
Catalytic Materials
DOI: 10.1002/ange.201309660

Tunable Oxygen Activation for Catalytic Organic Oxidation: Schottky
Junction versus Plasmonic Effects**
Ran Long, Keke Mao, Ming Gong, Shan Zhou, Jiahua Hu, Min Zhi, Yang You, Song Bai,
Jun Jiang, Qun Zhang,* Xiaojun Wu,* and Yujie Xiong*

Abstract: The charge state of the Pd surface is a critical
parameter in terms of the ability of Pd nanocrystals to activate
O2 to generate a species that behaves like singlet O2 both
chemically and physically. Motivated by this finding, we
designed a metal–semiconductor hybrid system in which Pd
nanocrystals enclosed by {100} facets are deposited on TiO2

supports. Driven by the Schottky junction, the TiO2 supports
can provide electrons for metal catalysts under illumination by
appropriate light. Further examination by ultrafast spectros-
copy revealed that the plasmonics of Pd may force a large
number of electrons to undergo reverse migration from Pd to
the conduction band of TiO2 under strong illumination, thus
lowering the electron density of the Pd surface as a side effect.
We were therefore able to rationally tailor the charge state of
the metal surface and thus modulate the function of Pd
nanocrystals in O2 activation and organic oxidation reactions
by simply altering the intensity of light shed on Pd–TiO2 hybrid
structures.

The activation of molecular oxygen (O2) is a critical step in
various oxidation reactions, including epoxidation[1] and
oxidations of CO,[2] hydrocarbons,[3] alcohols,[4] and glucose.[5]

In the oxidation reactions, singlet oxygen is a highly reactive
species in contrast to the inert ground state of O2.

[6] However,
the excitation of triplet to singlet O2 requires a spin-flip
process that remains challenging, and is mainly limited by the

spin selection rule.[7] In recent years, it has been reported that
singlet O2 can be generated with metal nanoparticles.[8] This
progress renders metal nanoparticles very promising and
versatile catalysts in various organic oxidation reactions.[8]

Most recently, we revealed that the chemisorption of O2 on Pd
nanocrystals induces a spin reduction in O2 that is mainly
caused by electron transfer from the Pd surface to the O2

antibonding p* orbital.[9] Better than other facets, such as Pd
{111}, Pd {100} can reduce the magnetic moment of O2 to
nearly zero;[9] as a direct outcome, the adsorbed O2 species
exhibits similar chemical and physical properties to singlet O2

without the need for spin flipping.
Since the Pd!O2 electron transfer is responsible for O2

activation, the charge state of the metal surface may offer
a handle for tuning its efficiency, which is fundamentally
important to the optimization of catalyst design for organic
oxidation. It is known that the electron density of a single
metal should be constant, so it is imperative to introduce an
additional electron source into the Pd system for the purpose
of tailoring its charge state. The concept of the metal–
semiconductor (M–S) configuration for photocatalysis gives
us some clues.[10] In a process driven by the Schottky barrier,
Pt cocatalysts can extract the photoexcited electrons from an
n-type semiconductor, such as TiO2, and serve as reduction
sites for H2 production in water splitting.[11] This widely used
design for photocatalysis indicated to us that the charge of the
Pd surface may be tailored by the M–S junction to tune the O2

activation. This strategy is intuitively straightforward, and its
feasibility has been exhibited in hydrogenation reactions. In
hydrogenation reactions, H2 activation can be maneuvered
through variations in the electronic structure of metal
catalysts supported on semiconductors.[12] Nevertheless, the
carrier dynamics in the M–S junction are so complicated that
the O2-activation efficacy of this design cannot be warranted.
For example, in parallel to the aforementioned electron
transfer, the surface plasmon band of the metal may be
excited under illumination to generate hot electrons.[13–15] A
significant fraction of the plasmonic hot electrons should be
energetic enough to reach the M–S interface and enter the
conduction band of the semiconductor in a process that
competes with the Schottky junction driven electron transfer.

Herein, we demonstrate by the use of Pd–TiO2 hybrid
structures as a proof-of-concept model that this injection of
plasmonic hot electrons into TiO2 may lower the electron
density of the Pd surface in opposition to the function of the
Schottky junction. By varying the illumination intensity, it is
feasible to modulate the charge state of the Pd surface in this
M–S hybrid configuration. Such modulation enables optimi-
zation of O2 activation and in turn improvement of the
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efficiency of catalytic glucose oxidation by shedding appro-
priate light on the Pd–TiO2 hybrid structures.

