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ABSTRACT: This work unravels a sudden deactivation of Pt/TiO2
(P25) during the initial stages of photocatalytic H2 evolution from
aqueous solution that, until now, has gone unnoticed, using a unique
combination of in situ photodeposition of Pt with an on-line gas
detector system. Utilizing a set of techniques, including highresolution transmission electron microscopy (HRTEM), X-ray
photoelectron spectroscopy (XPS), UV-visible diﬀuse reﬂectance
spectroscopy (DRS-UV-vis), X-ray powder diﬀraction (XRD), Raman
spectroscopy, and physisorption, we were able to attribute this
deactivation to a shift in mechanism, accompanied by an increase in
CO concentration. Key to this phenomenon is the ratio of Pt atoms
to oxygen vacancies, which were created through ultrasonic
pretreatment and in situ UV irradiation in the bulk and surface, respectively. We also observed a potential additional
contribution to the deactivation by encapsulation of the Pt nanoparticles, indicating that strong metal−support interaction
(SMSI) may indeed happen in aqueous and ambient conditions. Furthermore, we encourage implementing the concept of a
“dynamic” catalyst to photochemistry that opens up a new approach toward understanding the complex mechanisms and kinetics
in heterogeneous photocatalysis.
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INTRODUCTION
Heterogeneous photocatalysis covers a range of cutting-edge
applications that address important socioeconomic areas such
as energy,1,2 environment,3,4 hygiene and disinfection,5,6 and
recently also gained considerable impact on the development of
novel green processes.7 The comparability of photocatalytic
activities generally constitutes a major challenge, because they
are dependent on a variety of parameters, including reaction
temperature, light intensity, and amount and type of sacriﬁcial
agent, as well as speciﬁc reactor setups. Very often, this problem
is addressed by using a common benchmark system as
reference and, less consistently, by comparing quantum
eﬃciency values, which are less system-sensitive than actual
activity values. This renders it crucial to have a good benchmark
system that ensures stable and reliable activity levels. TiO2in
particular of type P25so far has been the most widely studied
material in photocatalysis. P25 is a commercial product that is
commonly synthesized by ﬂame-spray pyrolysis and has
demonstrated high photocatalytic activities, making it a highly
popular reference material. P25 is a mixed-phase compound
that consists of anatase, rutile, and amorphous phases. The
phase composition is typically characterized by an anatase:rutile
ratio of 80:20, while the presence of an amorphous phase is
very often neglected in the literature. Ohtani et al. determined
the ratio of anatase, rutile, and amorphous phase in a sample by
selective dissolution to be 78:14:8, while simultaneously noting
the inconsistency in composition between diﬀerent samples.8
© 2017 American Chemical Society

Still, when composited with platinum nanoparticles as cocatalysts, TiO2 remains one of the most active photocatalysts
for both oxidation (e.g., dye degradation, water puriﬁcation)
and reduction (e.g., hydrogen evolution) reactions. Therefore,
Pt/TiO2 has evolved as the most common reference photocatalyst.
Here, we report on a detailed investigation of the initial
stages of photocatalytic hydrogen formation using Pt-loaded
P25 in which we observed an unexpected sudden deactivation,
which diﬀers distinctly from previously reported passivation of
photocatalysts. We were able to observe this eﬀect due to the
unique combination of in situ photodeposition of Pt with an
on-line gas detector system. Employing a CO detector, in
addition to H2 and CO2, allowed us to pinpoint this
deactivation to a shift in mechanism that is accompanied by
an increased formation of CO. Deactivation of Pt/P25 has
drastic consequences and may even be the reason for the large
deviations within reported literature results, i.e., activities may
have been obtained from already deactivated samples and thus
underestimate the actual potential of TiO2.
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Figure 1. (A) Time dependence of the hydrogen evolution rate over P25-TiO2 loaded with 0.4 wt % Pt in 50 vol % methanol solution with (red
curve) and without (black curve) US pretreatment. (B) Eﬀect of UV intensity on the hydrogen evolution rate: decreasing the intensity (orange)
under otherwise same conditions prevented deactivation during the course of the experiment. (C) A 3-fold increase in UV intensity (orange)
deactivates a formerly stable sample. CO2 values were multiplied by a factor of 10 for plotting to enable the reader to follow the curves better.

