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*S Supporting Information

ABSTRACT: Small amounts of water (between and 0.05 and 0.35% V/V)
critically determine the morphology and plasmon band of Au/ZnO
nanostructures obtained by Au3+ photoreduction on ZnO nanoparticles
dispersed in 2-propanol. All the synthesized materials exhibit plasmon induced
activity to drive the solvent oxidation; however, the temporal evolution of
acetone shows a clear induction time followed by the sudden boost in the rate
of the oxidation product, which depends on the photodeposition conditions. X-
ray photoelectron spectroscopy (XPS) indicates that visible irradiation
produces the transformation of surface Au(0) in Au(+). Besides, an increment
in the ZnO surface area ascribed to the photoinduced fragmentation of
aggregated networks of Au/ZnO nanocomposites is evidenced by XPS and
simple adsorption experiments. The changes in the surface properties correlate
with the onset in the catalytic activity. Possible mechanisms are discussed to
account for the experimental findings.

■ INTRODUCTION

Composite materials formed by noble-metal (Me) and
semiconductor (SC) nanoparticles are attracting a great deal
of attention for the design of plasmonic photocatalysts.1−4 Me/
SC structures have commonly been used to enhance charge
separation under ultra-band-gap excitation of the semi-
conductor;5−8 however, it has recently been found that the
excitation of the surface plasmon resonance (SPR) band can
also improve the photocatalytic performance of these
nanostructures.1−3 The SPR of noble-metal nanoparticles is
described as a collective oscillation induced by the electric field
of the impinging light. These oscillations in turn can
concentrate electromagnetic fields, scatter electromagnetic
radiation and, eventually, lead to the formation of high energy
free carriers that can be transferred to the surroundings.
Current evidence suggests that high energy electrons produced
by plasmon excitation in Au/TiO2 films can be injected into the
conduction band of the semiconductor particle, and then
transferred to a suitable acceptor.9,10 The hole left in the metal
could be filled by the electrons provided by a donor in contact
with the catalyst.1,11,12 Furthermore, a detailed analysis of the
action spectra of the metal semiconductor nanostructures
confirms that the SPR of gold is responsible for the Au/TiO2

photoactivity.11 It is worthy to say that, despite the evidence,
the mechanisms of the Au→ TiO2 electron transfer process are
still under debate, and frequently discussed in terms of the

Schottky barrier established between the semiconductor and
the metal after contact, which is estimated in 1.0 eV.10 It is
apparent that electron transfer from the metal to the
semiconductor requires SPR photoexcited electrons in Au to
tunnel across the barrier or to acquire enough energy to
overcome it. However, a quantitative analysis is not possible
due to the limited knowledge of the metal semiconductor
heterojunctions, that is, the actual heights of the barriers under
practical operational conditions. A similar picture applies for
Au/semiconductor nanostructures comprising other semi-
conductors as ZnO. Using electron paramagnetic resonance,
we have recently proved that the plasmon photoinduced
electron transfer in the metal→ semiconductor direction is also
possible for Au/ZnO nanocomposites under selective visible
irradiation.13 This result is in line with the use of gold- coated
zinc oxide nanorod arrays in Schottky barrier solar cells,14 and
also with the multicolor photochromism observed after visible
irradiation of electrodeposited Ag in nanoporous ZnO films.15

ZnO has a very good stability in organic solvents, and at
variance with TiO2 the position of the conduction band can be
easily modulated by controlling the nanoparticle size, a fact that

Received: October 17, 2013
Revised: December 5, 2013
Published: December 10, 2013

