
Internationale Ausgabe: DOI: 10.1002/anie.201502077Photocatalysis
Deutsche Ausgabe: DOI: 10.1002/ange.201502077

Controlling the Selectivity of the Surface Plasmon Resonance
Mediated Oxidation of p-Aminothiophenol on Au Nanoparticles by
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Abstract: Although catalytic processes mediated by surface
plasmon resonance (SPR) excitation have emerged as a new
frontier in catalysis, the selectivity of these processes remains
poorly understood. Here, the selectivity of the SPR-mediated
oxidation of p-aminothiophenol (PATP) employing Au NPs as
catalysts was controlled by the choice of catalysts (Au or TiO2-
Au NPs) and by the modulation of the charge transfer from
UV-excited TiO2 to Au. When Au NPs were employed as
catalyst, the SPR-mediated oxidation of PATP yielded p,p-
dimercaptobenzene (DMAB). When TiO2-Au NPs were
employed as catalysts under both UV illumination and SPR ex-
citation, p-nitrophenol (PNTP) was formed from PATP in
a single step. Interestingly, PNTP molecules were further
reduced to DMAB after the UV illumination was removed.
Our data show that control over charge-transfer processes may
play an important role to tune activity, product formation, and
selectivity in SPR-mediated catalytic processes.

Nanomaterials that display both high catalytic activities and
selectivities are of great importance in the field of heteroge-
neous catalysis, as they make it possible to minimize the
formation of side products and the need for several purifica-
tion steps.[1, 2] As an example, catalytic routes for the synthesis
of aromatic azocompounds from the oxidation of anilines or
the reduction of nitroaromatics under mild conditions offer
high yields but selectivities remain challenging.[3,4] Nonethe-
less, this is of great importance as they represent high-value
compounds that are widely employed in industry.[3–5]

Recently, catalytic processes mediated or enhanced by the
surface plasmon resonance (SPR) excitation in plasmonic
nanomaterials, such as gold (Au) and silver (Ag), have
emerged as a new frontier in heterogeneous catalysis.[6–10] This
approach allows for the use of light as the energy input to
drive chemical transformations. The oxidation of p-amino-
thiophenol (PATP) to p,p-dimercaptoazobenzene (DMAB)
has been widely used as a model reaction to probe SPR-

mediated catalytic activities of Au and Ag NPs.[11–15] In this
process, it has been shown that the transfer of hot electrons
from the SPR-excited metal NPs to adsorbed O2 molecules
from air is responsible for O2 activation, which generates 3O2

species that subsequently drive the PATP oxidation.[11–16]

Although several examples have been reported on the SPR-
mediated or SPR-enhanced catalysis of Au and Ag NPs,
studies on the selectivity of these processes remain scarce and
challenging despite its great importance in catalysis. As the
activation of molecular oxygen (O2) represents a critical step
in this and several other oxidation reactions, the control over
the charge states in the metal may represent an effective
approach to tune its activities and selectivities.[6, 17–20] In order
to control the charge states in a metal, however, it is necessary
to introduce an additional electron source into the system. In
this context, charge transfer from a semiconducting material,
such as TiO2, represents an intuitive strategy.[21, 22]

Here, we show that the selectivity in SPR-mediated
oxidation of PATP by Au NPs can be controlled by
maneuvering its charge state via charge transfer from UV-
excited TiO2 to Au. More specifically, while the SPR-
mediated oxidation of PATP in Au NPs led to the formation
of DMAB, the use of TiO2-Au NPs as catalysts under both UV
and SPR excitation led to a one-step oxidation of PATP to p-
nitrophenol (PNTP). Moreover, PNTP could be further
reduced to DMAB on the TiO2-Au NPs when the UV-
excitation was turned off.

Figure 1a and b shows SEM images for the Au NPs and
TiO2 colloidal spheres decorated with Au NPs (TiO2-Au) that
were employed as catalysts in the SPR-mediated oxidation of
PATP. The TiO2-Au colloidal spheres were obtained by
a protocol recently developed in our group that consists of
the use of TiO2 colloidal spheres as physical templates for Au
deposition.[23] Figure 1a shows that the TiO2-Au material
displayed a spherical shape of relatively uniform size with
a diameter of about 200 nm and comprised of 20 nm Au NPs
at the surface. Moreover, the deposited Au NPs were
uniformly distributed over the TiO2 surface without signifi-
cant aggregation. In order to compare the catalytic activity of
the TiO2-Au material with their Au NPs counterpart, Au NPs
were synthetized under similar experimental conditions as
described in Figure 1a, but in the absence of TiO2. Figure 1b
shows that the size of the Au NPs was similar to those
described in in TiO2-Au material (about 20 nm).