We first synthesized Pd–TiO2 hybrid structures with
exposed Pd {100} facets, which allow electron transfer
between Pd and TiO2, through a protocol modified from
that described previously.[16] To evaluate the efficacy of the
M–S junction, we used bare Pd nanocubes with {100} facets as
a reference catalyst in the characterization of active O2

species and glucose-oxidation tests. Transmission electron
microscopy (TEM) images (Figure 1 a and Figure S1a in the

Supporting Information) clearly showed that the Pd nano-
crystals in both samples had a cubic profile with an average
edge length of 14 nm. High-resolution TEM (HRTEM)
images (Figure 1b and Figure S1 b) of the nanocrystals in
the corresponding samples showed that the nanocubes were
enclosed by well-defined {100} facets in both samples. As the
two samples were identical in terms of Pd surface facets and
size, we can safely rule out the possibility that the O2

activation is affected by shape or size effects in the following
catalysis tests. The only difference between the samples is the
presence or absence of a semiconductor support, which can
alter the charge state of Pd through charge transfer under
illumination. The compositions and phases were character-
ized by energy-dispersive spectroscopy (EDS; see Figure S2)
and X-ray diffraction (XRD; see Figure S3).

Following the successful synthesis of Pd–TiO2 hybrid
structures with well-defined Pd facets, we investigated their
performance in O2 activation. It is known that singlet O2

species can be trapped by 2,2,6,6-tetramethyl-4-piperidone (4-
oxo-TMP) to produce the stable nitroxide radical 4-oxo-
TEMPO; thus, 4-oxo-TMP can be used as a probe molecule
for the detection of singlet O2.

[17] Figure 2 a shows the electron
spin resonance (ESR) spectra of the samples obtained by
mixing 4-oxo-TMP with the Pd nanocubes or the Pd–TiO2

hybrid structures under UV illumination. The signals are
consistent with those documented for 4-oxo-TEMPO[17] and
thus suggest that a species that behaves chemically like singlet
O2 is formed upon the addition of the samples. Although both
samples promoted the formation of 4-oxo-TEMPO, the
intensity of the 4-oxo-TEMPO signals was stronger with the
Pd–TiO2 hybrid structures than with bare Pd. Measurements
performed with a control sample, TiO2, indicated that TiO2

alone cannot generate a significant amount of the activated
oxygen species. The formation of a species analogous to
singlet O2 in our system was also confirmed by a control

experiment in the presence of carotene, a typical scavenger
for the elimination of singlet O2.

[18] This experiment clearly
demonstrated that the signal of 4-oxo-TEMPO can be
quenched by carotene in the case of Pd–TiO2, thus suggesting
that the species that appears in our system has the chemical
characteristics of singlet O2 indeed. This set of ESR measure-
ments reveals that the ability of Pd nanocubes to activate O2

can be tuned by integrating them with semiconductor
supports under UV illumination.

The enhancement of O2 activation on TiO2-supported Pd
nanocubes can be understood from the viewpoint of charge
transfer. Under UV illumination, the Schottky barrier drives
the transfer of the photoexcited electrons in TiO2 to Pd,[10,11]

thus increasing the electron density of the Pd surface. First-
principles calculations revealed charge-dependent O2-activa-
tion behavior on Pd nanocubes (see Figure S4). They suggest
that both the O2 magnetic moment and the O–O distance
strongly correlate with the charge density of the Pd surface,
because electron transfer from the Pd(100) surface to the
antibonding p* orbital of O2 (about 0.7 electrons) is mainly
responsible for the decrease in magnetism during chemisorp-
tion.[9] Appropriate quantities of additional electrons brought
to the Pd surface will promote its activity in O2 activation.

Figure 1. a) TEM and b) HRTEM images of Pd–TiO2 hybrid structures.
The inset in (b) is a magnified image showing the lattice fringes of Pd.