Article

pubs.acs.org/JPCC

© 2013 American Chemical Society 2018 dx.doi.org/10.1021/jp410304q | J. Phys. Chem. C 2014, 118, 2018−2027

pubs.acs.org/JPCC


may be exploited to investigate and control the electron transfer
process at the metal/semiconductor interface.
Plasmonic photocatalysis using large band gap semi-

conductors and noble metals appears as a promising green
alternative for alcohol oxidation.16,17 By focusing on the
influence of size, morphology,18,19 and the semiconductor
crystal phase,20,21 fundamental issues about the factors that
control the photoactivity of these nanostructures are beginning
to emerge. However, much remains unknown at molecular level
particularly regarding the consequences of the possible changes
at the semiconductor/metal interfaces originated during the
photocatalyst operation.
Here we focus on the critical effect that small amounts of

water produce on the nanostructure morphology and the
appearance of the plasmon band, and particularly in the
photoinduced changes observed by the monochromatic visible
excitation of the synthesized nanostructures in the presence of
2-propanol. Based on direct evidence obtained by TEM, UV−
vis, and XPS techniques, a mechanism is proposed to account
for the observed behavior.

■ EXPERIMENTAL SECTION

Materials. Hydrogen tetrachloroaurate trihydrate, 99.9%
(Aldrich), zinc acetate dihydrate (Fluka), sodium hydroxide
(Merck), 2,4-dinitrophenylhydrazine (Merck), and Bromo-
Pyrogallol Red, (Aldrich) were of the highest available purity
and used as received. 2-Propanol (spectrophotometric/HPLC
grade, Tedia) with H2O < 0.05%, ethanol (p.a. 99,5%,
Sintorgan), and methanol (chromatographic grade, Sintorgan)
were used without further purification. One-component
Hydranal-Composite 2 (Fluka) was used as reagent for the
Karl Fischer titrations.
Preparation of Au/ZnO Samples. A standard photo-

deposition strategy using 2-propanol as a hole scavenger was
used for preparation of Au/ZnO composites.15,22

ZnO nanoparticles were first prepared by the arrested
alkaline hydrolysis of alcoholic solutions of zinc acetate in 2-
propanol according the method developed by Hoffmann et al.23

Typically, 0.17 mmol of Zn(CH3COO)2·2H2O was dissolved in
2-propanol (72 mL) under stirring at 50 °C and then cooled to
0 °C. At this temperature, 18 mL of a 20 mM NaOH solution
in 2-propanol was quickly added to the solution of Zn2+ and
kept under vigorous shaking for nearly 2 h. The ZnO sol
synthesized by this procedure and stored at 0 °C is stable for
days.
Au photodeposition was achieved by photolyzing N2-purged

1.9 mM ZnO sols in 2-propanol at λ = 303 ± 10 nm in the
presence of HAuCl4.3H2O, and various H2O concentrations.
The molar ratio between the Au3+ precursor and ZnO was fixed
at 7.6%.
Volumes of 10−20 mL of photolized samples were collected

and stored at 0 °C for 12−24 h. Then, the particles were
precipitated by ultracentrifugation and washed repeatedly (with
2-propanol, 10 mL three times) to remove undesirable reaction
products.
The water content in the samples before irradiation was

carefully controlled by Karl Fischer titration. The end point was
detected by a biamperometric method.24 Samples were labeled
as (Au/ZnO)w%, were w% refers to the water concentration
(expressed as volume/volume percent) obtained after Au
deposition.

Characterization. Optical absorption spectra of the Au/
ZnO nanocomposites were recorded on a Shimadzu UV-2101
PC dual beam spectrophotometer.
The XPS experiments were performed in a commercial

ultrahigh vacuum chamber operated at a pressure of 10−9 Torr.
The nanoparticles were deposited on Si substrates by the
method of placing drops of the solvent and letting them
evaporate in a flow of pure N2; once the drops had dried, the
substrates were quickly inserted into the vacuum system. The
samples were irradiated with Al Kα photons (1486.6 eV), and
the photoelectrons were energy analyzed with a spherical (R =
100 mm) electrostatic analyzer. We measured survey spectra, to
check for the presence of contaminants, and detailed spectra
with better energy resolution in the region of the Au 4f−Zn 3p,
and O 1s peaks. Before and after each narrow spectrum, the Au
4f spectrum on a clean Au(111) surface was measured in the
same conditions.
Transmission electron microscopy (TEM) was performed