■

EXPERIMENTAL SECTION
The photocatalytic experiments were conducted in a quartz
ﬂow reactor vessel that was top-irradiated with a 200 W
superpressure Hg lamp (λ = 240−500 nm, intensity = 30 mW/
cm2) and connected to an on-line gas analyzer (X-STREAM
general purpose gas analyzer, Emerson) with argon as carrier
gas. The photocatalyst (50 mg, Aeroxide P-25, Acros Organics)
was suspended in 50 vol % aqueous methanol solution (200
mL). Pt was photodeposited in situ from an aqueous H2PtCl6
solution. The photocatalysts were recovered and dried in air at
60 °C for characterization. Calculations for quantum
eﬃciencies (QE) as well as absolute H2 evolution rates for
Pt/P25 are shown in the Supporting Information (Table S1).
Ultrasonication (US) is commonly used in the literature to
disperse the photocatalyst. To investigate the eﬀect of such
harsh pretreatment, all experiments were conducted with and
without ultrasonication, using a common ultrasound bath
(VWR Ultrasonic cleaner, 45 kHz, 80 W) prior to the
photodeposition and the evolution reaction (no exposure of
photocatalyst to air between US treatment and UV irradiation).
Brunauer−Emmett−Teller (BET) speciﬁc surface area
measurements were carried out using Micromeritics ASAP
2020 and ASAP 2010 systems. Powder XRD patterns were
recorded using a Bruker D8 Advance system with LynxEye
Detector and Cu Kα radiation (λ = 1.5406 Å). Samples were
scanned at 2θ angles of 20°−80°. HRTEM images were
obtained on a Zeiss Libra FE 200 system that was operated at
200 kV. DRS−UV-vis was measured on a UV-vis photospectrometer (Jasco, Model V-670) that was equipped with an
Ulbricht sphere inside a diﬀuse reﬂectance unit. Raman spectra
were measured on a Jobin Yvon Horiba LABRAM HR system
that was equipped with a Ne:YAG laser (λ = 532 nm) as a

monochromatic light source, a charge-coupled device (CCD)
for detection, and an optical microscope (Olympus, Model
BX41) to focus the laser beam. XPS measurements were carried
out on a K-Alpha X-ray photoelectron spectrometer that was
provided by Thermo VG Scientiﬁc. Monochromatic Al Kα Xrays were used as an excitation source (∼75 W, 400 μm spot
size). The pass energy was 20−30 eV.

