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Photocatalytic water splitting by semiconductor catalysts is
gaining importance for the sustainable large-scale supply of
hydrogen as a major energy carrier.[1] Since its discovery in
1972,[2] this reaction became a hot research topic with the
ultimate goal of utilizing sunlight as an abundant energy
source. In general, the photocatalytic process is initiated by
the excitation of electrons from the valence band into the
conduction band of the semiconductor by irradiation with
photons of energy equal to or greater than its band gap. One
of the most widely used photocatalysts is TiO2, as it is cheap,
environmentally friendly, and shows long-term stability.[3]

Unfortunately, pure titania has poor activity for photocata-
lytic hydrogen production owing to fast electron–hole recom-
bination and/or the large overpotential. Furthermore, TiO2 is
only capable of converting high-energy UV light into
chemical energy because of its wide band gap (ca. 3.1 eV).
However, for practical applications, catalysts are needed that
work efficiently with sunlight, the major part of its radiation
being in the visible region. Dedicated synthesis procedures
have been applied to shift the absorption edge of TiO2 into the
visible range, for example by doping with other metal cations
or anions, but with limited success.[4]

Another promising strategy in activating TiO2-based
photocatalysts for visible-light harvesting is surface coverage
by metal nanoparticles owing to their unique optical proper-
ties, known as surface plasmon resonance (SPR). This effect
implies coherent oscillation of the metal conduction electrons
creating an oscillating electric field, which may transfer
energy to the semiconductor support. As pointed out in
a recent review by Warren and Thimsen as well as by Maldotti
et al. ,[5] this effect was found to be beneficial for TiO2-
supported coinage metals used for the photoconversion of
organic compounds,[6] while its impact on photocatalytic
water splitting has not yet been explored in much detail.[7] It
is well-known that metal-loaded TiO2 catalysts show

improved activity in photocatalytic water splitting using UV
light.[8] This effect has been attributed to an electron transfer
from the TiO2 conduction band to the metal particles, which
should suppress recombination of charge carriers (see right
part of Figure 1).[9] On the other hand, Silva et al. also

observed an increased H2 evolution under irradiation of Au-
TiO2 catalysts with monochromatic visible light (l =

532 nm).[7a] This wavelength is above the TiO2 absorption
edge and coincides more or less with the maximum of the Au-
SPR absorption band. Thus, it is plausible to assume that
visible light must have been harvested by the gold nano-
particles due to their SPR. However, the mechanism of this
absorption as well as its impact on the enhancement of
photoactivity in water splitting are not yet fully understood
and are controversially discussed. In general, there are two
main mechanistic opinions: Gomes Silva et al.[7a] propose an
injection of SPR-excited “hot electrons” from the gold
particle surface into the TiO2 conduction band, yet without
providing an experimental evidence for this transfer process.
Tatsuma and Tian measured an increase of the photocurrent
matching exactly the wavelength distribution of the Au SPR
band,[10] which was taken as evidence for an electron transfer.
However, such improvements in photocurrent have also been
explained by changes in light scattering or reflection[11] and
not necessarily by electron transfer. Therefore, an increase of
photocurrent alone cannot be taken as unequivocal evidence
for transfer of electrons from the gold particles to TiO2.

Figure 1. Proposed mechanism for UV- (right) and visible-light (left)
driven water reduction using methanol as sacrificial electron donator.
CB = conduction band, VB= valence band, h+ = hole, Ef = Fermi level.
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Besides groups favoring the injection of plasmonically
oscillating electrons from gold into the TiO2 conduction band,
there are others who claim that this is not possible, as the
maxima of the electron injection yield did not match the SPR
maximum of gold,[12] and/or individual electrons would not
carry enough energy to overcome the ca. 1.1 eV Schottky
barrier, because the photon energy is shared by a multitude of
electrons.[13] Thus, those groups argue that the SPR effect
enhances the local electromagnetic field which in turn
initiates electron–hole pair generation within the semicon-
ductor. It has been claimed that this effect is also present even
when the noble metal nanoparticles and semiconductors are
separated from each other by insulating layers.[14] The above-
described state of the art points out that, despite interesting
approaches (restricted at present to a few methods only) to
unravel the mechanism behind visible-light activity of plas-
monic photocatalysts, there still exist different and partly
contradicting opinions. This calls for the application of
spectroscopic in situ methods providing most reliable infor-
mation on charge transfer mechanisms and structure–reac-
tivity relationships in working catalysts under reaction con-
ditions. Such knowledge is very important, as it is the basis for
rational design of highly efficient plasmonic water-splitting
catalysts being an emerging new research field.[5] In this work,
we used in situ electron paramagnetic resonance (EPR)
spectroscopy for the first time for monitoring water reduction
over Au-TiO2 catalysts with P25 (Degussa) as TiO2 source
consisting of 80% anatase and 20 % rutile. This method is
ideally suited for visualizing electron-transfer processes under
reaction conditions. Its benefits in elucidating reaction
mechanisms have recently been demonstrated for homoge-
neous water reduction using an iridium photosensitizer and an
iron carbonyl catalyst.[15]