using a Philips CM 200 instrument. A ca. 10 μL drop of
colloidal suspension was put on a copper-supported carbon foil
(TEM grid) and dried under a red light lamp.
Zn, Au, and Cl amounts in the washed nanocomposites was

evaluated by total reflection X-ray fluorescence spectroscopy,
TXRF. For this purpose, a convenient amount of material was
dried at 100 °C and dissolved in 5.2 M HNO3 aqueous
solution.After this procedure, elemental analysis of total Zn, Au
and Cl in solution was carried out using an X-ray fluorescence
spectrometer with total reflection geometry (TXRF) S2-
PICOFOX. The spectrometer consists of a tube with a Mo
anode on 50 kV and 600 μA and a 30 mm2 SDD detector with
resolution of 160 eV. The acquisition time for each spectrum
was 300 s. A Ga standard solution was used as internal standard
for analytical determinations (LD: Zn, 0.010 mg L−1; Au, 0.010
mg L−1; Cl, 0.050 mg L−1).

Photocatalytic Studies. Steady-state photolysis at the
selected wavelength 536 ± 10 nm was carried out in 3 mL of
solution placed in a 1 cm optical cell using a 1000 W Hg−Xe
lamp coupled to a Kratos-Schoeffel monochromator. The
optical density at the irradiation wavelength was adjusted to
0.45. For this purpose, adequate amounts of the washed
nanocomposites were redispersed in 2-propanol. The formation
of acetone was used to monitor the activity of the nano-
composite after receiving different doses of irradiation. Aliquots
of 150 μL were periodically withdrawn from the cuvette and
treated with 100 μL of a 14 mM 2,4-dinitrophenylhydrazine
solution prepared in a 2 M HCl ethanol−water mixture 50% v/
v. The mixture was allowed to react in the darkness for 12 h,
and the product (2,4-dinitrophenylhydrazone) was quantified
by HPLC using a UV−vis photodiode array detector (UV2000-
Thermo Separation Products), equipped with a ODS, 5 μm,
250 mm × 4.6 mm, Phenomex column. Methanol/water 80%
by volume was used as eluent and the detection was performed
at λ = 357 nm.25

■ RESULTS AND DISCUSSION
Influence of Water on the Appearance of the Plasmon

Band. N2-purged 1.9 mM ZnO sols in 2-propanol were
irradiated at 303 ± 10 nm in the presence of HAuCl4·3H2O
(145 μM). This procedure leads to Au deposition on the ZnO
particles and could be followed by determining the evolution of
the visible plasmon band spectrophotometrically. In a typical
experiment, no changes could be observed in the extinction
spectra after 20 min of irradiation. The strict control of the
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water content in the solvent was found to be essential to obtain
reproducible results. Figure 1 shows the final UV−vis spectra of
Au/ZnO sols as a function of H2O concentration.

The wide plasmon band observed in the (Au/ZnO)0.05%
sample ([H2O] = 0.05%V/V) progressively stretches to give a
relative sharp band peaking at 530 nm for water concentrations
above 0.15% V/V. This phenomenon could be correlated with
changes in Au aggregation, and the nanocomposite morphology
as shown in the TEM images of Figure 2.
The observed behavior can be explained with the aid of

Scheme 1. The auric ions are reduced and subsequently
deposited on ZnO particles by irradiation. The size of the metal
nanoparticles is influenced by the kinetics of nucleation and
growth. For low water contents, ZnO nanoparticles are small
and less aggregated and, thus, nucleation occurs simultaneously
on a multitude of active sites. These nucleuses, in turn, act as
electron reservoirs and inhibit charge recombination accelerat-
ing metal reduction. The metal nanoparticles grow very fast,
agglomerate, and even overshadow the original ZnO, as
symbolically represented in Scheme 1a. This mechanism

explains the widening of the plasmon band due to the presence
of the dielectric core.26 In fact, the optical extinction properties
of a thin film consisting of silica core/gold shell nanostructures
showed a significant dampening of the surface plasmon band
with peaks that can be modulated between 800 and 2200
nm.27,28