■

RESULTS AND DISCUSSION

Typically, reports on photocatalysis with Pt/P25 in comparable
reaction conditions show a steady increase in the amounts of
evolved H2 and thus stable production rates. However, we
observed an unexpected deactivation of Pt/P25 during the early
stages of reaction (i.e., mostly within the ﬁrst hour), which is
dependent on several parameters, such as pretreatment
conditions (e.g., ultrasound, calcination), UV light intensity,
and Pt loading.
Figure 1A shows the time-dependent changes of H 2
evolution rates for P25 with 0.4 wt % Pt with (red) and
without (black) US in aqueous methanol solution. The rates in
both cases reach a maximum value already at ∼30 min, which
coincides with the time required for ﬁlling the dead volume of
the gas circuit with the evolving gas. However, there is a distinct
diﬀerence in rates between the samples with and without US
after this point in time. The curve without US can be
distinguished into two regimes: a gradual decrease by ∼44%
over a time period of ∼10 h, followed by a sudden drop to a
relatively stable value of 4.7 mmol h−1, which is 10 times lower
than the maximum level (39 mmol h−1 g−1; QE280−500 nm =
28%). In contrast, when P25 was ultrasonicated for only 1 min
prior to the experiment, the H2 evolution rate decreased
immediately after reaching maximum at 30 min, leveling oﬀ to
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an almost-identical post-deactivation value of 4.2 mmol h−1 g−1.
Longer irradiation with US only resulted in slightly lower rates,
while the point of time of deactivation remained the same (see
Figure S1 in the Supporting Information). Interestingly, postdeactivation rates compare much better to reported literature
values of ∼3−4 mmol h−1 g−1 for similar conditions9−11 than
the 10-fold-higher pre-deactivation rates.
We ﬁrst assessed various well-known explanations for
deactivation that have been reported in the literature. Structural
and morphological changes of the photocatalyst can be ruled
out, as physisorption experiments and XRD studies conﬁrmed
that neither US nor UV irradiation had any signiﬁcant eﬀect on
BET surface area (Table S2 in the Supporting Information),
phase composition (i.e., anatase-to-rutile ratio) and average
crystal size (see Table S2 and Figure S3 in the Supporting
Information). We were also able to exclude leaching of Pt
during the reaction as well as the presence of impurities
detectable by XPS measurements. HRTEM images of pristine
as well as the pretreated samples (US and US/UV) revealed no
visible diﬀerences in the morphology of the crystals or the
dispersion of the Pt (see Figure S4 in the Supporting
Information). Methanol was used in large excess to avoid
exhaustion of the sacriﬁcial agent during an experimental run.
Therefore, we assume that the treatment (i.e., ultrasonication) of the metal oxide suspension prior to addition of
the Pt precursor had a crucial eﬀect on the photocatalyst by
invoking metal−metal oxide interactions and inducing
deactivation. Indeed, ultrasound is known to create a very
harsh chemical environment by acoustic cavitation that is even
utilized to activate catalysts (i.e., “sonocatalysis”).12 Rapid
implosion of cavities leads to estimated temperatures and
pressures of up to 5500 °C and several 100 atm inside the
bubbles, while the surrounding liquid still reaches temperatures
of up to 2100 °C.13−16 In the case of water, the heat of cavity
implosion leads to H• and OH• radical formation that can
oxidize or reduce inorganic compounds such as metal oxides
introducing defects into the crystal lattice. In addition, there can
also be a variety of mechanical eﬀects on solid particles arising
from ultrasound treatment, such as microjets and shock waves,
which can both damage the solid surface.16,17
There have been many reports about the formation of defects
by either or both of these eﬀects, such as oxygen vacancies in
metal oxides by ultrasonic treatment (e.g., SiO2,18,19 Nb2O5,20
MoO3,21 ZnO, ZrO2, Fe2O3, SnO222). In particular, OsorioVargas et al. showed that oxygen vacancies are formed during
low-frequency US treatment of TiO2.23 Bellardita et al.
thoroughly investigated US-reduced TiO2 and suggested that
oxygen vacancies were formed almost irreversibly in the bulk of
TiO2, which explains why XPS and Raman spectroscopy
showed no Ti3+ signal.24 They further demonstrated that US
treatment increased the catalyst’s activity for glucose conversion. The eﬀect of oxygen vacancies on the photocatalytic
activity was also conﬁrmed in other reports.25−27 Therefore, it
is reasonable to consider oxygen vacancies as the origin of the
observed deactivation in our photocatalysts.
In order to assess the eﬀect of methanol during US
irradiation, we ultrasonicated P25 in pure water and added
methanol afterward. Deactivation now occurred earlier and with
a considerably lower maximum activity (Figure S2). This would
ﬁt well with methanol acting as a radical scavenger: the
presence of methanol may prevent reduction during US
irradiation to some extent, which results in a better activity,
compared to samples that were ultrasonicated in pure water.

In another set of experiments, we varied the intensity of the
UV irradiation, which is also known to induce the formation of
defects such as Ti3+ and oxygen vacancies.28−30 Indeed, when
the intensity of the UV light was lowered by a factor of 10, we
did not observe any deactivation of the ultrasonicated sample
under otherwise identical conditions anymore (Figure 1B). In
contrast, increasing the UV light intensity has led to an
immediate deactivation, even of samples that were previously
producing H2 at relatively stable rates (Figure 1C).
These results demonstrate that both US and UV irradiation
can facilitate deactivation of photocatalysts through the
formation of oxygen vacancies, possibly located in the bulk or
subsurface region. This is supported by our observation that the
H2 evolution rate remained steady at 39 mmol h−1 g−1
(QEλ<400 nm = 56%) for a prolonged duration, when exposed
to oxidizing atmosphere (400 °C, 5 h, air) prior to the reaction,
as it is known that oxidative treatments can heal oxygen
vacancy defects (Figure 2A).31 It is important to note that