The catalytic tests in methanol/water mixtures revealed
for pure TiO2 a very small but constant hydrogen production
under UV-light irradiation without any loss of activity during
24 h (Table 1; Supporting Information, Figure S2). The H2

evolution significantly increased after loading gold nano-
particles onto TiO2. More interestingly, the Au-TiO2 catalyst
enables photocatalytic proton reduction also with pure visible
light (400–700 nm), in contrast to the unloaded TiO2 powder.

To monitor light-induced formation of paramagnetic
species, EPR spectra were recorded in the dark and under
irradiation with pure visible light (using a cut-off filter
> 420 nm) and UV/Vis light (without filter), respectively.
The spectrum of the as-prepared Au-TiO2 catalyst in the dark
at 90 K exhibits a weak isotropic signal A at g = 2.005
(Figure 2, Table 2). Such a signal is hardly visible for unloaded

TiO2 (Figure 2, gray lines). We assign it to an electron trapped
in an oxygen vacancy,[16] though its g value is slightly higher
than usually observed for such species.[16b] This may be due to
its close vicinity to Au. Carbon-based radicals, which are also

found to respond to light irradiation,[17] can be excluded as
origin for signal A because a reference sample prepared
without polyvinyl alcohol (PVA) as possible carbon source
showed the same signal in almost equal intensity (Supporting
Information, Figure S3). Furthermore, signal A decreases and
O2

·� is formed when Au-TiO2 is irradiated in the presence of
O2, indicating electron transfer from species A to O2

(Supporting Information, Figure S4). A more detailed justi-
fication for the assignment of signal A can be found in the
Supporting Information.

Furthermore, another weak anisotropic signal B was
detected belonging to Ti3+ species in the rutile phase of P25
(Figure 2a, Table 2).[18] The corresponding Ti3+ signal C in the
anatase phase of P25 became well-detectable only under
irradiation. Similar signals have also been observed for
visible-light-irradiated pure P25, where they have been
ascribed to an electron transfer in interwoven rutile and
anatase crystallites that form tightly bound nanoclusters.[21]

Exclusively in case of the Au-loaded sample, visible-light
excitation also led to a strong increase of signal A in the
absence of any reactant. Note that the TiO2 support is not

Table 1: Photocatalytic H2 evolution of pure and Au-loaded TiO2 under
UV- and visible-light irradiation from MeOH/H2O mixtures.

Catalyst Volume VH2

[mL/24 h]
H2 evolution rate
[mmolg�1 h�1]

UV[a] Vis[b] UV[a] Vis[b]

TiO2 11 –[c] 0.4 –[c]

Au-TiO2 875 49 30 1.7

[a] UV = 320–500 nm filter. [b] Vis =400–700 nm filter. [c] No H2

detected within detection limits.

Figure 2. In situ EPR spectra of Au-TiO2 a) at 90 K compared to pure
TiO2 (gray) in the dark and under pure visible and UV/Vis light; b) in
He flow at 290 K in the dark and under visible-light irradiation with
subsequent addition of H2O and methanol. A–E: see text for details.

Table 2: EPR parameters of detected signals and their assignment based
on literature data.

EPR parameters
Signal Assignment g1 g2 g3

A ecb
� trapped at O vacancies 2.005 2.005 2.005[16]

B rutile Ti3+ 1.975 1.975 1.951[18]

C anatase Ti3+ 1.990 1.990 1.962[18]

D Ti4+-OC�-Ti4+-OH� 2.018 2.014 2.004[19]

E Ti4+-O2C
� 2.026 2.010 2.003[20]
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capable of absorbing light in this wavelength range. This is
clearly evident from the UV/Vis spectrum of TiO2, the
absorption edge of which is located well below 420 nm
(Supporting Information, Figure S1). Thus, the trapped
electrons reflected by signal A (Figure 2a, middle) might
not stem from the TiO2 valence band, but from the Au
nanoparticles. In contrast to TiO2, the Au nanoparticles are
able to absorb visible light, as evident from their absorption
band in the UV/Vis spectrum (Figure 4; Supporting Informa-
tion, Figure S1), which results from a superposition of SPR
and d–sp interband absorption features.[22]

