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ver the past two decades, titanium

dioxide (TiO,) has been widely ap-

plied in heterogeneous (photo) cat-
alysis including hydrogen production,? water
purification,** and air detoxification,>® owing
to its high stability, nontoxicity, and relative
abundance.” The photocatalytic efficiency of
TiO,, was successfully enhanced by engineer-
ing the crystal structure,®~° microstructure, >
and impurity concentration.'>'® Thereby, the
recombination kinetics, charge separation effi-
ciency and charge trapping efficiency of TiO,
can also be controlled.'*'

One promising route to enhance the
photocatalytic performance of TiO, is to
decorate the surface with metal nanoparti-
cles (e.g., Ag, Au, Pt, and Pd).""*"¢=%° |t has
been shown that the presence of the metal
nanoparticles can effectively shift the Fermi
level of TiO,, which results in enhanced
photocatalytic reduction efficiency.'*°

The application of these metal—semiconduc-
tor composite materials to water/air purification
has also received great attention. Both model
compounds®~#3°=37 and industrially relevant
pollutants' 222429363839 have been selected
as probe molecules to characterize the
efficiency of TiO,-supported noble metal
nanoparticles. Time-resolved experiments
have demonstrated that charge-transfer
and charge-separation processes at the
metal-TiO, interface can be tuned by vary-
ing the metal identity,' the loading of the
metal,'® the ratio of cationic-to-metallic
species,'” and the nanoparticle size.°
However, some contradictory reports
show that metal decoration is not always
beneficial, as it can decelerate certain
photocatalytic reactions.>>3® Recently, it
has been suggested that the presence of
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ABSTRACT

Noble metal nanoparticles (Au, Pd, Au—Pd alloys) with a narrow size distribution supported
on nanocrystalline Ti0, (M/Ti0,) have been synthesized via a sol-immobilization route. The
effect of metal identity and size on the photocatalytic performance of M/Ti0, has been
systematically investigated using phenol as a probe molecule. A different phenol degradation
pathway was observed when using M/Ti0, catalysts as compared to pristine Ti0,. We propose a
mechanism to illustrate how the noble metal nanoparticles enhance the efficiency of phenol
decomposition based on photoreduction of p-benzoquinone under anaerobic conditions. Our
results suggest that the metal nanoparticles not only play a role in capturing photogenerated
electrons, but are strongly involved in the photocatalytic reaction mechanism. The analysis of
the reaction intermediates allows us to conclude that on M/Ti0, undesired redox reactions that
consume photogenerated radicals are effectively suppressed. The analysis of the final products
shows that the reusability performance of the catalyst is largely dependent on the
pretreatment of the catalyst and the identity of the metal nanoparticle. Interestingly, the
as-prepared Pd and Au—Pd decorated Ti0, materials exhibit excellent long-term photo-
activity, in which ~90% of the phenol can be fully decomposed to €0, in each cycle.

KEYWORDS: photocatalysis - TiO, - Au - Pd - Au—Pd alloys - phenol
decomposition mechanism - reusability - CO, conversion

metal nanoparticles might effectively cap-
ture photogenerated electrons, which po- 4 44ress correspondence to
tentially prolongs the lifetime of radicals  hutchecardiff.ac.uk,
and may effectively improve the catalytic ~foe@inano.au.dk.
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cles mainly trap photogenerated elec-
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trons and slow down the recombination ;5 1021/nn301718v
of surface radicals, their role in the specific

catalytic cycle remains unclear. ©2012 American Chemical Society
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Figure 1. Representative HAADF-STEM images of individual
Au particles in (a) Au/TiO,@120 °C; (b) Au/TiO,@200 °C;
(c) Au/TiO,@300 °C; and (d) Au/TiO,@400 °C.

Another important aspect that might limit the applica-
tion of M/TiO, composite catalysts is the reusability of the
catalyst material®®*" and its ability to yield only nontoxic
products (i.e., ideally CO,). Unfortunately, these important
parameters are rarely explored in experiments that char-
acterize the performance of M/TiO,. In fact, leaching from
the solid to the liquid phase is a serious issue in the case of
supported noble metals in heterogeneous catalysis.>®
Moreover, the metal—semiconductor interface might
also undergo chemical changes during long-term
irradiation,*®*? which could potentially result in the
production of harmful byproduct. A comprehensive
understanding of the photocatalytic performance of M/
TiO, requires characterization of the reaction mechanism,
the efficiency, and the reusability.