Figure 2. (A) P25 oxidized in air at 400 °C for 5 h (green) prevents
deactivation during the experimental run. (B) Tauc plots of pristine
P25 (black), P25 irradiated with US in water (blue) and methanol
solution (magenta), P25 irradiated with UV (orange) and the calcined
P25 (green) show a band gap shift (ca. 0.15 eV) that mainly occurs in
the anatase phase.

changes in the dispersion of Pt between the calcined and
noncalcined samples as well as the ultrasonicated and
nonultrasonicated samples could be excluded with the help of
TEM (see Figure S5 in the Supporting Information).
Raman spectroscopy, XPS, and DRS-UV-vis were used to
characterize the defect structure in our materials. Thus, we ﬁrst
evaluated Pt-free P25 and investigated the eﬀects of US and UV
irradiation on defect formation. In particular, for the eﬀect from
US irradiation, we irradiated samples in pure water and in 50
vol % aqueous methanol solution and dried them without any
exposure to the UV light source. For the eﬀect from UV light,
we followed the procedure of our photocatalytic experiments,
yet without the photodeposition of Pt. Raman spectroscopy
and XPS provided no evidence for surface oxygen vacancies or
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Figure 3. Gas evolution rates during photocatalytic hydrogen evolution for a series of P25 loaded with diﬀerent amounts of Pt. Deactivation is
observed at low Pt loadings independent of the pretreatment with US (e.g., 0.25 wt %) but not at high Pt loadings (≥0.75 wt %).

irradiation is required to create a critical amount of defects.
This is consistent with our results (i.e., dependent on
irradiation time/reaching of a critical point (Figure 1A) and
light intensity (Figures 1B and 1C)).
In the case of Pt-loaded P25, DRS-UV-vis proved unsuitable
for defect characterization due to overlapping absorption of Pt
(see Figures S8−S10 in the Supporting Information); hence,
we used Raman spectroscopy to evidence the presence of
surface defects in our samples. Figure 4 shows the typical

hydroxylation in the irradiated samples, in accordance with
Bellardita et al.24 We attribute this to the ex situ nature and
surface sensitivity of these measurements and the possibility of
healing of surface defects upon exposure to ambient
atmosphere. However, DRS-UV-vis spectra show a signiﬁcant
increase in absorbance at ∼320 nm for both treatments, as well
as a considerable redshift of the absorption edge by 15 and 25
nm for UV and US, respectively (see Figure S6 in the
Supporting Information). Such a behavior is typical of oxygen
vacancy formation and supports the previous works on UStreated TiO2 that suggested formation of bulk oxygen vacancies
being stable after exposure to an aqueous phase.23,24
Interestingly, the Tauc plot shows that the redshift originates
from the anatase component and amounts to ∼0.15−0.20 eV,
which reduces the eﬀective band gap to match rutile (3.03 eV)
(Figure 2B).32 This reduction in energy complies with the
diﬀerence between the energy levels of the conduction band in
anatase and freely mobile electrons formed by oxygen
vacancies.31 In addition, the absorption spectra are not aﬀected
by the presence of methanol. The correlation between defects
and deactivation is further supported by the absence of an
absorption shift in the nondeactivating (heat-treated) sample.
Next, we investigated the parameter of Pt size and
concentration. We conducted a series of experiments at
diﬀerent Pt loadings ranging from 0.25 wt % to 1.5 wt %.
Deactivation was strongly dependent on the amount of Pt. For
example, at 0.25 wt %, the photocatalyst always deactivated
independently on pretreatment with US, while no deactivation
was observed at loadings of ≥0.75 wt %, even after US
pretreatment (Figure 3). At intermediate loadings, the
deactivation was dependent most strongly on the US
pretreatment, as described above. It is important to note that
the particle size distributions of all loadings were similar, except
for loadings of ≥1.0 wt %, which increased in size from 4 nm to
4.5 nm (Figure S7 and Table S3 in the Supporting
Information). This is in accordance with the literature33 and
suggests a homogeneous nucleation of Pt in solution before
adsorption to the TiO2 surface. Therefore, we anticipate that
deactivation in our case is not noticeably aﬀected by particle
size. The diﬀerence between the low (deactivating) and high
(nondeactivating) Pt loading therefore lies in the total number
of Pt particles deposited on TiO2. Pt clusters preferably deposit
at surface oxygen vacancies;34 consequently, the total number
of free surface vacancies decreases with increasing Pt loading.
Therefore, we argue that, instead of particle size, the relative
ratio of all oxygen vacancies to the number of Pt particles is
critical. While enough oxygen vacancies are available to induce
deactivation at low Pt concentrations, increasing the Pt loading
will eventually lead to the point, in which additional UV

