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ABSTRACT: This Letter describes size-controlled photocatalytic activity of ZnO nano-
particles coated with glutathione-protected gold nanoparticles with diameters of 1.1, 1.6,
and 2.8 nm. The photocatalytic activity of the ZnO—Au composites was found to increase
with increasing gold size for both oxidative and reductive catalytic reactions. Photolumines-
cence decay dynamics of the composites showed that the electron-transfer rate from the
photoexcited ZnO to gold nanoparticle also increased as the gold size increased. These
results demonstrate that the photogenerated electron transfer and the resulting catalytic 12
activity of the composites can be controlled by the size of the mediating gold capacitors.
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Assigniﬁcant challenge in the research of solar energy conver-
ion and photocatalysts is the rational design of materials
that can efficiently trap solar energy, convert into charges, and
allow controlled transfer of those charges. Notable break-
throughs have been realized recently in the development of
molecular catalysts capable of controlled photogenerated elec-
tron transfer.' > However, much less progress has been made in
nanoparticle catalysts that often exhibit unique size-dependent
physical and chemical properties.*”” Combining metal nanopar-
ticles exhibiting quantized charging® properties with a light-
harvesting unit may lead to nanoparticle composites capable of
controlled electron transfer and thereby tunable catalysis. We report
here the first quantitative results demonstrating that electron
transfer and photocatalytic activity can be controlled by the size of
metal nanoparticle in metal—semiconductor composites.
Thiolate-protected gold nanoparticles (AuNPs) with dia-
meters < 3 nm are stable, structurally well-characterized nano-
particles that exhibit size-dependent electrochemical and optical
properties.® '® One of the most interesting properties of these
quantum-sized AuNPs is the ability to control the transfer of
electrons into and out of the metallic core. The controllability of
the electronic charging is a fundamental result of the ultrasmall
capacitance (on the order of aF) of AuNPs. The size-dependent
capacitance (Caqunp) has been successfully modeled® as a capa-
citance of metallic spheres with insulating dielectric layers

CAuNP = 4.7T€0€(7‘/d)(1’ + d) (1)

where & is the permittivity of free space, ¢, the static dielectric
constant of the layer around the metal core, r, the radius of metal
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core, and d, the layer thickness. The energetics and dynamics of the
quantized electronic charging of the AuNPs have been described.®
In a previous report,'’ we demonstrated that AuNPs acts as an
efficient quencher of photoexcited TiO, nanoparticles in the
colloidal mixture of TiO, and AuNPs by accepting electrons from
the conduction band of TiO, and the quenching process is
controlled by the capacitance of AuNP.

In the interest of utilizing this controllability in photocatalysis,
we have explored the possibility of controlling the reactivity of
ZnO photocatalyst by modifying the surface of ZnO with
quantized gold capacitors. Glutathione (GS)-protected AuNPs
were synthesized using a modified Brust synthesis'>~'* and solvent-
fractionated to obtain size-purified AuNPs (see Supporting Infor-
mation (SI) for experimental details). The isolated particle sizes
determined by transmission electron microscopy (TEM) were
1.1 &+ 02, 1.6 & 02, and 2.8 =+ 0.3 nm (Figure S1, SI), which
correspond to AuNP compositions of Auys(GS)1s, Au44(GS)e0,
and Augy,(GS) 163, 1‘espectively.9’15 Figure 1a shows distinct absorp-
tion spectra of these AuNPs; whereas a surface plasmon band at
~520 nm is observed from Augy, it becomes featureless for Au;y,
and a steplike absorption profile emerges for Au,s due to their
discrete energy levels.”

Among the linkers that can bind AuNP to ZnO,'*'” carboxylic
groups are known to readily bind to the ZnO surface. Accordingly,
GS-protected AuNPs bearing carboxylic acid groups and ZnO
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Figure 1. (a) UV—vis absorption spectra of AuNPs and TEM images of
(b) ZnO—Au,s, (c) ZnO—Au, 44, and (d) ZnO—Aug,; composites. In
the TEM images, AuNPs are darker than ZnO particles due to their
higher electron scattering cross section. Blue circles show the sites where
AuNPs are anchored.

nanoparticles were stirred together for 12 h to produce ZnO—Au
composites. In this reaction, all AuNPs in the reaction solution
were found to completely bind to ZnO, which allowed precise
control of AuNP loading by varying the initial concentration of
AuNPs in the reaction mixture. This offers special advantage over
conventional metal —semiconductor composites'® in that the size
effect of AuNPs can be compared at the same particle loading.
Figure 1 shows the TEM images of ZnO—Au composites prepared
by reacting 14.4 nmol of Au,s, Auy 44, and Augy; NPs with 100 mg
of ZnO." Importantly, the sizes of AuNPs on ZnO were all
preserved after the anchoring process, emphasizing the advantage
of this preparative method.