The presence of water progressively modifies this behavior.
Probably water molecules displace acetate ions from ZnO
surface favoring its aggregation and also producing specific
neutral sites for AuCl4

− adsorption (See Scheme 1b). This
effect causes a redistribution of the reduction sites of the metal,
preventing its growth. In fact, TEM analysis reveals that the
mean diameter of Au nanoparticles is reduced from 20 to 15
nm when the water content changes from 0.05 to 0.15% v/v.
Distribution of phases, not shown for simplicity, was confirmed
by EDXS.
The as-prepared samples, with different amounts of water,

were analyzed by XPS. The most representative results are
shown in Figure 3 and discussed below. Panel (a) shows a
typical survey spectrum, which is dominated by the Zn
photoemission peaks. In these low-resolution spectra the
most intense Au peak appears strongly overlapped with the
Zn 3p peak. Panel (b) presents two spectra acquired with better
energy resolution in the region of the Au 4f and Zn 3p peaks.
The top and middle spectra correspond to (Au/ZnO)0.032% (I)
and (Au/ZnO)0.32% (II) samples, as representatives of the wide
and narrow plasmon bands. The comparison with a reference
spectrum measured on a pure Au crystal (R) shown at the
bottom of panel (b) indicates that in the two samples the Au
4f7/2 peak is slightly shifted to higher binding energies. The
other broad structure between 87 and 94 eV contains a
superposition of the Zn 3p1/2,3/2 peaks with the Au 4f5/2 peak
and eventual contributions of Au(+1) and Au(+3) species.
Finally, panels (c) and (d) show two fittings of the spectra

presented in panel (b). Within the fit accuracy, the Zn 3p
contribution is the same in both samples, with the 3p3/2 peak
located at 89.8 eV. A fit using only one doublet for the Au 4f
peak (blue line) is sufficient to confirm the shift of Au 4f7/2
peak in the two samples: 0.13 eV in sample (I) and 0.27 eV in
sample (II). The shift is to larger binding energies, and points
to the reduction of the electron density in Au nanoparticles due
to the transfer of electrons from the metal to the semi-
conductor. Similar results have previously been found for Au@
ZnO nanostructures and are currently explained taking the

Figure 1. UV−vis spectra obtained after complete photoreduction of
the 145 μM HAuCl4·3H2O in a 1.9 mM ZnO solution in 2-propanol.
Irradiation wavelength = 303 ± 10 nm; I0 = 4.39 × 10−6 M·s−1.

Figure 2. TEM images ZnO/Au nanocomposites prepared with different amount of water (a) (ZnO/Au)0.05% and (b) (ZnO/Au)0.15%. Other
conditions: [HAuCl4·3H2O] = 145 μM, [ZnO] = 1.9 mM in 2-propanol.
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differences in the bulk work functions of ZnO and Au as
references.29,30 The electron transfer occurs during the
synthesis of the nanostructures until the two systems attain
the new Fermi energy (Ef) level.

30,31 It is apparent that as the
water content reduces, fewer electrons are needed to achieve
the equilibration, probably reflecting some differences in ZnO
surface, and its Fermi energy.
Although the fit with only one Au 4f doublet yields a

reasonable result for sample (I), in the case of sample (II) it is
clearly unsatisfactory. Therefore, we performed a second fit
with two more Au 4f doublets to account for the presence of
Au(+1) and Au(+3) species. It is seen that with the inclusion of
these two new components, particularly of the one at larger
binding energy associated to Au(+3) (shadowed in yellow), the
spectrum of sample (II) can also be fitted with great accuracy.
The relative areas of the Au(0):Au(+1):Au(+3) components
result 0.87:0.04:0.09 for sample (I) and 0.79:0.01:0.20 for
sample (II). It is apparent that the water content increases the
amount of gold in cationic state.
For both samples, we found that the O 1s peaks were