Figure 2. a) ESR spectra of the samples formed by mixing a solution of
4-oxo-TMP with Pd nanocubes, Pd–TiO2 hybrid structures, and bare
TiO2. The spectrum of the Pd–TiO2 hybrid structures in the presence of
the singlet-O2 scavenger carotene is also shown. A background curve
was collected for the 4-oxo-TMP solution as a reference. b) Plots
showing the yield of gluconic acid (t = 2 h) versus the power intensity
of incident UV light with Pd–TiO2 hybrid structures as catalysts. Pd
nanocubes and bare TiO2 were used as reference samples. The plots
are based on the data in Table S1 of the Supporting Information.
Glucose: 15 mm ; catalystsurface : 0.8 %. Note that no by-products, such
as fructose, 2-deoxy-d-glucose, and d-glucuronic acid, were
observed.[23–25]
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Note that the O2-activation process in our case differs from
other processes, such as the dissociation of O2 molecules over
a metal surface, which has been widely investigated.[19–21]

The light intensity, which affects the amount of electrons
supplied to the Pd surface, therefore holds the key to
modulating the efficiency of O2 activation. Thus, stronger
UV illumination on TiO2 should induce the delivery of more
electrons to the Pd surface and further promote the gener-
ation of singlet-O2-analogous species. However, this feature
cannot be well resolved by the ESR technique with the 4-oxo-
TMP system, because the product 4-oxo-TEMPO is very
sensitive to strong UV light, particularly in the presence of
TiO2 (see Figure S5). This limitation makes it unfeasible to
systematically investigate the role of UV light (which is
exactly the excitation spectral region for TiO2) in O2

activation. Nevertheless, the illumination effect can be
examined for catalytic glucose oxidation instead.

Their different activity in generating singlet-O2-analogous
species enabled us to further evaluate the performance of Pd
nanocubes and Pd–TiO2 hybrid structures in catalyzing
glucose oxidation.[22] As shown in Figure 2b, both samples
can catalyze the oxidation of glucose, albeit with varying
efficiency. To clarify the role of O2 species in the reaction, we
performed the glucose oxidation with Pd–TiO2 in the
presence of carotene (20 mg). The yield of gluconic acid
after 2 h was 0% in the dark and only 1% under illumination.
The results clearly show that the generation of singlet-O2-
analogous species is a vital step in the glucose oxidation
catalyzed by palladium-based solid catalysts.[9]

In line with the ESR measurements, the catalytic effi-
ciency of Pd–TiO2 hybrid structures in the glucose oxidation
under illumination was much higher than that of bare Pd
nanocubes. At a surface-atom percentage of 0.8%, the yield
and turnover number (TON) with the Pd–TiO2 hybrid
structures reached 76 % and 920, respectively, under illumi-
nation at 5.6 mW cm�2. In sharp contrast, the corresponding
values for the use of bare Pd nanocubes were only 37% and
449, respectively. As demonstrated in our previous study,[9]

the yield for glucose oxidation cannot be enhanced by UV
light in the case of Pd nanocubes. Thus, the significant yield
enhancement by Pd–TiO2 can be ascribed to the transfer of
photoexcited electrons from TiO2 to Pd as anticipated. This
conclusion was further confirmed by the similarity of the yield
with Pd–TiO2 (42 %) in the dark to that observed with Pd.
TiO2 alone has minimal catalytic activity, regardless of
whether the reaction is performed in the dark or under UV
light (see Table S1 in the Supporting Information). Certainly,
the TON is highly dependent on the usage dose of the
catalysts. For example, at a dose as low as 0.08%, the TON of
Pd–TiO2 for the catalysis of glucose oxidation under illumi-
nation at 3.4 mWcm�2 can reach 5260, which is superior to
that found for Pd nanocubes (see Table S2). As can be seen
from the TEM images of the Pd–TiO2 catalyst after glucose
oxidation (see Figure S6), the morphology of the catalyst is
well-maintained, thus suggesting that these catalysts can be
recycled for long-term use.

Interestingly, the efficiency of Pd–TiO2 in oxidizing
glucose became lower when the UV intensity was further
increased. For example, the yield of gluconic acid was reduced

to 52% when incident light of 27.1 mW cm�2 was introduced
into the reaction system. This feature indicates that the strong
UV illumination diminishes the electron supply from TiO2 to
Pd. In fact, hot electrons can be generated on metal nano-
crystals by the excitation of surface plasmons, which are in
turn injected into the conduction band of the semiconductor
at the M–S interface.[13–15] This plasmonic effect could
generate a reverse flow of electrons from Pd to TiO2 in our
case, thus lowering the electron density of the Pd surface. To
assess whether high-intensity illumination can induce this
back flow, we used ultrafast spectroscopy to examine the
dynamic electron behavior in our samples.