In this study, we have investigated the photocatalytic
performance of a series of M/TiO, (M = Au, Pd, Au—Pd)
nanoparticles. Specifically, we supported metal nanopar-
ticles on TiO, via sol-immobilization and subjected them
to a systematic series of heat treatments. We quantified
the particle size and investigated the effect of metal
identity and annealing procedure on the photocatalytic
performance using phenol as a probe reactant molecule.
We analyzed the intermediates of the phenol decom-
position reaction in air and of the photoreduction of
p-benzoquinone under anaerobic conditions. Thereby,
we explored the reaction mechanism, which allows us to
explain differences in efficiency between TiO, and M/
TiO, by the ability of M/TiO, to suppress undesired
reduction reactions. We have also evaluated the reusa-
bility performances, as well as the final products of
phenol decomposition. Clearly, the type of metal and
the precise details of the calcination treatment have
considerable impact on the reusability of M/TiO,.

RESULTS AND DISCUSSION

Structural Characterization. As-dried sol-immobilized M/
TiO, (M = Au, Pd, Au—Pd) and calcined Au/TiO, catalysts,
named as Au/TiO,@120 °C, Pd/TiO,@120 °C, Au—Pd/
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Figure 2. (a) Histograms of the particle size distributions of
the as-synthesized Au colloid and the sol-immobilized Au/TiO,
samples after various calcination treatments; (b) particle size
distributions of the as synthesized Au—Pd colloid, and the sol-
immobilized and dried Au—Pd/TiO, and Pd/TiO, samples.

TiO,@120 °C, and Au/TiO,@200 °C, Au/TiO,@300 °C, Au/
TiO,@400 °C, have been investigated in this study. High
angle annular dark field (HAADF) imaging in a scanning
transmission electron microscope (STEM) was carried out
to study the size, structure and morphology of the metal
nanoparticles.**** Figure 1 and Supporting Information,
Figure S3 show representative HAADF—STEM images of
individual Au particles in the Au/TiO, samples. The Au/TiO,
samples show that a mixture of cub-octahedral, decahedral,
and icosahedral gold particles persists after immobilization
and calcination, with the distribution of the Au particle
morphologies being related to the heat-treatment tem-
perature. An increase in the calcination temperature leads to
a significant increase in the fraction of gold particles having
a cub-octahedral morphology. We also noted that the Au
particles tend to progressively form flatter and more ex-
tended interfaces with the titania support particles as the
calcination temperature was increased.”

Histograms of the particle size distributions derived
from HAADF—STEM images of the Au, Pd, and Au—Pd
nanoparticles supported on pristine TiO, (Supporting
Information, Figure S1) are summarized in Figure 2. The
as-synthesized Au and Au-Pd colloids have a mean
diameter of 3.0 and 2.9 nm, respectively, and exhibit
relatively narrow particle size distributions. A small increase
of the mean metal particle size from 3.0 to 3.7 nm for Au/
TiO,, from 2.9 to 3.9 nm for Pd/TiO,, and from 2.9 to 4.8 nm
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Figure 3. (a) Representative UV—vis absorbance spectra of an
aqueous phenol solution after increasing irradiation time using
Au/TiO, @120 °C as catalyst. The labels B, C, H, and P indicate the
absorption peak positions of p-benzoquinone, catechol, hydro-
quinone, and phenol, respectively. (b) Temporal evolution of the
total concentration of phenolic compounds. The linear fit to the
data represents pseudo-first-order degradation kinetics.

for Au—Pd/TiO, was observed after the immobilization
step (Supporting Information, Figure S2), during which the
material is dried in static air at 120 °C for 3 h. On
increasing the heat treatment temperature from 120
t0 400 °C, we observed a significant growth in the size
of the gold nanoparticles at temperatures in excess of
300 °C. In the range of 200 to 300 to 400 °C, the mean
particle size increased incrementally from 5.1 to 6.1
to 10.1 nm.