Figure 4. Raman spectra of recovered Pt/P25 after sacriﬁcial water
splitting, compared to pristine P25: (left) complete spectra with typical
P25 Raman modes; (right) closeup of Eg mode at 146 cm−1, showing
shift and peak broadening, which indicates the presence of defects in
the Pt-loaded samples.

modes of P25: Eg (146 cm−1, 198 cm−1, 639 cm−1), B1g (398
cm−1), and an A1g mode (515 cm−1 superimposed by 519
cm−1).35,36 In contrast to the Pt-free samples, we observed a
distinct peak broadening and shift of the Eg mode at 146 cm−1
with increasing Pt loading, which is characteristic of defects and
now became measurable due to the stabilization with Pt
particles.25,27,35,37
XPS can provide valuable information on the oxidation state
of a species. Figure 5 shows the Pt 4f spectra of the samples
loaded with 0.25, 0.4, and 1.5 wt % Pt as well as pristine P25 for
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In view of these observations, we suggest that there is a critical
vacancy:Pt ratio and a dynamic interplay between bulk and
surface vacancies.
We thus need to consider interactions between the metal
oxide and the metal co-catalyst, which, in contrast to
heterogeneous catalysis, are typically overlooked in the ﬁeld
of heterogeneous photocatalysis. Strong metal−support interactions (SMSI), in particular, have been frequently discussed as
a major source of deactivation in heterogeneous catalysis for
noble metals supported on metal oxides.34,42−45 It typically
occurs when the catalyst is exposed to vacuum or reducing
atmospheres at high temperatures (>700 K), upon which the
surface of metal oxide is reduced and becomes highly mobile
and thus capable of decorating the surface of metal nanoparticles. The resulting decrease in accessible active surface area
is responsible for a partial or complete loss of catalytic activity
(“decoration model”). An additional contribution may stem
from interfacial charge transfer between the metal and the
reduced metal oxide (“electronic model”), which has been
observed after reduction at temperatures as low as 473
K.43,46−49 This phenomenon has not been reported in ambient
conditions so far, and very few reports have discussed SMSI in
the broader context of photocatalysis (e.g., refs 50−53). Indeed,
we have observed Pt nanoparticles that did contain a thin shell
of presumably TiO2, thus suggesting metal encapsulation (see
Figures S11−14 in the Supporting Information). However,
these results remain too inconclusive to ascribe the observed
deactivation to an encapsulation-based SMSI eﬀect.
A closer look at the product distributionin particular, CO2
and COduring our experiments revealed further insight into
the source of deactivation. CO2 curves were unobtrusive and
followed the shape of H2 evolution in all cases, showing their
direct relation in origin (Figures 1, 2A, 3). However, the
detected CO2 amounts were ∼6 times less than expected from
stoichiometry, which might be due to an incomplete
degradation of methanol or dissolution of CO2 into the
reaction solution.
Furthermore, we employed an additional detector for an
often neglected byproduct of photocatalysis: CO. There have
been diﬀering reports on the presence or absence of CO as
byproduct during photocatalysis, when methanol is used as
sacriﬁcial agent. While there are many reports that explicitly
report that CO was not detected,11,54−58 other groups observed
CO generation,10,59−62 albeit without connection to deactivation phenomena. For example, CO was detected during steam
reforming of methanol over Pt-loaded TiO2 by Naldoni et al.
and Chiarello et al.59,60 Furthermore, Zou et al. detected CO
for P25 loaded with 0.1 wt % Pt suspended in 12.5 vol %
methanol solution.10 CO generation has also been investigated
by Schubert et al. for the vapor-phase decomposition of methyl
formate, which is a signiﬁcant byproduct during methanol
degradation, and formic acid.61 Methyl formate decomposition
was found to result in a signiﬁcant generation of CO, especially
compared to formic acid degradation. This CO generation was
suggested to block active sites on the noble-metal co-catalyst
and thus result in signiﬁcantly slower reaction kinetics in
comparison with the degradation of formic acid. The authors
also noted that addition of water led to an increased generation
of H2 and CO2, according to the water−gas shift reaction. A
correlation between CO and defects was suggested by
Kobayashi and Yamaguchi. In an ab initio study of CO on
TiO2 surfaces, they showed an enhanced interaction between
oxygen vacancies and CO on a TiO2 surface due to electron

