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Sonophotodeposition of Bimetallic Photocatalysts Pd-Au/
TiO,: Application to Selective Oxidation of Methanol to

Methyl Formate

Juan C. Colmenares,* Pawet Lisowski, Dariusz tomot, Olga Chernyayeva, and

Dmytro Lisovytskiy™

The aim of this work is to develop bimetallic Pd-Au/TiO, P90
systems, which are highly active and selective for the photoca-
talytic oxidation of methanol to form methyl formate. Modifi-
cation of commercial TiO, P90 with Pd-Au nanoparticles was
successfully achieved for the first time by means of a sonopho-
todeposition (SPD) method. The prepared materials were char-
acterized by TEM, UV/Vis spectroscopy, X-ray photoelectron
spectroscopy, and powder XRD. The Pd-Au bimetallic nanopar-

Introduction

Heterogeneous photocatalysis is an important research topic
owing to the irreplaceable role of photocatalysts in organic
synthesis and the design of chemical processes that are atom-
efficient. It is also an attractive technique for the complete de-
struction of undesirable contaminants in both the aqueous
and gas phases by using solar or artificial light illumination.
One key aspect in photocatalysis research is to identify struc-
ture—performance relationships, which can help in improving
photocatalytic performance and designing better materials.
Although in the last decades, the term “photocatalyst design”,
which implies the preparation of photocatalysts with desired
properties and a strict control of the synthetic conditions, has
become widely accepted, further progress in this field is still re-
quired.

There are many merits associated with an advanced oxida-
tion process, which is the subject of a huge number of studies
related to practical applications, especially water purification
and removal of indoor air pollution, in which organic and inor-
ganic pollutants are totally degraded into innocuous substan-
ces over mainly TiO,-based photocatalysts. The problem is es-
pecially severe for volatile organic compounds (VOCs) that
have been linked to adverse health effects.”” Titania is a bench-
mark material that has received tremendous attention in both
industrial and environmental applications due to its good pho-
tostability, nontoxicity, and large commercial availability. How-
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ticles supported on titania exhibited remarkably enhanced cat-
alytic activity in selective methanol oxidation to form methyl
formate due to the synergism of Au and Pd particles, as well
as the strong interaction between TiO, and Pd-Au. SPD is
a green methodology that can be used to prepare well-defined
bimetallic surfaces on semiconductor supports with great
promise for catalytic applications, in which selectivity can be
tuned through adjustment of the surface composition.

ever, despite these desirable properties, a poor quantum yield
caused by the rapid recombination of photogenerated elec-
trons and holes has become the bottleneck of its widespread
use in practical applications.® Thus, numerous studies have fo-
cused on enhancing the photocatalytic activity of TiO, by
using doping, semiconductor coupling, surface sensitization
method, and so on.**' Bimetallic nanoparticles, composed of
two different noble-metal components, can exhibit interesting
electronic, optical, and catalytic or photocatalytic properties
that are absent in the corresponding monometallic nanoparti-
cles."" The physical and chemical properties of bimetallic par-
ticles are usually different from those of their single-metal
counterparts, and they vary significantly as a function of com-
position and particle size.""'® They are also expected to dis-
play not only a combination of properties associated with two
distinct metals, but also new properties of surface metal sites
that are strongly affected by strong metal-support interactions
(SMSIs), which are characterized by electron transfer from the
support to the metal and/or heteroatomic interfacial bonds;
this causes significant changes to the surface chemistry and
enhanced reactivity at a specific site driven by electron-transfer
phenomena and (in some cases) encapsulation of the metal
particles. Both metals have also shown considerable potential
as heterogeneous catalysts for different selective oxidation re-
actions in the gas phase.!"”"'®

Methanol, which is produced from natural gas, coal, and bio-
mass, is an attractive starting material for the synthesis of vari-
ous fuels and chemicals and also represents a typical VOC
model compound.”>'*? However, there have been few studies
on the selective photocatalytic oxidation of methanol over
TiO, photocatalysts because complete oxidation occurs pre-
dominantly over TiO, and the selectivity of intermediate prod-
ucts decreases significantly.?*? Among diverse routes for
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methanol conversion and utilization, the selective oxidation of
methanol to form methyl formate (MF) is attractive as a simple
and environmentally benign process to obtain valuable metha-
nol-downstream products; therefore, its efficient production is
of technological importance.

The industrial production of MF by the carbonylation of
methanol in the presence of a strong base (e.g., sodium meth-
oxide) has been carried out on a large scale for many years
during the production of formic acid (the BASF process).””
Most of the MF produced is used as an intermediate for the
production of formic acid and formamide. DMF is produced by
reacting MF with dimethylamine. A new use has been found
for MF in the production of foundry molds. With the anticipat-
ed extension of C1 chemistry, MF may be used as an inter-
mediate for a number of products.””

Kominami et al.*¥ reported pioneering work on photocata-
lytic oxidation under UV irradiation of gaseous methanol to
form MF on titania (anatase) in 2010. MF was obtained at
room temperature with a selectivity of up to 91% and conver-
sions between 8 and 28% (at 250 °C), whereas formaldehyde,
CO, and CO, were detected as minor products. The authors
claimed that the contact time of the gas mixture with TiO, was
one of the key factors to obtain good selectivity and avoid
deep complete oxidation of the desired product. In other stud-
ies, Guo et al. observed the formation of MF on TiO, under
light irradiation at 1 =400 nm,”® whereas Phillips et al. demon-
strated two consecutive photo-oxidation steps that led to MF
from methanol by studying the reaction mechanism using
mass spectrometry and scanning tunneling microscopy.”®
Yang et al. reported that Au-Ag alloy nanoparticles supported
on titania exhibited very high methanol conversion (>90%)
and MF selectivity (>85%) for the selective oxidation of meth-
anol by using a low partial pressure of oxygen in air under UV
irradiation in the 15-45°C temperature range.””’ The photoca-
talytic process becomes a new route to the production of MF
from methanol.