We infer that this photoexcitation injects Au electrons
into the TiO2 conduction band, as illustrated in Figure 1 (left
hand side). These electrons are then trapped at surface
oxygen vacancies in close vicinity to the Au particle/TiO2

interphase. Such surface defect sites are assumed to be crucial
for various heterogeneously catalyzed reactions, as they
provide possible binding sites for the reactants. It is known
that Au binds preferentially at such oxygen vacancies.[23]

Therefore, the photoexcited conduction electrons from Au
are likely to be trapped by those defects as well. It must also
be stressed that signal A cannot arise from electrons located
in the gold particles themselves, as such electrons give rise to
signals with much higher g values and line width. Thus,
a signal at g = 2.0636 has been observed at 77 K for Au
particles of only 1.4 nm diameter supported on ZrO2, and it
was shown that the peak-to-peak line width rapidly increases
with the particle diameter, reaching 1186 G for particles of
5.3 nm size.[24] This means that conduction electron signals of
Au particles with a diameter of 10–15 nm such as in the
present catalyst would be broadened beyond detection and,
thus, not observable by EPR spectroscopy. Interestingly, no
signal A is formed when pure TiO2 is irradiated with visible
light in the same way (Figure 2a, middle, gray line). This is
another support for its assignment to electron transfer from
gold to TiO2.

By exciting the catalyst at 90 K with the whole wavelength
range of the Xe lamp containing also UV light (200–700 nm),
electron–hole pair generation may occur within TiO2, as
illustrated in Figure 1 (right hand side). This process is
demonstrated on the one hand by an increase of signals B and
C, reflecting the formation of Ti3+ upon photoexcited electron
trapping at Ti4+. On the other hand, a new anisotropic signal
D is formed (Figure 2a, Table 2), which, based on literature
data,[19] is assigned to OC� radicals resulting from trapping of
the positive holes by lattice O2� species at low temperature. In
Au-TiO2 the intensity of signal D is weaker than in pure TiO2.
This may be due to the higher amount of oxygen vacancies in
Au-TiO2, leading to a deficient O2� species available for hole
trapping. Similarly, a decrease of the OC� EPR signal has been
observed with decreasing crystallinity of TiO2, which might
contain more anionic vacancies than highly crystalline
TiO2.

[25]

For analyzing the behavior of light-induced EPR signals
under reaction-like conditions to further explore reaction-
involved species, in situ EPR spectra at room temperature in
the dark as well as during irradiation with visible light under
flowing helium subsequently loaded with H2O and methanol
were recorded (Figure 2 b). The evolution of hydrogen under

light irradiation is evident from on-line mass spectrometry
(Supporting Information, Figure S5). The Ti3+ signals B and C
were not observed at this temperature, which is most likely
due to short relaxation times. However, the isotropic signal A
was properly seen at T= 290 K. Similar to the experiment at
90 K, its intensity increased strongly under visible-light
excitation. As mentioned above, this might be due to the
injection of electrons from gold to the TiO2 conduction band
followed by trapping at surface oxygen vacancies. Interest-
ingly, this signal lost intensity when water and methanol were
added to the catalyst under irradiation, indicating that it is
also these electrons which are consumed by reduction of
protons to H2. In any case, the g2 component of surface-bound
O2C

� radicals (g1 = 2.026, g2 = 2.010, and g3 = 2.003)[20] is
properly seen in the spectrum (signal E) as confirmed by
spectrum simulation (dashed lines in Figure 2b; for param-
eters, see the Supporting Information). However, this latter
species is hardly affected by irradiation.

To further explore the impact of UV and visible light on
electron transfer processes in Au-TiO2, the intensity of the
EPR signal (double integral) at room temperature was
monitored as a function of time during irradiation at distinct
wavelengths of (280� 10) nm and (532� 10) nm, respectively,
in the absence of any reactant by using two band-pass filters
(Figure 3). There was hardly any EPR signal detectable
during irradiation with pure UV light, which excites electrons
from the valence to the conduction band of TiO2 (Figure 1,
right hand side). This might be due to the fact that at 290 K
those excited electrons are rapidly transferred to the Au
particle with lower Fermi level prior to being trapped at Ti4+

species or oxygen vacancies. For reasons explained above, no
EPR signal can be observed for Au conduction electrons.
When switching from 280 to 532 nm, signal A rapidly
increases and declines again when light is shut off (Figure 3a).
For the formation and decline processes, time constants tf and