noticeably asymmetric and could be fitted to three Gaussian
peaks located at 530.2, 531.4, and 535.6 eV; see Figure 3e,f.
This behavior is commonly observed in as-prepared ZnO
nanoparticles and usually ascribed to different kinds of oxygen
species present in the samples.31−33 The peaks at 530.2 and
531.7 eV have previously been assigned to ZnO oxygen lattice
(Ol) and chemisorbed oxygen of the surface hydroxyls (Oh),
respectively. The higher energy peak at 535.6 eV is assigned to
oxygen atoms of chemisorbed acetate (Oa) based on the
experimental and computational analysis of the XPS binding
energies of Zn4O(CH3COO)6.

34 It is interesting to notice that
the relative areas of the (Ol):(Oh):(Oa) components are
0.28:0.66:0.06 for sample (I) and 0.11:0.85:0.04 for sample
(II). This result seems to indicate that water displaces acetate
from the surface and favors ZnO aggregation, in agreement
with TEM results. It should be recognized that water or alcohol
molecules interacting with the Au surface yield O 1s binding
energies in the 533−535 eV and, thus, they should be

overlapped with the above-described bands.35 However,
considering the expected weak interaction of water and alcohol
molecules with the metal surface, and the composition of the
analyzed samples, we assume that the O 1s bands are clearly
dominated by the ZnO interface.31

Photocatalytic Experiments. Kinetic Behavior. The
plasmon photoinduced 2-propanol oxidation was investigated
using the prepared materials. For this purpose, adequate
amounts of the washed nanocomposites were redispersed in 2-
propanol, to obtain visually clear sols with an optical density
matched at 0.45 units at the irradiation wavelength, 536 nm.
Figure 4 shows the time evolution of acetone concentration
using the (Au/ZnO)0.15% specimen (points are experimental
determinations, bars show the dispersion range observed in at
least three independent runs).
As distinctive features, we remark: (i) the presence of a clear

induction period after which the concentration of the oxidation
product evolves autocatalytically, (ii) a maximum in the
temporal evolution of acetone, which indicates that this species
is also depleted in the photocatalytic system, and (iii) the
inhibition of the photocatalyst after the boosting in the rate of
acetone production.
On the other hand, blank experiments consisting of the

visible irradiation of pure ZnO dispersed in 2-propanol, under
identical conditions, allow us to confirm the absence of acetone
after prolonged irradiation.
Remarkably, acetone evolution determined by irradiation of

all the examined samples (0.032 ≤ [H2O]/%v/v ≤ 0.35),
follows a very similar profile to that shown in Figure 4 for (Au/
ZnO)0.15%. However, the maximum in acetone concentration
changes from 0.4 to 0.8 mM and the time lag systematically
increases from 50 to 120 min as [H2O] increases from 0.032 to
0.35% v/v. (For details, see Table 1 in the Supporting
Information.) Photodeposition of Au under different water
amounts affects the size distribution and the actual Au/ZnO
ratio after the washing procedure as revealed by ICP
measurements. These factors are supposed to modify the
efficiency of the plasmon photoinduced process, as revealed by

Scheme 1. Sketch of the Proposed Mechanism for the Synthesis of Au/ZnO Nanostructuresa

a(a) For low water contents ZnO nanoparticles are disaggregated, and nucleation occurs simultaneously on a multitude of active sites. The metal
nanoparticles grow very fast, agglomerate and even overshadow the original ZnO. (b) For water concentrations above 0.15% V/V, ZnO aggregation
produce specific neutral sites for AuCl4