The Effect of Metal Identity and Particle Size on the
Photodegradation of Phenol. Phenol was selected as the
probe molecule to represent toxic aromatic com-
pounds, which have a low degradability by conventional
decomposition methods. Figure 3a representatively
shows UV—vis absorbance spectra obtained during
phenol photodecomposition using the Au/TiO,@120 °C
catalyst*® The phenol content (characterized by the
absorbance peak at 275 nm) decreased under irradiation.
Meanwhile, the concentration of several intermediates,
namely catechol (270 nm), hydroquinone (289 nm), and
p-benzoquinone (246 nm) are observed to increase. The
temporal loss of phenol and evolution of its reaction
intermediates was quantitatively analyzed to evaluate
the efficiency of the catalyst materials described above.
Therefore, we plotted the total concentration of phenolic
compounds as a function of irradiation time (Figure 3b)
and extracted a decomposition rate assuming pseudo-
first-order kinetics.*® The rate constants are summarized
in Table 1. The photocatalytic performance of pristine
TiO, (P25) was also measured for reference. All M/TiO,
catalysts exhibit a rate constant that is ~1.5 to 3 times
higher than pristine TiO,. The identity of metal influences
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TABLE1. Comparison of the Photodecomposition Efficiency
of Phenol over a Variety of Catalysts Assuming Pseudo-first-
order Kinetics

catalyst mean size (nm) activity h
Au/Ti0,@120 °C 3.7 258 +0.12
Au/Ti0,@200 °C 5.1 246 +0.18
Au/Ti0,@300 °C 6.1 222 +£0.10
Au/Ti0,@400 °C 10.4 2.88 +0.21
Pd/Ti0,@120 °C 3.9 1.31 £ 0.07
Au—Pd/Ti0,@120 °C 48 1.79 £ 0.09
Tio, N/A 0.86 £ 0.04

the photoreactivity. It was observed that Pd/TiO, and
Au—Pd/TiO, were less active than Au/TiO,. For Au/TiO,,
the activity is roughly the same regardless of the
annealing temperature, that is, mean Au particle
size. However, the efficiency is slightly increased
after a 400 °C calcination, which might point to an
improved contact between the metal and semi-
conductor nanoparticles established during high-
temperature annealing.

The Effect of Metal Nanoparticle Identity and Size on the
Mechanism of Phenol Photodegradation. To explore how the
metal nanoparticles participate in the catalytic cycle, we
followed the evolution of the reaction intermediates dur-
ing the phenol photodecomposition process, as demon-
strated in Figure 4. When pristine TiO, was irradiated
(Figure 4a), the phenol concentration [P] declined expo-
nentially. Significant accumulation of hydroquinone was
observed within the first 30 min of irradiation while
benzoquinone and catechol were only found in negligible
amounts. The hydroquinone concentration ([H]) reached
a maximum of ~100 uM, that is, 25 % of the phenol
starting concentration. Only after the concentration
ratio of [P]:[H] dropped below unity did [H] begin to
decrease. Clearly, the decomposition of hydroquinone
dictates the decay of the phenolic compounds over
pristine TiO,. Similar observations have been reported
previously,*” ~*° implying that the hydroquinone path-
way is the rate limiting step for phenol decomposition
over pristine TiO,.

Phenol decomposition over M/TiO,, however, ex-
hibited a completely different characteristic compared
to pristine TiO, (Figures 4b—f). All the hydroxyl-
ated phenolic intermediates mentioned above were
evolved during the irradiation process, but only in
small amounts. Typically p-benzoquinone and catechol
were observed to emerge within the first few minutes
and, thereafter, hydroquinone started to evolve. This
finding is independent of the identity of the metal and
of the metal particle size. The decay of phenol is
noticeably faster over M/TiO, (Figure 4b—f) than over
pristine TiO,. Note that ~75% of the phenolic com-
pounds were decomposed within 30 min using the Au/
TiO,, whereas only ~35% could be oxidized when
using pristine TiO,.
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Figure 4. Representative temporal evolution of phenol and the hydroxylated phenolic intermediates derived from UV—vis
spectra using (a) pristine TiO, (P25), (b) Au/TiO,@120 °C, (c) Pd/TiO,@120 °C, (d) Au/TiO,@200 °C, (e) Au—Pd/TiO,@120 °C, and
(f) Au/TiO,@400 °C, respectively. [B], [C], [H], and [P] indicate the p-benzoquinone, catechol, hydroquinone, and phenol

concentration curves, respectively.
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Scheme 1. Proposed photodegradation pathways of phenol. P, H, and B indicate phenol, hydroquinone, and p-benzoqui-

none, respectively.