Figure 3. Double integrals of the EPR signal A (symbols) and kinetic
fits (lines, for details see Supporting Information) as a function of
irradiation time at 290 K starting with UV and switching to visible light
after 30 min (a) and vice versa (b).
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tdec have been derived by fitting the time dependence of the
EPR signal intensity (double integrals) using exponential
approximation equations (solid lines in Figure 3; for details,
see the Supporting Information, Table S3). The t values
indicate how fast the formation or decay of the EPR signal
occurs. It was found that trapping of electrons under visible
light (reflected by rising intensity of signal A) proceeds in the
same time, regardless the fact whether the sample was kept
before under UV light (Figure 3a, tf = 6.0 min) or in the dark
(Figure 3b, tf = 6.5 min). In contrast, the decay time constants
are markedly different in both experiments: When light is
shut off after irradiation at 532 nm, the decay is much slower
(Figure 3a, tdec = 10.9 min) in comparison to the second
experiment (Figure 3b, tdec = 5.3 min), in which just the
irradiation wavelength was changed from 532 to 280 nm.
Obviously, a UV-stimulated back-transfer of the trapped
electrons into the Au conduction band (where they are not
detectable by EPR) occurs under these conditions, instead of
a slow relaxation mechanism observed in the first case. This is
also supported by an experiment in which the sample was first
exposed to visible light only (using a cut-off filter > 420 nm)
followed by irradiation with the full wavelength range after
removal of the cut-off filter, which led to a significant signal
intensity loss (Supporting Information, Figure S6).

To investigate whether visible-light-induced electron
transfer is related to the Au surface plasmon resonance, the
formation of signal A has been studied under irradiation with
light of different but defined wavelengths using a set of band
pass filters. The double integral of the EPR signal is plotted
together with the SPR band of the catalyst in Figure 4. The
corresponding EPR spectra are shown in the Supporting
Information, Figure S7a. Starting at 300 nm, the irradiation
wavelength was kept constant for 15 min before switching
stepwise to the next higher wavelength up to 700 nm. The
curve exhibits a maximum at excitation wavelengths of 450 to
500 nm, which is in good agreement with the maximum value
for the wavelength-dependent electron injection yield mea-
sured by Du et al.[12] They distinguished two different electron
injection pathways, which were assigned to direct electron–
hole pair generation by d–sp interband transition in the
shorter wavelength region, respectively to a plasmon-induced
enhancement of the electromagnetic field at higher wave-
lengths (> 580 nm). Both effects are also supported by our

wavelength dependent measurements (Figure 4; Supporting
Information, Figure S7), in which an intensity growth of signal
A upon lowering the wavelengths from 700 nm to 550 nm was
observed that parallels almost exactly the slope of the Au SPR
band (Supporting Information, Figure S7b). The additional
intensity increase below 550 nm cannot be explained by SPR
promotion but might be supported by the interband transition
of the Au electrons.

In summary, we have directly monitored visible-light-
driven electron transfer for the first time from the Au
conduction band to the TiO2 support surface where they are
trapped in vacancies in close vicinity to the Au-TiO2

interphase. This was possible by monitoring Au-TiO2 catalysts
during photocatalytic water reduction with light of different,
but distinct wavelength, using in situ EPR spectroscopy,
which is a unique technique to selectively visualize unpaired
electrons. The results suggest that depending on the wave-
length, this electron transfer is stimulated by the joint action
of two different electron excitation pathways within the Au
particle, namely d–sp interband transitions in the lower and
SPR transitions in the higher wavelength range of the visible
spectrum. It is anticipated that the visible-light harvesting
capability of supported Au photocatalysts can be improved
even more when future efforts in catalyst development are
focused on shifting the absorption edge energy of the
semiconductor support towards the range in which Au
electrons can be excited.

Experimental Section
The Au(1.0 wt %)-TiO2 powder photocatalyst was prepared by sol
immobilization as described previously.[26] Briefly, PVA (1.2 mL,
1 wt% solution, Merck Chemicals) was added to a solution of
HAuCl4·3H2O (20 mg) in distilled water (5 mL). A dark sol was
formed by adding dropwise a freshly prepared NaBH4 solution
(2.5 mL, 0.1m, Aldrich, > 96%). After 30 min, TiO2 (1.0 g, P25
Degussa) was added and the suspension further stirred for 12 h at
room temperature. The precipitate was washed with 500 mL distilled
water and dried at 100 8C for 12 h. Au particles on TiO2 with
diameters of about 10–15 nm were obtained (Supporting Information,
Figure S8).

All catalytic experiments were carried out under an argon
atmosphere with freshly distilled solvents (conditions: 50 mg catalyst,
10 mL MeOH/H2O (1:1), 7.2 W Hg vapor light irradiation, T= 25 8C,
t = 24 h). Further details on the equipment and the experimental set-
up have been reported previously.[27]

UV/Vis spectra were recorded by an Avantes AvaSpec-2048 UV/
Vis spectrometer via an Avantes 458 optical probe. For details of the
X-band EPR measurements, see the Supporting Information.
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