− adsorption and photoreduction.
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recent details reports.17,18 From the above arguments, it follows
that the variability in acetone yields among the different
specimens cannot be specifically ascribed to changes in the
nature of the interactions between the semiconductor and the
metal nanoparticles.
Thus, in an attempt to understand the common behavior

represented by the results shown in Figure 4, below we focus in
the complete characterization of this particular sample ((Au/
ZnO)0.15%) before and during the course of the irradiation
experiments and seek for experimental evidence in order to
rationalize our findings.
Induction times in the observation of visible photoinduced

products in metal−semiconductor nanostructures have been
observed in the literature;36−38 however, to our knowledge, no
explanation exists for this phenomenon.
Photocatalyst Transformation under Visible Irradiation.

To track the changes that occurred during irradiation, the
photocatalyst was separated and analyzed by XPS after different
photon doses. The most relevant results are presented in Figure
5 and summarized in Table 1 together with the TXRF
characterization of the (Au/ZnO)0.15% sample.

The relative intensities of the Au 4f components indicate that
the induction time is associated with the oxidation of Au(0) to
Au(+1), while Au(+3) is nearly constant. It is apparent that the
accumulation of Au(+1) species requires the simultaneous
transfer of excited electrons to a suitable acceptor, otherwise
plasmon excitation would only lead to the recombination of the
photoinduced charges. It should be stressed that the changes in
Au speciation revealed by the XPS studies are not noticeable by
visible absorption spectroscopy; that is, the UV−vis spectra of
the sol during the course of the irradiation experiments remain
invariable (see Figure S1, Supporting Information).
As shown in Table 1, XPS analysis shows a relative increment

of the contribution of the Ol component to the O 1s peak
during the induction period. Also, within the same period, the
relative areas under the signals of total Au to Zn 3p peak
decreases. We conjecture that both the changes in the relative
components of the peaks with binding energies between 525
and 535 eV and the decrease in the ratio of the Au/Zn areas
may be related to a disaggregation process affecting mainly
ZnO nanoparticles (see Scheme 2).39

Figure 3. (a) Representative XPS spectra of Au/ZnO samples. (b) High resolution XPS spectra of Zn 3p and Au 4f. for samples synthesized with
[H2O] = 0.033% (I) and 0.33% (II). The comparison of the experimental (circles) and the simulated blue and red lines spectra obtained in the
deconvolution analysis, for samples (I) and (II), are shown in panels (c) and (d), respectively. Panels (e) and (f) show the experimental (circles) and
the simulated spectra of the O 1s peak (red line) obtained after the deconvolution analysis for samples (I) and (II), respectively. See text.
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Parallel experiments were performed to test our hypothesis.
After different irradiation times, a suitable amount of Br-PGR
was added to the sol in the dark and allowed to equilibrate in
this condition. Br-PGR is a triphenylmethane dye, bearing two
adjacent OH groups, as shown in the inset of Figure 6. As
widely documented, enediols are able to chelate the surface of
semiconductor oxides as TiO2

40 and ZnO.10,41 Chemisorption

of the enediols to the semiconductor surface can be easily
monitored as the visible band of the ligand usually exhibits a
red shift that may be used to determine the amount of complex
formed. Particularly, the spectrum of free Br-PGR in 2-
propanol is clearly discernible from that of the complex which
can be monitored at 563 nm.42 For details, see the Supporting
Information. Figure 6 shows the changes in the absorbance at
563 nm of a sol prepared upon mixing 1 mL of 1.5 mM Br-
PGR in 2-propanol with an aliquot (2 mL) of the nano-
composite sol after receiving different irradiation doses. The
change in the absorbance complex is nearly correlated with the
changes in acetone profile and, in agreement with XPS results,
indicates an increment in the surface area of ZnO up to 100
min of irradiation. The apparent decline in the ZnO surface
area for longer irradiation times, which accompanies acetone
decay probably reflects the irreversible adsorption of products.