Figure 5. XPS Pt 4f spectra of pristine P25 and Pt/P25 photocatalysts
recovered after photocatalytic experiments as well as Pt/P25 poisoned
with O2. The spectra show weak signals for the low loadings in the
range of metallic Pt (Pt 4f7/2,70.8 eV; Pt 4f5/2, 74.1 eV). A pronounced
shoulder in the 1.5 wt % loaded samples at ∼72.8 eV indicates a partial
oxidation of Pt.

reference: Pristine P25 shows a small signal at 76.0 eV that is
likely due to a 3s shakeup of Ti, as we did not see any other
impurities in our spectra. Compared to P25, samples loaded
with 0.25 and 0.4 wt % Pt show a slight increase in signal
intensities that lie in the range of metallic Pt0 (Pt 4f7/2, 70.8 eV;
Pt 4f5/2, 74.1 eV).38,39 Especially, the Pt 4f7/2 signal helps in
distinguishing the Pt signals from the reference. Interestingly,
1.5 wt % Pt-loaded samples contain a pronounced shoulder at
the higher binding energy side, which can only partially be
attributed to the 3s shake-up signal. Therefore, we ascribed
these shoulders to a higher oxidation state of Pt.38,40,41 For
comparison, we poisoned Pt/P25 with oxygen by bubbling
oxygen gas through the reaction solution during photodeposition of Pt. The observed Pt 4f signals correlate well to
literature values for Pt2+−O (Pt 4f7/2, 72.8; Pt 4f5/2, 76.1 eV)
and are consistent with the shoulder of the 1.5 wt % loaded
sample. As we can exclude O2 formation in our setup,
adsorption of other oxygen-containing species onto Pt is the
likely explanation for the observed shift. These could either
stem from the metal oxide (e.g., in form of suboxide species) or
reactants and byproducts generated during the photocatalytic
redox processes.
Until this point, we found that
(1) Pt-loaded P25 deactivates with an increased UV intensity
and US treatment;
(2) US and UV irradiation create oxygen vacancies in bulk
and surface regions, both aﬀecting the catalytic reaction;
and
(3) Vacancies are saturated by Pt (e.g., at higher Pt loadings
and otherwise unchanged conditions), which is beneﬁcial
to preventing deactivation.
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back-donation from surface Ti3+ into the π*-orbital of
molecular CO.63
Here, we found that CO generation is in fact inversely
correlated with H2 generation for deactivating samples. The
amounts of CO that were detected were small but showed a
clear and reproducible trend. Nondeactivating samples did not
show any CO generation at all giving a clear correlation
between the presence of CO and deactivation of Pt-loaded
TiO2 (Figure 6A). We also found that deactivation of our