The photoinduced decomposition of phenol in
the presence of titania-based photocatalysts is illu-
strated by Scheme 1. Phenol can undergo either a direct
ring-opening process via pathway | or an indirect ring
cleavage process via pathways Il or lll, where the
hydroxylated phenolic intermediates and its oxidized
form, mainly hydroquinone, and p-benzoquinone, are
generated by the nonselective attack of *OH radicals.>® All
these intermediates can eventually be oxidized to CO, via
various subintermediates following the ring-opening
processes>® > Alternatively, photoinduced electron/
hole pairs can also participate in the redox reaction
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(pathways IV and V) described by eqgs 1 and 2:

Bl

benzoquinone +2e~ +2H" b, hydroquinone +H,0 (1)

hydroquinone + 0.50, kH—B>benzoquinone+H20 (2)

where kgy and ki are the rate constants for benzoquinone
reduction and hydroquinone oxidation, respectively.
As indicated in Scheme 1, a minimum of seven

oxygen molecules is required to fully oxidize a single
phenol molecule and 28 electrons are necessary for this
oxidation process. The optimum efficiency is only reached
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Figure 5. The evolution of benzoquinone, hydroquinone, and
their sum during photoinduced benzoquinone reduction in
aerobic and anaerobic environments, in the absence of a
catalyst. The concentration of dissolved oxygen in the anaero-
bic environment is ~5 xM as monitored by mass spectrometry.
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Figure 6. (a) Photoinduced benzoquinone reduction using
pristine TiO, (black), Au/TiO,@120 °C (red), Au—Pd/TiO,@
120 °C (blue), and Pd/TiO,@120 °C (green), respectively, in
anaerobic environment; (b) evolution of the sum of benzo-
quinone and hydroquinone.

TABLE 2. A Comparison of the Photoinduced Benzoquinone
Reduction Rate over a Variety of Different Catalysts, Ana-
lyzed Using a Pseudo-first-order Kinetics Approximation

catalyst kgy (min~")
P25 —0.86
Au/Ti0,@120 °C —0.30
Pd/Ti0,@ 120 °C —0.30
Au—Pd/Ti0,@120 °C —0.15

if all the photogenerated electrons participate in the
oxidation of phenol and its intermediates. If, however,
electrons are consumed by the benzoquinone reduction
reaction eq 1, the overall efficiency decreases. Even worse,
benzoquinone that has unintentionally been reduced to
hydroquinone has to be oxidized again, which consumes
two electrons more than required by the direct oxidation
of benzoquinone. Thus, with each undesired benzoqui-
none reduction four electrons are wasted. If the kinetics of

SU ET AL.
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Figure 7. An evaluation of the recycle performance beha-
vior of selected catalyst materials. The final product evolu-
tion of phenol degradation using (a) Au/Ti0,@120 °C, (b)
Au/TiO,@400 °C, (c) Pd/TiO,@120 °C, and (d) Au—Pd/
TiO,@120 °C are shown. The different color-shaded regions
indicate (i) the CO, originating from breaking the ligands,
(ii) the polymerization of phenol, and (iii) the photogenera-
tion of benzoquinone, respectively.

the benzoquinone reduction is faster than, for example,
the oxygen reduction process, the consumption of photo-
generated radicals by the redox couple B/H will probably
dominate. In the worst case, the degradation efficiency will
decrease severely and could even vanish. In the case of
pristine TiO,, photo-oxidized benzoquinone produced
from phenol or hydroquinone is rapidly reduced to hydro-
quinone using the photogenerated electrons, which re-
sults in the observed accumulation of hydroquinone. This
redox reaction rapidly consumes both free electrons and
oxygen in an ineffective manner, and consequently in-
hibits the overall photodecomposition efficiency. Conver-
sely, the accumulation of benzoquinone observed in
photodegradation experiments using metal decorated
TiO, can be associated with the strongly depressed kg,
which suggests that a lot less free electrons and oxygen
molecules have been consumed in the redox reactions,
thus resulting in an improvement of the overall photo-
oxidation efficiency of phenol.

The alteration of intermediates noted in the phenol
decomposition process strongly suggests that the
metal nanoparticles actually participate in the catalytic
cycle, rather than just playing a more peripheral role in
trapping the photogenerated electrons.