Ultrafast transient absorption (TA) spectroscopy provides
a robust tool for tracking in real time the electron dynamics.[26]

By using a femtosecond UV/Vis pump/white-light continuum
(WLC) probe scheme (see the Supporting Information for
details), we investigated the Pd–TiO2 hybrid structures to
analyze the transient electron behavior involved with refer-
ence to bare TiO2 and Pd nanocubes. Two different pumping
cases with center wavelengths at 480 and 350 nm, respectively,
were examined. The 500–700 nm WLC probe yielded essen-
tially the same TA features, and we therefore show herein
a set of representative data taken at 520 nm (Figure 3). Under
photoexcitation at 480 nm, bare TiO2 produced no TA signal
(Figure 3a), simply because its bandgap is larger than 3 eV
(< 413 nm), whereas bare Pd exhibited the well-known
plasmon-damping effect[27] in its TA kinetic trace (see the
zoom-in initial window of 0–30 ps on the right-hand side of
Figure 3a). Pd–TiO2 exhibited a rather different dynamic
behavior: Its recovery was much slower than that of bare Pd.
This behavior can be understood as a result of hot-electron
injection from Pd to TiO2, followed by subsequent electron
relaxation within the conduction band to yield the observed
stimulated emission (SE) signal (with a negative value), which
features a much slower recovery from the TiO2 side (see
Figure 3b). Note that the ground-state bleach (GSB) signal,
which also has a negative value, is not responsible for this
effect, as GSB should occur in a much bluer region reflecting
the interband transition just across the bandgap of TiO2. The
SE signals observed in the spectral region of 500–700 nm
provided by the WLC probe are consistent with the docu-
mented[28] as well as our measured photoluminescence (PL)
spectra of bare TiO2 (see Figure S7).

It is natural to wonder what would happen if both Pd and
TiO2 were excited in this hybrid system. Relevant typical data
recorded with a 350 nm pump are shown in Figure 3c.
Interestingly, no significant difference was found in the
behavior of Pd–TiO2 in the two cases. As depicted in
Figure 3d, the 350 nm laser pulse (15 mJ pulse�1) simultane-
ously excites Pd and TiO2. Intuitively, two electron-transfer
processes (with opposite directions) should occur under
strong laser illumination, that is, the transfer of photoexcited
electrons from TiO2 to Pd driven by the n-type Schottky
junction and the reverse injection of Pd hot electrons into the
TiO2 conduction band as a result of the plasmonic effect. The
former process may give rise to a positive excited-state
absorption (ESA) signal on the Pd side. However, no
pronounced ESA signal was observed; instead, the afore-
mentioned SE signal that originates from the latter process

Angewandte
Chemie

3271Angew. Chem. 2014, 126, 3269 –3273 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.de

http://www.angewandte.de


still dominated. Nevertheless, the fluctuation during the
recovery of the SE signal could be indicative of the involve-
ment of such an ESA process. As a reference, the transient
kinetics of bare TiO2 are also shown in Figure 3c. In this case,
there is apparent competition between SE and ESA, with the
initial buildup and the subsequent decay features of ESA
superimposed on the predominant SE trace. In the hybrid Pd–
TiO2 system of interest, the SE process induced by Pd hot
electrons on the TiO2 side is so strong as to completely
suppress the ESA processes on both the Pd and TiO2 sides
(not depicted in Figure 3 b,d). Note that bare Pd exhibits the
plasmon-damping effect in its kinetic trace when pumped at
350 nm, similarly to when it is pumped at 480 nm, thus
indicating the activation of Pd.[27]

It is well-known that Pd is a metal with relatively small
plasmonic cross-sections, so its weak surface plasmon
response can most likely be activated by high-intensity
illumination.[27, 29] It is safe to infer that the transfer of
electrons from TiO2 to Pd dominates when the illumination is
relatively weak, thus promoting O2 activation, as discussed
above; however, its efficiency may be reduced by the
plasmonic effect when the Pd nanocrystals are activated
under strong illumination, as demonstrated in this study by

ultrafast pump–probe measure-
ments. Lowering of the pump
pulse energy to 7 mJ pulse�1 and
even to 3 mJpulse�1 (close to our
pump–probe detection limit)
yielded similar TA kinetic profiles
to the use of a pump pulse energy
of 15 mJ pulse�1 (see Figure S8).
This similarity is understandable
because the peak power of the
pump pulses in our pump–probe
characterizations is rather high
(given the pulse duration on the
femtosecond timescale); such high-
intensity illumination boosts the
plasmonic effect so that only the
plasmon-dominated electron-trans-
fer process can be detected at
different illumination wavelengths
(i.e., 480 and 350 nm).