After the synthesis, the Au and TiO2-Au materials were
employed as catalysts towards the SPR-mediated oxidation of
PATP as a model reaction. In this transformation, the transfer
of electrons from Au to adsorbed O2 molecules represents the
crucial step for O2 activation, which in turn contributes to the
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PATP oxidation.[12, 15] Here, as a result of the SPR excitation
on Au NPs, free electrons can transiently occupy the higher
empty states above the Fermi level, the so-called hot
electrons. If a nearby electron acceptor molecule, such as O2

from air, with a suitable energy level is present, hot electrons
can be transferred from the metal to the molecule to drive
chemical transformations.[12,21] In addition to the SPR excita-
tion, we were interested in investigating the effect of
UV excitation in TiO2-Au materials over the SPR-mediated
performances. Would it be possible to employ charge-transfer
processes between TiO2 and Au NPs to control selectivity and
product formation?

Figure 2a shows the SERS spectra for Au NPs that had
been functionalized with PATP molecules as a function of
time registered at 30 s intervals (from bottom to top). In this
figure, after the initial spectra were recorded (0 s), the
samples were exposed to UV illumination and the subsequent
SERS spectra were recorded. The oxidation of PATP to
DMAB by activated oxygen (3O2) can be clearly observed in
the initial SERS spectra (at 0 s, without UV illumination).
The bands which appeared at 1081, 1182, 1489, and 1593 cm¢1

are assigned to A1 modes of PATP, and those which appeared
at 1081, 1142, 1390, 1433, and 1575 cm¢1 are assigned to the Ag

modes of DMAB.[16,24] In this case, the product conversion can
be probed by monitoring the DMAB:PATP + DMAB
1433:1081 cm¢1 intensity ratios.[11, 12,17] It can be observed
that no significant changes as a function of time were detected
in the DMAB:PATP + DMAB intensity ratios after UV ex-
posure, in agreement with the presence of only Au NPs in the
substrate (see Figure S1a in the Supporting Information).
This rules out the possibility that UV exposure may generate

local heating or hot electrons at the metal surface that could
contribute to PATP oxidation. Therefore, the UV illumina-
tion power employed in our measurements was small enough
(about 1 mW cm¢2) so that no conversion was induced on
individual Au NPs as catalysts.

The SERS spectra measured for TiO2-Au NPs that had
been functionalized with PATP are shown in Figure 2b, and
displayed remarkably distinct spectral features relative to
those described for Au NPs (Figure 2a). The initial spectra
(0 s, no UV exposure) displayed only the characteristic peaks
assigned to PATP (the intensity of the bands assigned to
DMAB were very low). This is in agreement with the
preferential transfer of hot electrons generated upon the
SPR excitation of the Au NPs to the TiO2 conduction band
(relative to adsorbed O2 molecules), that hampers the O2

activation steps and thus the PATP to DMAB oxidation.[21]

After the TiO2-Au NPs were exposed to UV illumination,
the appearance of a band located at 1336 cm¢1 could be
clearly observed, and its intensity increased as a function of

Figure 1. SEM images of a) TiO2-Au and b) Au NPs employed as
catalysts for the SPR-mediated oxidation of PATP.

Figure 2. Time-dependent SERS spectra for a) Au and b) TiO2-Au NPs
that had been functionalized with PATP. The initial spectra (0 s) were
recorded without UV illumination. After this initial spectrum was
registered, the UV light was turned on and the subsequent SERS
spectra recorded in 30 s intervals (bottom to top). All spectra were
acquired at a 5 s irradiation time, 0.13 mW laser power, and at
632.8 nm excitation. All spectra were normalized employing the
1081 cm¢1 signal as reference.
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time (Figure S1b). This band was assigned to p-
nitrothiophenol (PNTP), indicating that, while the
PATP oxidation on Au NPs leads to the formation of
DMAB, the use of TiO2-Au for the PATP oxidation
under UV exposure leads to PNTP.[24, 25] To confirm
that this signal indeed originated from the formation
of PNTP, the SERS spectra of TiO2-Au NPs that had
been functionalized with PATP (black trace) and
PNTP (red trace) are shown in Figure S2. The SERS
spectrum of PNTP is dominated by a prominent
peak at 1336 cm¢1 corresponding to a NO2 symmet-
ric stretching vibration, and four peaks at 1076, 1107,
1174, and 1568 cm¢1 were assigned to the benzene
ring vibrations.[24, 25]

These results show that the UV exposure and the
nature of the catalyst (Au or TiO2-Au NPs) made it
possible to control the nature of the product from
PATP oxidation. This control over product forma-
tion can be explained as summarized in Figure 3 and
Figure S3. For Au NPs (Figure 3a), either with or
without UV exposure, SPR excitation by visible
light leads to the formation of hot electrons that
are transferred to adsorbed O2 molecules, generat-
ing 3O2 that subsequently can participate in the
oxidation of PATP to DMAB (the actual size of Au
NPs is much larger than that of azobenzene mole-
cules, so there is no geometric constrain for the
formation of azobenzene on the same particle). The
SPR excitation and UV illumination of TiO2-Au NPs (Fig-
ure 3b) makes possible the transfer of electrons from the UV-
excited TiO2 to the Au NPs. Therefore, it is plausible that both
the UV-excited electrons from TiO2 and the hot electrons
from Au SPR excitation can participate in the O2 activation
step. Here, rather than oxidizing PATP to DMAB, this process
leads to the formation of PNTP. The oxidation of PATP to
PNTP (rather than to DMAB) may be related to the larger
number of electrons available to participate in the O2

activation step (hot electrons + electrons from excited
TiO2). Therefore, electrons injected from TiO2 into Au can
be employed to maneuver the selectivity of the PATP
oxidation mediated by the SPR excitation.