To show that metal nanoparticles indeed influence
the catalytic reaction in the proposed way, we measured
the photoinduced reduction of benzoquinone under
anaerobic conditions. For comparison, the reaction was
examined in the absence of a catalyst under both aerobic
and anaerobic conditions, as shown in Figure 5. It was
observed that benzoquinone is reduced to hydroquinone
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during irradiation in both cases, but a 3-fold increase in
the reduction rate was noted under anaerobic conditions.
This can be rationalized from eqgs 1 and 2. Whereas
benzoquinone reduction is independent of the atmo-
sphere, hydroquinone oxidation requires oxygen. Note
that the sum of benzoquinone and hydroquinone re-
mains constant, which suggests that the photolysis of
benzoquinone can be neglected.

Similar experiments have been carried out using
various photocatalyst materials under anaerobic con-
ditions, as demonstrated in Figure 6 and Table 2. The
concentration of dissolved oxygen was kept ~5 uM in
all measurements presented in Figure 6.°3 The deple-
tion of benzoquinone was much faster with pristine
TiO, compared to the photoreduction of benzoqui-
none in the absence of a catalyst. This finding sug-
gests that benzoquinone reduction is selectively
catalyzed on TiO, surfaces. Simultaneously, hydro-
quinone evolves immediately, and the sum of ben-
zoquinone and hydroquinone remains constant
(Figure 6b). Interestingly, the benzoquinone reduc-
tion rate is strongly depressed when M/TiO, is used,
regardless of the metal identity. This finding indi-
cates that benzoquinone reduction becomes unfa-
vorable on M/TiO, and photogenerated electrons
can be more efficiently used, for example, for oxygen
reduction.

Assessment of Catalyst Reusability. The reusability per-
formance of selected catalysts for phenol decomposition is
depicted in Figure 7. In general, CO, evolution started
immediately after irradiation commenced, indicating that
phenol, and any intermediate products derived from it, are
decomposed completely. Note that the final conversion of
phenol is compared here rather than the kinetics because
CO, is soluble in water. A complete turnover of 10 umol of
phenol, the amount that was injected prior to each cycle,
would result in the production of 60 umol of CO,. How-
ever, we do observe some deviations from this ideal situa-
tion depending on the specific catalyst used. Figure 7a
shows the CO, evolution over Au/TiO,@120 °C. In this case
the total amount of CO, produced exceeds the expected
level in the first cycle, which can be attributed to the
photodecomposition of ligands (PVA) still present on the
metal.>* After that the catalyst exhibits a constant turnover
in the following three cycles, and ~85% of the phenol is
oxidized to CO,. Meanwhile, insoluble white material
started to appear in the liquid. This can be ascribed to a
phenol polymerization process.*® As we could not
detect any intermediates of the phenol decomposi-
tion process in the liquid phase after 8 h of irradia-
tion, we conclude that the missing 15% of phenol
exclusively undergoes polymerization to form the
white solid.”® The Au/TiO, catalyst degrades after the
fourth cycle, and only 66% of phenol is converted to
CO,. UV—vis spectroscopy (Supporting Information,
Figure S6) of the liquid phase confirms that benzo-
quinone starts to evolve after the fifth cycle.®
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Therefore, ~20% of phenol is partially oxidized to
benzoquinone and is not decomposed further dur-
ing the 8 hour period of UV irradiation. Fascinatingly,
the catalyst calcined at 400 °C (Au/TiO,@400 °C)
exhibits an improved reusability, as shown in
Figure 7b. Over nine consecutive cycles, 85% of the
phenol undergoes full decomposition to CO, and the
remaining 15% converts into a polymer. Note that
there is no CO, produced initially from capping
agent decomposition in the case of the catalysts that
were calcined at higher temperatures, which is in
good agreement with the elemental analysis. A STEM-
HAADF analysis has been carried out to analyze the
Au/TiO,@400 °C catalyst after its fifth cycle of reusage
(Supporting Information, Figure $7).°® Measurements
of the particle size distributions and particle densities
were essentially indistinguishable from the unused
counterpart. Hence, we conclude that dynamic
changes of metal particle size and metal leaching
are minimal with successive uses for the high tem-
perature annealed sample. Interestingly, the Pd/
TiO,@120 °C exhibits the best reusability character-
istics, as shown in Figure 7c. For this material ~90% of
the phenol consistently undergoes full decomposi-
tion while the remaining 10% was converted to
polymer over all nine cycles. Furthermore, incorpor-
ating Au into Pd (i.e., Au—Pd/TiO,@120 °C) via alloy-
ing does not improve the turnover, but results in a
gradual decrease in reusability, as shown in Figure 7d.
These reusability test results imply that Au nano-
particles with a larger size might facilitate the polym-
erization process, whereas the oxidation of benzoqui-
none is catalyzed better over supported Pd. The
incorporation of Au and Pd in the Au—Pd/TiO, alloy
catalyst results in an increase in the polymerization,
which again suggests that Pd is less active compared
to Au in the polymerization process.

