in this study to identify and
distinguish the reactive species formed during photoexcitation
of ZnO and ZnO/Au hybrid nanostructures.

Figure S shows the ESR spectra obtained from solutions
containing various spin probes and ZnO or ZnO/Au hybrid
nanostructures before and during irradiation with simulated
sunlight. No ESR signal was observed for control samples
(unirradiated samples or samples without catalysts for BMPO, 4-
oxo-TEMP or CPH). First, BMPO was chosen to verify the
generation of hydroxyl radicals and superoxide induced by ZnO
and ZnO/Au. Upon irradiation for S min in the presence of ZnO,
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Figure 4. Methods used to distinguish the ROS and charge carriers
formed during photoexcitation of ZnO and ZnO/Au. The downward
arrow represents the decrease of corresponding products.
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Figure S. Significant enhancement effect of Au in ZnO/Au hybrid
nanostructures for generation of ROS and charge carriers under
simulated sunlight. ESR spectra obtained from samples containing
different spin probes (25 mM BMPO, 0.02 mM CPH, 2 mM 4-Oxo-
TEMP or 0.02 mM TEMPO) and 0.1 mg/mL ZnO or ZnO/Au2% NPs.
The control represents the sample containing spin probe alone under
simulated sunlight, and the sample containing spin probe and catalysts
before exposure to simulated sunlight. All the spectra were recorded
after S min of irradiation with simulated sunlight.

we clearly observed a four-line spectrum with relative intensities
of 1:2:2:1 and hyperfine splitting parameters of ay = 13.56, a’; =
12.30, a’y = 0.66, which is the characteristic spectrum for the
adduct formed between BMPO and the hydroxyl radical
(BMPO/ -OH).34 When ZnO/Au2% hybrid nanostructures
were added, the BMPO/-OH signal intensity increased
significantly (about 4 times). These results indicate that the
hydroxyl radical is generated by ZnO and ZnO/Au during
irradiation and that deposition of Au onto ZnO significantly
enhances photogeneration of hydroxyl radicals. BMPO is also a
spin trap frequently used for capturing superoxide. While no
characteristic ESR signal for the adduct formed between BMPO
and superoxide (BMPO/-OOH) was observed, BMPO/-OH
and BMPO/-OOH have overlapping ESR spectra. To determine
whether the ESR signal in part comes from the superoxide, we
investigated the scavenging effect of DMSO and SOD on the
ESR signal from ZnO and ZnO/Au (Supporting Information,
Figure S3). DMSO and SOD are efficient and specific scavengers
for the hydroxyl radical and superoxide, respectively. For
comparison, superoxide was produced through a classic
enzymatic system, xanthine/XOD. When xanthine/XOD was
the source of superoxide, DMSO had no effect on the ESR
spectrum for the BMPO/-OOH spin adduct. As expected, no
ESR signal was observed for BMPO/-OOH in the presence of
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Figure 6. Effect of Au loading on the enhancement of ROS generation during irradiation.

SOD. When photoexcited ZnO or ZnO/Au were the sources for
radical generation, we found that (1) the addition of 10% DMSO
leads to significant reduction of hydroxyl radical and the residual
signal can be assigned to BMPO/-OOH adduct (marked in
asterisk in Supporting Information, Figure S3), and (2) the
addition of 0.25 U/mL SOD also partly inhibits the ESR signal,
indicating the involvement of the superoxide. These results
indicate that both hydroxyl radical and superoxide are generated
during irradiation of ZnO and ZnO/Au nanostructures.

In addition to the hydroxyl radical and superoxide, singlet
oxygen is another important ROS. 4-Oxo-TEMP was selected as
a spin probe for investigating the enhancing effect of Au on
singlet oxygen generation. 4-Oxo-TEMP itself is ESR silent. No
ESR signal was observed for samples containing the spin probe
and ZnO without irradiation or the irradiated spin probe alone. A
triplet spectrum, characteristic for the reaction between the spin
probe and singlet oxygen, was observed during irradiation of
either ZnO or ZnO/Au hybrid nanostructures (Figure S). This
ESR spectrum verifies the production of singlet oxygen. To
confirm that the ESR signal resulted from singlet oxygen, the
effect of sodium azide, a singlet oxygen scavenger, was tested.
The triplet ESR spectrum was reduced greatly when ZnO or
ZnO/Au were irradiated in the presence of sodium azide, thus
confirming the previous observation of the production of singlet
oxygen (Supporting Information, Figure S4). For the same
amount and recording time, the ESR signal intensity generated
from photoexcited ZnO/Au2% is calculated as about 7 times the
signal from pure ZnO, indicating that deposition of Au on ZnO
greatly enhanced generation of singlet oxygen.