The photocatalytic activity of ZnO—Au composites was first
evaluated by comparing catalytic degradation of a model dye,
thionine (TH), by the photoexcited composites. In order to examine
the reductive power of the composites alone, photolysis experiments
were conducted in a deaerated 1:1 (v/v) CH;OH—H,0 medium,
where CH30H acts as an efficient hole scavenger.20 Photo-
excitation of composite colloids (25 mg/L) was conducted
using a 150 W xenon lamp with wavelength 4 > 320 nm using a
UV cutoff filter (UV-32, HOYA). Photodegradation of the
model dye was monitored by recording absorption spectra of
the reaction mixtures in situ with a USB 4000 fiber optic spectro-
meter (Ocean Optics). The absorbance values were averaged out
of three independent measurements.

Band gap illumination of ZnO generates electrons in the con-
duction band, while holes in the valence band are scavenged by
CH;O0H. When ZnO is modified with a noble metal, the metal acts
as a sink for photogenerated electrons, promoting charge carrier
separation.” We previously demonstrated that electrons in the
photoexcited TiO, or ZnO can readily transfer to AuNP protected
with thiolate.**** Mulvaney and co-workers also demonstrated that
when ZnO is coated with metals such as Au or Ag, electron transfer
from photoexcited ZnO to metal occurs and the Fermi levels of the

two components equilibrate.”’ The stored electrons on the metal
can then participate in the catalytic reaction upon request by the
solvent redox species. The photoexcitation and ensuing electron
transfer and photocatalytic reduction of TH at a ZnO—Au compo-
site are illustrated in Scheme 1.

The photobleaching rates of TH by ZnO, ZnO—Auys,
ZnO—Au;4 and ZnO—Augg; are compared in Figure 2a. All
composite suspensions were irradiated equally, and the change in
absorbance at 600 nm was recorded during photocatalytic
reaction (Figure S2, SI). Note that the catalytic activity increased
with increasing AuNP loading, as shown in Figure S3 (SI) for 1, 2,
and 3 wt % Augy, loaded composites. Because of this loading
effect, we compared the catalytic activity at the same particle
concentration. As shown in Figure S4A (SI), there was some
photobleaching of TH observed (~12% at 300 s) in the absence
of catalysts, but the rate of the photobleaching drastically
increased in the presence of all catalysts, as can be seen in
Figure 2a. The bleaching rates are, however, vastly different
depending on the catalyst used. The photolysis time (t;,,)
corresponding to 50% degradation of TH was 260 s with
ZnO. The rate became dramatically faster with the modifica-
tion of AuNPs; t;,, values decreased to 112, 47, and 34 s with
ZnO—Au,s, ZnO—Au, 44, and ZnO—Aug,; composites, respec-
tively. The dramatic increase in the catalytic activity with
increasing AuNP size indicates that large AuNP extracts elec-
trons more efficiently than small AuNP, and as a result, more
electrons are separated in the composite as the AuNP size
increases. We also note that the size effect observed here is not
merely due to the difference in surface area. Photolysis of TH
with 3 wt % of Au,s, Aujsg, and Augy; (ie., different particle
concentrations) shown in Figure SS (SI) shows that the activity is
again the highest with Augyy, even though the total surface areas
of AuNPs are ~3- and 2-fold larger, respectively, with Au,5 and
Auy 4y than that with Auggs.

The enhanced charge separation in the presence of AuNPs on
ZnO also implies that more photogenerated holes become
available in the composite. Thus, we examined the oxidative
catalytic activity of the composites with rhodamine 6G (R6G),
which is known to undergo oxidative degradation in water.”**
Accordingly, photolysis experiments were carried out with
composites (50 mg/L) in water under atmospheric conditions.
Figure 2b compares the photobleaching rates of R6G by ZnO,
ZnO—Au,s, ZnO—Au, 4y, and ZnO—Auggy;. The photobleach-
ing of R6G was negligible in the absence of catalyst, as shown in
Figure S4B (SI), but it significantly increased in the presence of
catalysts. Overall, the photobleaching of R6G occurs at a longer
time scale than that of TH, but the AuNP size effect can be clearly
observed. The t;,, of R6G was 8.9 min with ZnO, which
gradually decreased with increasing AuNP size; t,,, were 5.4,
4.0, and 3.0 min with ZnO—Au,s, ZnO—Au,44, and ZnO—
Augy, respectively. Again, the evident size effect can be ascribed
to the increased charge separation with increasing AuNP size.
The above catalytic results undoubtedly reveal that the AuNP as
an electron acceptor plays a key role in the enhanced photo-
catalysis. The electron-receiving power of AuNP increases with
increasing size, which can be understood by the size-dependent
capacitance model.¥"!