CONCLUSIONS

A series of metal nanoparticles (Au, Pd, Au—Pd alloys)
supported on TiO, has been synthesized via a sol-immo-
bilization method, and their photocatalytic performance
has been systematically characterized. Photoinduced phe-
nol oxidation results suggest that TiO, decorated with
metal nanoparticles are promising candidates for water
detoxification applications. We discovered that the metal
nanoparticles directly participate in the photocatalytic
reactions and play a significant role in suppressing the
benzoquinone-to-hydroquinone conversion process. A
mechanism has also been proposed in order to explain
the superior efficiency of M/TiO, materials. Our results
suggest that the metal nanoparticles can mediate unde-
sired redox reactions that ineffectively consume photo-
generated radicals, thus improving the photo-oxidation
efficiency of phenol. It was also found that the tempera-
ture employed in the calcination treatment and the
identities of the metal strongly influence the reusability
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performance of the catalyst. Pd supported on TiO, tends
to yield a higher conversion to CO, and exhibits better
long-term photoactivity than the corresponding Au/TiO,

EXPERIMENTAL SECTION

Sample Preparation. A standard sol-immobilization method
was utilized to prepare the metal nanoparticles (i.e., Au, Pd,
Au—Pd) supported on TiO,.>” For the preparation of supported
gold and gold—palladium colloids using PVA as a protective
ligand, aqueous solutions of PdCl, and HAuCl,;-3H,0 of the
desired concentration were prepared. A poly vinyl alcohol (PVA)
(1 wt % aqueous solution, Aldrich, MW = 10000, 80%
hydrolyzed) solution was freshly prepared just prior to synthesis
of the metal colloid. A representative protocol for preparing a
catalyst comprising Au—Pd nanoparticles with 1 wt % total
metal loading on a TiO, support is as follows. To an aqueous
PdCl, and HAuCl, solution of the desired concentration, the
required amount of a PVA solution (1 wt %) was added (PVA/(Au
+ Pd) (w/w) = 1.2); a freshly prepared solution of NaBH, (0.1 M,
NaBH4/(Au + Pd) (mol/mol) = 5) was then added to form a dark-
brown sol. After 30 min of sol generation, the colloid was
immobilized by adding TiO, (acidified to pH 1—2 by sulfuric
acid) under vigorous stirring conditions. The amount of support
material required was calculated to have a total final metal
loading of 1 wt %. After 2 h, the slurry was filtered and the
catalyst was washed thoroughly with distilled water (neutral
mother liquors) and dried at 120 °C overnight. Sol immobilized
monometallic gold catalysts were prepared using a similar
methodology. Portions of the various dried catalyst materials
were calcined at 200, 300, or 400 in static air for 3 h using a
heating rate of 5 °C/min.

Structural and Compositional Characterization. Scanning Transmis-
sion Electron Microscopy:. Samples of sol-immobilized catalysts
were prepared for STEM analysis by dry dispersing the catalyst
powder onto a holey carbon TEM grid. In the case of the starting
Au—PVA and Au + Pd—PVA sols, a drop of the colloidal sol was
deposited, and then allowed to evaporate onto a 300-mesh
copper TEM grid covered with an ultrathin continuous C film.
High-angle annular dark field (HAADF) imaging experiments
were carried out using a 200 kV JEOL 2200FS transmission
electron microscope equipped with a CEOS aberration corrector.

X-ray Photoelectron Spectroscopy: X-ray photoelectron
spectra were recorded on a Kratos Axis Ultra DLD spectrometer
employing a monochromatic Al Ka X-ray source (75—150 W)
and analyzer pass energies of 160 eV (for survey scans) or 40 eV
(for detailed scans). Samples were mounted using double-sided
adhesive tape, and binding energies were referenced to the
C(1s) binding energy of adventitious carbon contamination
which was taken to be 284.7 eV. In the case of the bimetallic
Au—Pd/TiO, catalyst, previous studies have shown that the
nanoparticles prepared by sol-immobilization are homoge-
neous Au—Pd alloys®® with many of the nanoparticles having
a multiply twinned morphology.®® An X-ray photoelectron
spectroscopy (XPS) analysis revealed that the colloidal mono-
metallic and bimetallic catalysts dried at 120 °C consisted
mainly of metallic Au and Pd.®°