Rationalization of the Kinetic Behavior Based on the
above Evidence. Based on the above evidence we proposed
that, at the beginning of the irradiation process, surface

Figure 4. Acetone profile determined under visible irradiation of a
(ZnO/Au)0.15% after different irradiation dosis of absorbed photons at
536 ± 10 nm, I0 = 2.2 × 10−6 M·s−1.

Figure 5. Comparison of the high resolution XPS spectra of (Au/ZnO)0.15% after 60 (upper, panels a,b) and 150 min of irradiation (lower, panels
a,b). Left and right panels correspond, respectively, to Zn 3p−Au 4f and O 1s peaks. Lines and symbols as in Figure 3. The initial spectra, not shown
for simplicity, closely resemble those of panels (d) and (f) in Figure 3. See text.

Table 1. Properties of (Au/ZnO)0.15% Summary of XPS
Analysis for the Samples at Different Irradiation Times

relative components relative components

irradiation time Au(0) Au(+1) Au(+3) (Ol) (Oh) (Oa)

0a 0.83 0.03 0.14 0.12 0.83 0.05
60 0.49 0.36 0.15 0.69 0.28 0.03
150 0.6 0.26 0.13 0.17 0.78 0.05

aTXRF analysis of the washed nanocomposites before dispersion in 2-
propanol indicates that the relative molar concentration of ZnO:Au:Cl
is 14.5:1:0.7.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp410304q | J. Phys. Chem. C 2014, 118, 2018−20272023



plasmons mediated the electron transfer from Au to the
semiconductor, reaction 1.

ν δ δ+ → → ++ −
−h eZnO/Au ZnO/Au( , ) ZnO( )/Au( 1)

(1)

Au oxidation suggests that electron transfer to the semi-
conductor and its removal by oxygen molecules, reaction 2,

+ → +− •−eZnO( ) O ZnO O2 2 (2)

is more efficient than hole scavenging from the Au surface.
Notice that the above conclusion, although unexpected, is
necessary to account for the direct evidence obtained in the
XPS results. In line with this results, a recent report of Tatsuma
et al. also shows the plasmon-induced oxidation of gold
nanoparticles to [AuX4

−] in the presence of KX (X = SCN, Br,
or Cl).43 We also noticed that the possibility of realizing the
selective transformation of aromatic alcohols by excitation of
the plasmon band in Au/TiO2 and Au/CeO2 nanostructures
without overoxidation may actually reflect the mild oxidation
ability induced on the gold nanoparticles under visible

irradiation which prevents water oxidation and the subsequent
generation of hydroxyl radicals.21,44

Nevertheless, the observed time evolution of acetone is
rather intriguing, as it indicates that neither the water molecules
nor 2-propanol can be oxidized during the induction time.
As another piece of evidence, we recall that the sudden onset

in the rate of acetone production is linked to the increment in
the semiconductor surface area. It is expected that hole
accumulation on the metal surface observed during the
induction period may hamper electron migration to the
semiconductor, rendering the process indicated by reaction 1
negligible in comparison to step 3:

ν δ δ+ → → ++ −hZnO/Au ZnO/Au( , ) ZnO heat (3)

The localized heating of the nanostructures due to nonradiative
relaxation of surface plasmons into the metal phonon
modes,45,46 may account for the fragmentation of the Au/
ZnO networks observed in the TEM images and the creation of
new adsorption sites for the chemisorption of Br-PGR (Figure
6). Notice that the ZnO interparticle bond energy is expected
to be considerably lower than the heat evolved in the
recombination process.47,48 The disaggregation concept was
introduced by Bahnemann’s group to explain the increase in the
quantum yield of formic acid oxidation under repetitive laser-
pulse in comparison with CW illumination at the same average
photon absorption rate. It was suggested that laser pulses
stimulated the disaggregation of the colloidal semiconductor
and fragmentation of the networks in case of the platinized
samples.43,44