CPH, though ESR silent itself, can be oxidized to form CP-
nitroxide (CP-) radicals with a typical ESR spectrum of three
lines with intensity ratios of 1:1:1. CPH is not a specific spin label
since it may react with a number of oxidants such as ROS and
holes generated as charge carriers in photocatalysts. Therefore,
CPH was employed here to determine the overall photo-
oxidative behavior caused by holes and ROS. CPH can be very
slowly oxidized to form nitroxides by dissolved oxygen or
irradiation. When CPH is exposed to simulated sunlight in the
presence of ZnO or ZnO/Au, we observe ESR spectra consisting
of three-lines with hyperfine splitting constant ay = 16.2 G.
Parallel observations were made for the generation of hydroxyl
radical and singlet oxygen; the ESR signal is approximately 5
times greater when irradiating ZnO/Au compared to ZnO. CPH
is an often-used hole scavenger as it can be oxidized by holes.*®
To determine the specificity of CPH in detecting oxidants, we
investigated the effects of the hydroxyl radical (generated by
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irradiating hydrogen peroxide), superoxide (produced by
xanthine/XOD), and sodium azide on CPH oxidation
(Supporting Information, Figures S5—S7). The results reveal
that superoxide can induce CPH oxidation, but the hydroxyl
radical and sodium azide (and therefore singlet oxygen) have a
negligible effect on the CP- ESR signal. Also, the addition of SOD
results in only a partial (~30%) reduction in the CP- ESR signal
both for ZnO and ZnO/Au NPs (Supporting Information,
Figure S8). These results indicate photoinduced holes and
superoxide anion are the possible oxidants responsible for
eliciting the CP- ESR signal, and with photogenerated holes
being dominant.

The spin label TEMPO was selected for characterizing the
electrons generated in photoexcited ZnO and ZnO/Au. TEMPO
is a typical spin label molecule, having stable triplet ESR
spectrum. It can be reduced (e.g, by electrons associated with
photoexcited semiconductors) to give a hydroxyl amine
(TEMPOH) which lacks an ESR mgnal3136 37 Reduction of
TEMPO is accompanied by flattening of the ESR signal (Figure
5). In our system, TEMPO does not react with oxidizing species
(holes and ROS) or with unirradiated ZnO NPs. Importantly,
superoxide anion has little effect on the ESR signal for TEMPO
(Supporting Information, Figure SS). Therefore, under our
experimental conditions, the formation of TEMPOH from
TEMPO necessarily involves transfer of electrons from the
surface of photoexcited ZnO or ZnO/Au surface to the spin
label. Therefore, generation of photoinduced electrons and their
reactivity can be easily monitored by observing changes in the
ESR spectrum of TEMPO. The ESR spectrum of an aqueous
solution of TEMPO shows a stable signal having three peaks with
intensity of 1:1:1. The signal intensity was unchanged after
mixing with catalysts before irradiation or irradiation without
catalysts. The signal intensity decreased slightly within S min of
irradiation in the presence of ZnO; however, a considerable
reduction of ESR signal was observed during irradiation of ZnO/
Au hybrid nanostructures (Figure S). With extended irradiation
times, more reduction was observed both for ZnO and ZnO/Au
(data not shown). These results indicate that the electrons are
produced from photoexcited ZnO and ZnO/Au NPs, and
deposition of Au onto ZnO can greatly enhance the reactivity of
the photoinduced electrons. This may be attributable to the low
Fermi level of Au, resulting in the shuttling of conduction band
electrons from ZnO to Au and increased availability of electrons
for photoreductions.