CONCLUSIONS
In conclusion, we investigated a previously unnoticed, sudden
deactivation of Pt/P25 during the initial stages of photocatalytic
H2 evolution from aqueous solution. We attribute this to a shift
in mechanism that is triggered by a critical ratio of oxygen
vacancies to Pt atoms and is accompanied by an increased
generation of CO possibly via evolution of methyl formate as
an intermediate during the decomposition of methanol. Oxygen
vacancies are created both, prior to the reaction (via
ultrasonication) and in situ (upon UV irradiation). The precise
interplay of oxygen vacancies in the bulk with the active Pt sites,
possibly via bulk-to-(sub)surface diﬀusion, is yet to be
understood.
We emphasize that it is indeed crucial to consider this
phenomenon when designing and evaluating photocatalytic
experiments, since deactivation is dependent on a variety of
experimental parameters. For example, in cases where Pt is
deposited onto P25 prior to photocatalytic experiments, e.g., via
incipient wetness, the sample is commonly exposed to reducing
atmospheres or other heat treatments, which may have already
deactivated or stabilized the photocatalyst. Comparing the
activities of our “deactivated” samples with literature values for
comparable conditions suggests that P25 might have been
underestimated in its full potential as reaction conditions were
not adequate. A more detailed investigation on the potential
contribution of a SMSI eﬀect by Pt encapsulation is currently
being conducted.
Our work will advance the design of new photocatalysts for
real applications, such as degradation of organic molecules and
artiﬁcial photosynthesis. Furthermore, we encourage implementing the concept of a “dynamic” catalyst to photochemistry
that opens up a new approach toward understanding the
complex mechanisms and kinetics in heterogeneous photocatalysis.

■

Figure 6. (A) (Left) Additional CO detection shows that the rate of
H2 generation (black) decreases with an increasing CO generation rate
(red); (right) for a stable sample, no CO could be detected. (B) H2
generation rates for diﬀerent methanol concentrations for Pt-loaded
P25 (0.25 wt %).
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photocatalyst could be prevented, when the water concentration was increased, which is also in accordance with the
observation of Schubert et al. (Figure 6B). Furthermore, an
adsorption of CO on Pt is a reasonable explanation for the
above-mentioned shift to a higher oxidation state of Pt
observed in the XPS Pt 4f spectra (see Figure 5).64
We suggest a shift in mechanism for hydrogen evolution
reaction with in situ photodeposited Pt onto TiO2 that is
triggered by a critical ratio of oxygen vacancies to active Pt sites
and is accompanied by an increased generation of CO possibly
via evolution of methyl formate as intermediate during the
decomposition of methanol.
Our ﬁnding highlights the complexity of photocatalytic
systems and should raise awareness for the method of Pt
deposition, reaction conditions, and side reactions. Comparing
the activities of our “deactivated” samples with literature values
for comparable conditions suggests that P25 might have been
underestimated in its full potential as reaction conditions were
not adequate.
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nanoAnalytics GmbH (Münster, Germany) for XPS measurements and Dr. M. Sauer from AIC at TU Vienna for XPS
discussions and Dr. P. Gebhardt from IMC at TU Vienna for
TEM measurements. We would also like to thank Prof. G.
Rupprechter and Dr. K. Föttinger from IMC at TU Vienna for
helpful discussions.

■

REFERENCES

(1) Chen, X.; Shen, S.; Guo, L.; Mao, S. S. Chem. Rev. 2010, 110,
6503−6570.
(2) Cherevan, A. S.; Gebhardt, P.; Shearer, C. J.; Matsukawa, M.;
Domen, K.; Eder, D. Energy Environ. Sci. 2014, 7, 791−796.
(3) Gaya, U. I.; Abdullah, A. H. J. Photochem. Photobiol., C 2008, 9,
1−12.
(4) Li, M.; Qiang, Z.; Pulgarin, C.; Kiwi, J. Appl. Catal., B 2016, 187,
83−89.
(5) Foster, H. A.; Ditta, I. B.; Varghese, S.; Steele, A. Appl. Microbiol.
Biotechnol. 2011, 90, 1847−1868.
(6) Kubacka, A.; Munoz-Batista, M. J.; Ferrer, M.; Fernandez-Garcia,
M. Appl. Catal., B 2013, 140−141, 680−690.
(7) Colmenares, J. C.; Xu, Y.-J. Heterogeneous Photocatalysis: From
Fundamentals to Green Applications. 1st Edition; He, L. N., Rogers, R.
D., Su, D., Tundo, P., Zhang, C., Eds.; Springer: Berlin/Heidelberg,
2016.
(8) Ohtani, B.; Prieto-Mahaney, O. O.; Li, D.; Abe, R. J. Photochem.
Photobiol., A 2010, 216, 179−182.
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