Nevertheless, the function of
the Schottky junction can be well
resolved by photocurrent measure-
ments (Figure 4; see also Fig-
ure S9). As compared with bare
TiO2, Pd–TiO2 hybrid structures
give greatly enhanced photocur-
rents at relatively low light inten-
sity, thus indicating the improved
charge separation in TiO2 by the
Schottky junction. When the light
intensity is increased to the
extreme, a reduction in photocur-
rent is observed for the Pd–TiO2

hybrid structures, thus implying the
reverse injection of hot electrons

by the plasmonic effect of Pd.
In summary, we have developed a metal–semiconductor

hybrid structure—Pd–TiO2—whose Pd components possess
a cubic shape comparable to {100}-enclosed Pd nanocubes

Figure 3. Ultrafast transient absorption (probed at 520 nm) as a function of probe delay for bare
TiO2, bare Pd nanocubes, and Pd–TiO2 hybrid structures. a) Data recorded with a 480 nm pump (left:
0–2 ns; right: 0–30 ps). b) Schematic illustration of the electron behavior under photoexcitation at
480 nm. c) Data recorded with a 350 nm pump (left: 0–2 ns; right: 0–30 ps). d) Schematic illustration
of the electron behavior under photoexcitation at 350 nm. VB, valence band; CB, conduction band; Ef,
Fermi level; SE, stimulated emission.

Figure 4. Transient photocurrent response of bare TiO2 and Pd–TiO2

hybrid structures at the same weight of TiO2 when illuminated with
light of varying intensity. Note that the incident power in this case
(which reaches a maximum at about 24 mWcm�2) is not comparable
to that for glucose oxidation owing to very different experimental
setups.
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that are active for the production of singlet-O2-analogous
species. The success in the materials synthesis enables the
design of nanomaterials with the same Pd surface facets but
with very different electron states, as the semiconductor
supports can supply electrons to the Pd surface under
illumination as a result of the Schottky barrier. On the
other hand, the Pd components can be activated by strong
illumination to reversely inject hot electrons into the con-
duction band of TiO2, thus lowering the electron density of
the Pd surface. As O2 activation is highly dependent on the
charge state of the Pd surface, simple variation of the intensity
of illumination on metal–semiconductor hybrid structures is
a promising approach for tuning catalytic efficiency in organic
oxidation reactions. It is anticipated that the new light cast by
the present study on the importance of semiconductor
supports in related reactions will provide valuable insight
into the design of catalysts with improved activity by taking
electron–matter interactions into account.

Experimental Section
Synthesis of Pd nanocubes and Pd–TiO2 hybrid structures: The Pd
nanocubes were synthesized according to a previously described
protocol.[16] In a typical synthesis, 8.0 mL of an aqueous solution
containing poly(vinyl pyrrolidone) (PVP, MW= 55000, Sigma–
Aldrich, 856568-100g; 105 mg), l-ascorbic acid (AA, Sigma–Aldrich,
A0278-25g; 60 mg), and KBr (300 mg) was heated in a 50 mL three-
necked flask for 10 min at 80 8C with magnetic stirring. Subsequently,
3.0 mL of an aqueous solution of potassium palladium(II) chloride
([K2PdCl4], Aladdin, 1098844-1g; 63 mg) was added with a pipette,
and the reaction mixture was stirred at 80 8C for 3 h. The product was
collected by centrifugation and washed three times with deionized
water to remove excess PVP. The Pd–TiO2 hybrid structures were
obtained by following the procedure used for the synthesis of Pd
nanocubes, but with TiO2 (Aeroxide, TiO2-P25; 20 mg) included in
the initial aqueous solution (8.0 mL). See the Supporting Information
for the characterization of the samples.

Characterization by ultrafast spectroscopy: The ultrafast transi-
ent absorption data were recorded on a modified pump–probe
spectrometer (ExciPro, CDP) in combination with an amplified
femtosecond laser system (Coherent). A schematic illustration of the
optical layout (see Figure S10) and the experimental details can be
found in the Supporting Information. The samples were dispersed in
ethylene glycol for all pump–probe characterizations performed
under ambient conditions.

See the Supporting Information for 4-oxo-TMP measurements,
glucose oxidation, and computational methods.
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