Using ESR spectroscopy, we have demonstrated that hydroxyl
radical, superoxide anion, and singlet oxygen are formed during
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photoexcitation of ZnO and ZnO/Au. In addition, we have
characterized the charge carriers generated during irradiation of
these photocatalysts. Importantly, we also demonstrated that
deposition of Au onto ZnO significantly enhances the photo-
generation of all the identified reactive species. As mentioned
above, ZnO/Au hybrid nanostructures with different Au/ZnO
ratios could be synthesized controllably by changing the molar
ratio of the reactants, HAuCl, and ZnO. The Au loading
exhibited a profound influence on the photocatalytic activity of
ZnO NPs. We investigated whether the levels of Au loading had
similar effects on the photogeneration of each active species
(hydroxyl radical, singlet oxygen, and electrons) (Figure 6). For
BMPO and 4-oxo-TEMP, the ESR signal reflected the generation
of hydroxyl radicals, superoxide and singlet oxygen, respectively.
A similar dependence on Au loading was noted for both BMPO
and 4-oxo-TEMP. An initial increase in the ESR signal intensity
was noted for ZnO/Au hybrid nanostructures derived from
reactant mixtures containing molar percentages of Au up to 2%,
for BMPO, and 4%, for 4-oxo-TEMP. Diminishing ESR signal
intensities were observed for ZnO/Au hybrid nanostructures
having a higher molar percentage of Au. This decrease in ESR
signal intensity for BMPO and 4-oxo-TEMP observed at higher
levels of Au loading may be attributable to the SOD mimetic
activity of Au NPs reported by us and others.*® As we have
demonstrated, the signal intensities of both BMPO and 4-oxo-
TEMP are dramatically reduced in the presence of SOD
(Supporting Information, Figures S3 and S9). At higher levels
of Auloading, the SOD mimetic activity of the Au NPs deposited
on ZnO may result in a net reduction of ESR signals for BMPO
and 4-oxo-TEMP. For the spin label TEMPO, which was used to
follow photogeneration of electrons, a similar dependence on the
molar percentage of Au was observed. The photoreduction of
TEMPO (as indicated by a decreasing TEMPO ESR signal)
increased for ZnO/Au hybrid nanostructures derived from
reaction mixtures containing a molar percentage of Au up to 4%.
At higher levels of Au loading, the photoreduction of TEMPO
decreased. For CPH, which was used to determine photo-
oxidative behavior mainly caused by holes, a different trend was
observed. The ESR signal of CP- increased quasi-linearly with
increasing Au/ZnO ratio. These ESR results demonstrate that a
similar dependence on Au content in the ZnO/Au hybrid
structure is noted for BMPO, 4-oxo-TEMP, and TEMPO and
could be used to detect and quantify hydroxyl radicals, singlet
oxygen, and electrons generated as electron/hole pairs,
respectively. A distinctly different dependence on Au loading
was observed in the ESR results obtained for CPH, used to detect
and quantify holes generated as electron/hole pairs. It is of
interest to note that the ESR obtained for CPH and the
photocatalytic activity have a similar dependence on levels of Au
loading. This correlation between reactivity of holes and the
photocatalytic activity suggests a mechanistic connection
between light-induced generation of holes and photocatalytic
activity. The results therefore suggest that photogenerated holes,
rather than hydroxyl radicals, singlet oxygen, or electrons, play
the dominant role in photocatalysis by ZnO/Au hybrid
superstructures. It should be noted that gold NPs have been
shown to be a catalyst for a variety of chemical reactions.” We
have observed that Au nanodots themselves (ZnO/Au
nanostructures without irradiation) have negligible ability in
the generation of ROS and a very small contribution to the
degradation of MB (about ~8%, data not shown).
Mechanism of Enhancement Effect of ZnO/Au Hybrid
Nanostructures. As discussed above, when compared to ZnO,
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ZnO/Au hybrid nanostructures have enhanced activity in
photogeneration of hydroxyl radicals, superoxide, singlet oxygen,
photoinduced holes, and electrons. This enhancement in
photogenerated reactive intermediates is consistent with the
observed enhanced photocatalytic activity of ZnO/Au hybrid
nanostructures. The mechanism for this enhancement may be
understood by examining how Au, deposited on the surface of
ZnO, affects the fate of photogenerated electrons and holes in
ZnO. During irradiation of a semiconductor, electrons in the
valence band are excited to the conduction band by the absorbed
energy producing charge carriers. The electrons and holes have
strong reductive and oxidative ability, respectively, and result in
generation of reactive oxygen species. The valence band edge
energy and conduction band edge energy of semiconductors
determine the type of ROS generated during photoexcitation.
The redox potential for dissolved oxygen/superoxide couple is
—-0.16V (EO(OZ(aq)/OZ_.))I and for the H,O/-OH couple is 2.32
V(Eo(H,0/-OH)) at pH 7.*° Therefore, photogenerated
electrons, needed to form superoxide, must therefore have a
potential less than —0.16, and photogenerated holes, needed to
form hydroxyl radicals, must have a potential greater than 2.32.
As shown in Figure 7a, ZnO, a wide band gap (Eg =32 eV)