Elemental Analysis:. Carbon, hydrogen, and nitrogen were
analyzed using a CE440 elemental analyzer, whereas chlorine
was analyzed using an oxygen flask determination methodol-
ogy. Inductively coupled plasma—optical emission spectrosco-
py (ICP-OES) was carried out for the determination of the metal
content. Elemental analysis and carbon analysis (Supporting
Information, Tables ST and S2) were performed to examine the
chemical composition of the metal supported nanoparticles
used in this study.®” The presence of carbon can be assigned to
the polyvinyl alcohol (PVA) ligands used in the synthesis process
to encapsulate the metal nanoparticles. A mild calcination at 200 °C
removes more than 50% of the carbonaceous species (i.e.,, the PVA
protection layer) and slightly increases the gold nanoparticle size.
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materials. We are currently exploring the full implications
of these findings on other relevant photochemical
reactions.

In contrast, ~90 wt % of the initial carbonaceous species was
removed when the calcinations temperature exceeded 300 °C,
and a significant increase in mean particle size to 10.4 nm was
observed (Figure 2). Apparently, the destruction of the PVA layer
by calcination leads directly to sintering of the particles.

Photocatalytic Reactivity Measurements. Photodecomposition of
the phenol solution in ambient condition was performed to
evaluate the photocatalytic reactivity of the catalysts. Prior to
the measurements, the samples were UV cleaned to remove the
capping agents. The catalyst was added at 1 g/L into 50 mL of
phenol solution with a concentration of 400 uM. The suspension
was kept in the dark for 1 h to reach adsorption/desorption
equilibrium. The suspension was then continuously irradiated
by a UV light source (365 nm LED diode *3, Optima 365) and
1.5 mL of the suspension was collected at given time intervals.
The suspension was further centrifuged and analyzed using an
UV—vis spectrometer (UV-1800, Shimadzu, JP).

The photoinduced reaction in a deaerated environment was
performed using a homemade leak tight reactor. This reactor
was connected to a mass spectrometer (HPR-20, Hiden, UK) via a
leak valve (F3—701, VSE, AT). The gas phase composition was
analyzed using a secondary electron multiplier (SEM) detector.
A 0.05 g (1 g/L) mass of the UV cleaned catalyst was added into
the glass reactor with 50 mL of 75 uM benzoquinone solution. A
365 nm LED placed on top of a quartz window served as the UV
light source. Prior to the catalytic measurements, the reactor
was pumped out using a rotary pump. The residual oxygen was
monitored by the mass spectrometer for all experiments.”® A
1.5 mL volume of the suspension was collected at given time
intervals and centrifuged for UV—vis spectrometer analysis.

The extinction coefficients of phenol, benzoquinone, cate-
chol, and hydroquinone were measured independently in order
to quantify the evolution of intermediate products. Dilute
solutions of various concentrations (10~320 uM) of the above
compounds were analyzed by UV—vis spectrometry, and their
extinction coefficient at the characteristic wavelength was
determined.*® The concentration of phenolic compounds was
then derived by solving the spectrum as shown in the inter-
mediates calculation section in Supporting Information.*®

Reusability testing of the catalyst was executed using the
same leak-tight reactor apparatus. A 0.05 g portion of a 1 g/L as-
received catalyst was added into the glass reactor along with
50 mL of phenol solution (200 #M). An 8 h irradiation was
applied for each cycle. After each cycle, 2 mL of the irradiated
suspension was collected and centrifuged for UV—vis spectro-
metry analysis. Meanwhile, 2 mL of concentrated (5 mM) phenol
solution (that corresponds to 10 umol phenol) was added into
the suspension. The extracted suspension was disposed with-
out recollection of the catalyst; that is to say, ~4% of the catalyst
material was discarded after each cycle. However, there is more
than sufficient catalyst material in the suspension at all times to
harvest all the light as can be seen, for instance as seen in
Figure 7b. The method for calculating of total amount of CO,
produced is shown in the catalyst reusability section of the
Supporting Information.>*
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as well as the apparatus for photocatalytic performance anal-
ysis. This material is available free of charge via the Internet at
http://pubs.acs.org.
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