If indeed the charge separation is affected by the size of AuNDPs, it
may be possible to monitor the AuNP size eftect on the dynamics of
photogenerated electrons. Photoluminescence (PL) of ZnO has
been utilized as a probe to investigate the charge distribution
and Fermi level equilibration in metal and semiconductor
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Scheme 1. Photoexcitation, Electron Transfer, and Photocatalytic Reduction of TH at a ZnO—Au Composite
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Figure 2. Change in (a) TH and (b) R6G concentration (C) relative to the initial concentration (Cy) during photocatalysis with ZnO and
ZnO—Au composites. The concentrations of TH (Cy = 25 uM) and R6G (C, = 12.5 uM) were estimated from the absorbance values at 600 and
525 nm, respectively. The absorption spectra recoded during the photolysis reactions of TH and R6G are shown in Figures S2 and S6 (SI),

respectively.
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Figure 3. (a) Optical absorption spectra and (b) PL spectra (Agx = 290 nm) of ZnO and ZnO—Au composites in 1:1 CH;OH—H,O solution.
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composites.”* The absorption and PL spectra of ZnO and
composites are shown in Figure 3a and b, respectively.
Whereas the absorbance spectra show little change upon the
modification with AuNP, both band edge emission at 380 nm
and broad emission at around 520 nm that is related with the
charge carrier relaxation via surface-related trap states™ are
found to be drastically quenched in the presence of AuNPs,
suggesting their strong influence on the carrier dynamics.
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Figure 4. Decay profiles of the exciton emission of ZnO and ZnO—Au
composites in deaerated a 1:1 CH;OH—H,O medium obtained using
the time-correlated single-photon counter technique. Intensities are
normalized for comparison purposes.

To further probe the electron-transfer process in ZnO—Au
composites, we carried out a time-resolved PL study of ZnO and
the composites. The band edge emission of ZnO decays by the
electron—hole recombination in deaerated a 1:1 CH;OH—H,0
medium, as shown in Figure 4. The decay profile is fitted most
reasonably by a biexponential model (see SI for details).”® The
fitting shows that the fast component, 7, (0.15 ns), that is thought to
arise from the free exciton states””*® is the major deactivation
pathway (80%) and became shorter in the presence of AuNPs. The
exciton lifetimes of the composites were found to be 0.14, 0.13, and
0.12 ns for ZnO—Au,s, ZnO—Au,44, and ZnO—Augy;, respec-
tively. This result suggests that electron transfer from ZnO to AuNP
forms an additional deactivation pathway, and the electron-transfer
efficiency increases with increasing AuNP size. Assuming that the
difference in the exciton lifetimes is only due to the added electron-
transfer process,26 the electron-transfer rate constants (kgr) in
ZnO—Au composites are estimated to be 0.3 X 10%, 1.0 x 10°,
and 1.7 x 10° s for ZnO—Au,s, ZnO—Au, 44, and ZnO—Augys,
respectively, using 7; of ZnO and the composites

kET = I/Tl (ZI’!O — Au) — I/Tl (ZnO) (2)

The electron-transfer efficiencies from ZnO to AuNPs can then be
calculated to be 5, 13, and 20% for ZnO—Au,s, ZnO—Au, 44, and
ZnO—Aug;, respectively. The decay profiles of ZnO and the
composites in water medium are found to be similar, as shown in
Figure S7 (SI), except for slightly shorter time constants in the water
medium. These PL results unambiguously confirm that electron
transfer occurs from photoexcited ZnO to AuNP, and the electron-
transfer efficiency increases with AuNP size. The enhanced
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Figure S. (a) Comparison of the photobleaching rate of TH with fa reshly prepared ZnO—Aug,; composite (black line) and the same composite after
photoirradiation for 3 hin deaerated 1:1 CH;OH—H,O (red line). TEM images of the ZnO—Aug,; composite (b) before and (c) after 3 h of irradiation.
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photocatalytic activity observed in Figure 2a and b can thus be
understood by the enhanced charge separation in the composite,
which can be controlled by the size of AuNDPs.

Finally, the photostability of composite catalysts was examined by
comparing the photocatalytic activity of the composites before and
after photoirradiation. As can be seen in Figure Sa, the photobleach-
ing rates of TH are almost identical with freshly prepared
ZnO—Aug; composites and 3-h-irradiated ZnO—Augy, com-
posites. TEM images shown in Figure 5b and c also show that
the average particle size and distribution of AuNPs on ZnO are
preserved after 3 h of irradiation. These results show that GS
ligands and the carboxylate binding groups on ZnO are
reasonably stable against UV—vis irradiation (4 > 320 nm).

In summary, these are the first results demonstrating that
electron transfer from photoexcited ZnO to AuNPs and the
resulting photocatalytic activity can be controlled by the size of
the mediating gold capacitor. These results may open the avenue
to utilize the unique charging properties of quantum-sized
AuNPs in the development of photocatalysts capable of selective
reactions via the control of electron flow.
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