(VINHE)
P

(a) (b)

\ 4

Photo-reduction

H,0/OH

Figure 7. (a) Position of Fermi level of Au and energy bands of ZnO
compared with redox potential of O,”*/O, and H,0/-OH, (b)
Expected reaction mechanism for enhancement effect on generation
ROS and photocatalytic activity. Deposition of Au onto ZnO increases
the charge carrier separation and transport efficiency in photoexcited
ZnO NPs.

semiconductor, has a conduction band edge with redox potential
of —0.2 V and a valence band edge with redox potential of 3.0
V.* Thus, the highly reactive holes react with water to generate
hydroxyl radicals, and electrons react with dissolved oxygen to
produce superoxide anions. We observed that more hydroxyl
radicals are generated than superoxide anions during photo-
excitation of ZnO or ZnO/Au hybrid nanostructures. This may
be attributed to the higher redox potential difference (0.68 V)
between the valence band edge and the H,O/-OH couple than
those (0.04 V) between the conduction band electrons and
Ol(aq)/ol_.'

We have previously reported that singlet oxygen is generated
from photoexcited TiO, NPs, and that the mechanism involves a
reaction between superoxide anions and holes.* Because of the
similarity between ZnO and TiO,, we propose that a similar
mechanism underlies our current observations. To demonstrate
this hypothesis, the effect of SOD on the singlet oxygen
generation was studied. We found that the addition of SOD
greatly reduced (~90%) the generation of singlet oxygen
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measured using the spin probe, 4-oxo-TEMP (Supporting
Information, Figure S9). These results indicate that the
formation of singlet oxygen involves the intermediate formation
of superoxide. In addition, neither superoxide nor hydroxyl
radicals were found to react with 4-oxo-TEMP to give a signal
expected for 4-oxo-TEMP reacting with singlet oxygen
(Supporting Information, Figures SS and S6). These results
show the specificity of 4-oxo-TEMP for detecting singlet oxygen.
Taken together, these results support the view that singlet
oxygen, formed during irradiation of ZnO or ZnO/Au hybrid
nanostructures, is the product of a reaction between superoxide
and holes.

For the ZnO/Au hybrid nanostructures, the observed
enhanced photocatalytic activity and ROS generation may result
from the following possible effects of Au in the ZnO/Au hybrid
nanostructures: (1) enhancing light absorption because of the
SPR of Au, (2) changing the band gap of ZnO and thereby
promoting reactivity of photoinduced charge carriers, and (3)
increasing the efficiency of electron transport and charge carrier
separation. As we discussed in the previous section, for the ZnO/
Au hybrid nanostructures studied in this work, the Au dots
smaller than 3 nm show very weak SPR. This indicates that
increased absorption of light through the SPR of Au does not
play a role in the enhanced photoactivity observed for the ZnO/
Au hybrid nanostructures. In addition, we investigated the
wavelength dependence for generation of ROS for ZnO and
ZnO/Au hybrid nanostructures (Supporting Information, Figure
$10). Although the hybrid structures show great enhancement
for ROS generation, they have the same absorption spectrum
between 200 and 450 nm and exhibit the same wavelength of
maximum absorbance (near 350 nm) as the ZnO nanostructures.
Wavelengths greater than 350 nm were ineffective in driving the
generation of ROS. This indicates that deposition of Au onto
ZnO does not significantly change the wavelengths of light which
drive the generation of ROS. We also observed that deposition of
Au dots onto ZnO results in a slight widening of the band gap. A
widening of the band gap caused by Au deposition might result in
the shift of the conduction band edge and valence band edge. The
conduction band edge shift to more negative, or valence band
edge move toward more positive, or both will happen. As a result,
the reductive activity of electrons in conduction band or the
oxidative ability of holes in valence band or both will be
increased, which subsequently will enhance the generation of
ROS. Therefore, band gap widening due to deposition of Au on
ZnO may contribute to the enhancing effects observed for
photocatalysis and generation of ROS. For the third effect, it has
been demonstrated that Au NPs possess the property of storing
electrons.*> When the semiconductor and metal NPs are in
contact, the photogenerated electrons are distributed between
ZnO and Au NPs (Fermi level of Au +0.45 V versus NHE). The
transfer of electrons from the excited ZnO into Au results in the
higher separation efliciency of electrons and holes, and as a result,
can enhance both generation of ROS and the photo-oxidation/
reduction activity (Figure 7b). Therefore, changes in band gap
and efficiency in electron transfer are the most probable reasons
for the observed enhancement of photocatalytic activity and ROS
generation resulting from deposition of Au on ZnO.