Based on the above arguments as reference we envisage
mechanisms A and B to explain the sudden activation of the
photocatalyst.
Mechanism A assumes that the transformation of Au

nanoparticles to Au+ leads to significant changes in the
solvatation that may favor alcohol oxidation. Recent ab initio
molecular dynamics studies by Camellone and Marx demon-
strate that the Au(0) solvatation dramatically changes by
oxidation to Au(+). The calculations indicate that Au(+) aqua
ion forms a rigid structure where two water molecules are
tightly bound to the gold cation through oxygen atoms.49,50

Thus, it is possible to assume that the oxidation of gold
nanoparticles may favor the approach of 2-propanol molecules
to the metal surface and their subsequent oxidation, either
directly or through the formation of an alcohol complex on the
hydroxylated Au surface.51 According to this mechanism, the

Scheme 2. Sketch of the Proposed Mechanism to Account for the Kinetic Behavior Observed in the Plasmon-Photoinduced
Oxidation of 2-Propanol

Figure 6. Comparison of the absorbance evolution at 563 nm (black
circles, left axis) and acetone yields (squares and dotted blue line, right
axis) as a function of the irradiation time. The inset shows the Br-PGR
structure, and the circles indicate the most probable anchoring groups.
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changes in the solvatation that accompany the transformation
of Au(0) to Au(+1) produce a significant change in the rate of
hole removal of the metal surface by 2-propanol. The
disaggregation process may also cooperate to produce a
nonlinear increment in the rate of acetone formation, due to
an increment in the rate of electron removal (reaction 2) as a
result of the increment in ZnO surface area.
On the other hand, mechanism B assumes that alcohol

oxidation is mainly driven by superoxide on ZnO surface:52

+ → +•− • −(CH ) CHOH O (CH ) COH HO3 2 2 3 2 2 (4)

and that the holes left in Au after charge separation are mostly
consumed in metal oxidation. Localized heat can lead not only
to disaggregation but also to the desorption of physisorbed
water molecules: both processes are supposed to favor alcohol
oxidation on the semiconductor surface.53 In turn, the α-
hydroxymethyl radicals may regenerate superoxide by direct
reaction with oxygen or by means of the known current
doubling effect, represented by reaction 5:

→ + +
• + −e(CH ) COH (CH ) CO H3 2 3 2 CB (5)

Notice that mechanisms A and B imply that the process is
driven by charge separation at the Au/ZnO interface as a result
of plasmon excitation. However, it is not possible to disentangle
if the sudden onset in the rate of acetone production after the
induction time during which Au nanoparticles are partially
oxidized is due to mechanisms A and B acting individually or
cooperatively.
On the other hand, the inhibition of the photocatalyst seems

to be linked to acetone disappearance. Assuming that
mechanism A is dominant, we observed that the poisoning of
Au surface by acetone and its condensation product, mesityl
oxide, over the gold surface, reaction 6,

→ + 2(CH ) CO H O CH C(O)CH C(CH )3 2 2 3 3 2 (6)

has been previously reported in the literature.54 However, also
the strong adsorption of the oxidation products of acetone over
the semiconductor may account for the photocatalyst
inhibition, if mechanism B is dominant.

■ SUMMARY AND CONCLUSIONS
Au/ZnO nanostructures were synthesized by photodeposition
of gold on ZnO nanoparticles. Small amounts of water have a
severe effect on the plasmon band and the morphology of the
nanostructures. After a variable induction period, visible
irradiation of the nanostructures leads to a sudden rise in the
rate of acetone production. We provided direct evidence by X-
ray photoelectron spectroscopy (XPS) of the plasmon induced
transformation of surface Au(0) in Au(+), and that the sudden
onset in the rate of acetone production is probably linked to the
photoinduced fragmentation of the aggregated networks of the
photocatalyst. Two mechanisms, assuming that Au or ZnO are
the main reactive interfaces, are provided to account for the
experimental findings.
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