The increase in the PNTP formation as a function of time
observed for the TiO2-Au material (Figure S1b) can be fitted
according to the PoissonÏs equation, I = A + B exp(¢t/t), to
give the t = 1.96 minutes time constant when the UV illumi-
nation was on.[23, 24] The observed exponential increase in this
signal with time can be assigned to the spatial redistribution
and re-trapping of photocarriers.[26, 27]

Interestingly, the nature of the product obtained from
TiO2-Au NPs as catalysts can be further manipulated by
switching the UV exposure on and off as shown in Figure 4.
For instance, after the formation of PNTP from TiO2-Au NPs
under SPR excitation and UV exposure (bottom and middle
traces), the reduction of PNTP to DMAB was detected when
the UV exposure was turned off (top trace) within 5 s. This
process was reversible up to three times. Figure S4 shows the
SERS spectra of Au NPs that had been functionalized with
PNTP as a function of the laser power, confirming that
DMAB can be formed from PNTP upon SPR excitation,[24,25]

in agreement with the results obtained from TiO2-Au after the
UV exposure was turned off. The increase in the product
formation as a function of the laser power is in agreement
with a SPR-mediated mechanism.[17] The mechanism for the

Figure 3. Proposed mechanism for a) the oxidation of PATP to DMAB over Au
NPs and b) the oxidation of PATP to PNTP over TiO2-Au NPs. a) In Au NPs, SPR-
excited hot electrons were transferred to adsorbed O2 molecules, generating 3O2

that participated in the PATP oxidation to DMAB. b) When the TiO2-Au NPs were
excited both by the SPR and UV light, SPR-excited hot electrons and electrons
transferred from TiO2 to Au contributed to the O2 activation step, leading to the
formation of PNTP rather than DMAB.

Figure 4. SERS spectra recorded for TiO2-Au NPs that had been
functionalized with PATP: before UV illumination (bottom trace),
under UV illumination (middle trace), and after the UV illumination
was turned off (top trace). Before UV excitation, only peaks assigned
to PATP were detected (DMAB peaks displayed very low intensities).
Under UV exposure for 5 minutes, the formation of PNTP was
detected. PNTP could be further reduced to DMAB as the UV illumina-
tion was removed (red trace). All spectra employed 1 mW and
1 mWcm¢2 as the laser and UV illumination power, respectively.
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formation of DMAB from PNTP is illustrated in Figure 5.
Initially (UV off, Figure 5a), most of the hot electrons
generated from the SPR excitation of Au NPs were trans-
ferred to TiO2, and only PATP peaks could be observed in the
SERS spectrum (DMAB peaks were present at very low
intensities). As the UV exposure was turned on, electrons
excited from TiO2 could be transferred to Au and participate
to the O2 activation step together with the hot electrons
produced from SPR excitation of Au to yield PNTP. As the
UV exposure was turned off (Figure 5c), hot electrons from
Au NPs were transferred to PNTP molecules, driving its
reduction to DMAB. This process takes place because of the
lower energy level of PNTP relative to that of adsorbed O2

molecules.[15]

In summary, we demonstrated that the selectivity of the
SPR-mediated oxidation of PATP employing Au NPs as
catalysts can be effectively controlled by the choice of
catalysts (Au or TiO2-Au NPs) and by maneuvering the
charge transfer in the TiO2-Au hybrid materials. When
individual Au NPs were employed as catalyst, the SPR-
mediated oxidation of PATP yielded DMAB. When TiO2-Au
NPs were employed as catalysts, the oxidation of PATP was
not observed, as SPR-excited hot electrons from Au NPs were
transferred to TiO2. However, when UV illumination was
employed together with SPR excitation, the PATP oxidation
led to the formation of PNTP rather than DMAB in a single
step. Interestingly, the produced PNTP molecules could also
be reduced to DMAB after the UV illumination was
removed, in which the SPR-excited hot electrons from Au
NPs were transferred to PNTP. These results show that
charge-transfer processes may play an important role for the
control of product formation and selectivity in plasmon-
enhanced or mediated catalytic processes.
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Figure 5. Energy level diagrams for the TiO2-Au NPs: a) Hot electrons
from SPR-excited Au NPs were transferred to TiO2 when UV exposure
was not employed. b) Under UV illumination, both hot electrons from
SPR-excited Au NPs and electrons transferred from excited TiO2

participated in the O2 activation step. c) As the UV exposure was
turned off, SPR-excited hot electrons were transferred to PNTP as its
energy level is lower relative to O2, leading to its reduction to DMAB.
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