Enhanced Effect of Au on the Antibacterial Activity of
ZnO/Au Hybrid Nanostructures. Our ESR results suggest
that the biological activity of ZnO, such as antibacterial activity,
can be enhanced by deposition of Au onto ZnO. To compare the
antibacterial ability of ZnO and ZnO/Au hybrid nanostructures,
two representative bacteria, gram positive S. aureus and gram
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negative E. coli were selected. Both the S. aureus and E. coli grew
well in the absence of nanomaterials and irradiation (Figure 8,
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Figure 8. Ability of ZnO NPs and ZnO/Au hybrid nanostructures in
killing S. aureus (a) and E. coli (b) under simulated sunlight for 10 min.
Control 1 represents bacteria exposed to neither NPs nor light. Control
2 represents bacteria exposed to simulated sunlight for 10 min but
without NPs. Grouped under ZnO, bacteria were exposed to 0.1 mg/mL
ZnO alone or were exposed to 10 min of solar simulated light and either
0.05 mg/mL or 0.1 mg/mL ZnO. Similarly, grouped under ZnO—
Au4%, bacteria were exposed to 0.1 mg/mL ZnO/Au4% alone or were
exposed to 10 min of solar simulated light and either 0.05 mg/mL or 0.1
mg/mL ZnO/Au4%.

Control 1). Irradiation with simulated sunlight caused a decrease
in bacterial survival (Control 2), exposure to NPs alone, without
irradiation, resulted in decreased bacterial survival compared to
untreated controls. With the addition of ZnO NPs, the survival of
both S. aureus and E. coli decreased further when exposed to
simulated sunlight for 10 min. This decrease may be attributed to
ROS generated during photoexcitation of ZnO. We observed an
enhancement in antibacterial activity for bacteria exposed to
ZnO/Au hybrid nanostructures and simulated sunlight. For
example, the ZnO/Au hybrid nanostructures were about 3 times
more effective in killing E. coli than pure ZnO NPs. The observed
antibacterial activity also increased with increased levels of ZnO
or ZnO/Au (Figure 8). ZnO NPs have been considered as
antimicrobial products especially when irradiated. The exact
mechanism of antibacterial activity of ZnO is still unclear and
may involve generation of ROS, release of Zn>" ions and damage
to cell membranes. While we cannot definitively describe the
mechanism of antibacterial activity, our ESR results suggest that
the dominant mechanism underlying Au enhancement of the
antibacterial activity of photoexcited ZnO is the generation of
ROS. Both the photocatalytic activity and antibacterial activity of
photoexcited semiconductors have frequently been attributed to
the generation of ROS. Additional studies are needed to
determine the role of individual ROS in antibacterial activity of
photoexcited ZnO/Au hybrid nanostructures because of the
complexity in biological environments.

B CONCLUSIONS

Small Au dots decorated on ZnO NPs exhibited significant
enhancement of ROS generation, photocatalytic activity and
broad antibacterial activity toward gram positive and gram
negative bacteria. Using ESR spectroscopy with spin trapping
and spin labeling, we definitively identified the ROS generated
from ZnO and ZnO/Au hybrid nanostructures when excited
with simulated sunlight. In addition, we determined that the
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ZnO/Au hybrid nanostructures exhibited enhanced charge
carrier reactivity. This enhancement effect may be attributed to
a higher efficiency of electron transport and charge carrier
separation induced by Au NPs. The enhanced ROS generation,
photocatalytic and antibacterial activity of ZnO/Au hybrid
nanostructures showed a distinctive Au/ZnO ratio dependence.
These results not only provide an efficient method to identify and
distinguish ROS and holes/electrons separately, but also
demonstrate an effective way to improve photocatalytic and
antibacterial activity of semiconductors by incorporation of
metals.
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