In the context of photocatalytic synthesis, traditional meth-
ods of noble-metal deposition on solid catalysts usually require
several steps and invariably imply the loss of a certain fraction
of noble metal. Recently, more and more attention has been
paid to the use of ultrasound (US) irradiation in the prepara-
tion of photocatalysts."®? During US irradiation, bubbles in
solution are implosively collapsed by acoustic fields, and high-
temperature (/5000 °C) and high-pressure fields (= 1800 atm;
1 atm=101325 Pa) are produced at the centers of the collaps-
ing bubbles. This effect is known as acoustic cavitation. US ac-
tivation, which is found in cavitation effects leading to mass
transfer development, is extensively used nowadays to pro-
mote synthetic materials chemistry and also preparation of
photocatalysts.”” US provides rather unusual reaction condi-
tions (rapid formation of extremely high temperatures and
pressures in liquids) that cannot be realized by other methods,
and in which high-energy chemical reactions can occur. The
chemical effect of US operation in liquids is the formation of
free radicals, for example, ‘H and "OH. Then, they can recom-
bine to form H,O or interact to form H,, H,0,, or ‘HO,. These
radicals and compounds, with strong oxidative and reductive
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properties, are sources of various sonochemical processes in
aqueous solutions.

We recently showed that very active monometallic titanium
dioxide based photocatalysts could be synthesized in a single
step by means of sonophotodeposition (SPD) methodolo-
gy.”>3? Herein, reducing agents are electrons produced as
a result of UV absorption by a semiconducting material, where-
as US assures enhanced mass transfer between reagents and
helps in the reduction of the metal. The advantages of SPD
methodology over conventional methods can include one-step
synthesis, preparation at room temperature and atmospheric
pressure, no need to use reducing agents, and very short reac-
tion times. Furthermore, the physicochemical properties (high
surface area and phase purity, particles with different sizes and
shapes, uniform coating of nanoparticles on substrates, and
many others) of the produced photocatalytic materials can be
easily tuned by properly adjusting the parameters and condi-
tions adopted in their preparation.

Herein, we describe an US-induced photodeposition proce-
dure (SPD) for bimetallic photocatalyst synthesis (Pd-Au/TiO,),
along with their characterization and photocatalytic perform-
ances in the selective oxidation of methanol to form MF. To
the best of our knowledge, this is the first study on the selec-
tive photocatalytic oxidation of methanol by using TiO, P90
modified on its surface with bimetallic Pd-Au nanoparticles
prepared by SPD.

Results and Discussion
Photocatalyst characterization

In terms of photocatalyst specific surface areas (ca. 104 m*g™"),
pore volume (ca. 045 mLg™"), and pore diameter (ca. 15 nm,
mesoporous), all materials showed very similar textural fea-
tures.

XRD measurements were performed to evaluate the struc-
ture of the bimetallic photocatalysts. Diffraction peaks of the
bimetallic 1 wt% Pd-Au/TiO, photocatalysts (1 wt% Pd90-
Au10/TiO,, 1wt% Pd75-Au25/TiO,, and 1wt% Pd50-Au50/
TiO,), monometallic 1 wt% Pd/TiO, P90 photocatalysts, and
TiO, P90 are shown in Figure 1. For each photocatalyst shown
in Table 1, the XRD data indicated that titania was mainly com-
posed of anatase (ca. 84 %) and rutile (ca. 16%) phases. The ad-
dition of noble metals and changes to the preparation condi-
tions did not alter the phase composition of TiO,. The average
size of anatase and rutile crystallites for our photocatalysts, es-
timated by using the Scherrer equation, were about 13 and
25 nm, respectively. Additionally, from the XRD patterns, peaks
of metallic gold (20=38.2°, 44.4°, 64.8°, and 77.9°) and metal-
lic palladium (260 =40.1°) were detected for all bimetallic pho-
tocatalysts. In addition, for the same bimetallic photocatalysts,
the very broad diffraction peak of the palladium oxide phase
(PdO: 20 =34°) was observed.®*> The crystallite sizes of gold
in all bimetallic photocatalysts were approximately 11 nm and
the crystallite sizes of palladium metal were twofold larger (ca.
20 nm) than those of palladium oxide (ca. 10 nm) for the pho-
tocatalysts prepared by SPD method (Table 1).
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Table 1. Structural and optical properties of all tested photocatalysts prepared by the SPD method.

tems; this could be due to the
absence of small Au and Pd

Photocatalyst UV/Vis XRD clusters on the surface. This
E, absorption crystal crystallite diameter [nm] effect might be due to some
[al o, ]
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Figure 1. XRD patterns of different photocatalysts: a) T wt% Pd50-Au50/
TiO,, b) 1T wt% Pd75-Au25/TiO,, ¢) 1T wt% Pd90-Au10/TiO,, d) TiO, P90, and
e) 1 wt% Pd/TiO, P90; x indicates the percentage of Pd or Au in the bimetal-
lic nanoparticles, Pdx-Aux.

The optical properties of the photocatalysts were studied by
diffuse reflectance (DR) UV/Vis spectroscopy. Figure 2 depicts
the DR spectra of all tested photocatalysts. The results ob-
tained indicated that visible-light absorption of TiO, P90 pre-
pared by the SPD method was significantly improved by intro-
ducing Au and Pd nanoparticles (E;~2.5 eV, absorption thresh-
old A~497 nm; Table 1). The absorption band edge is strongly
related to the Au and Pd nanoparticle size, shape, and Schott-
ky barrier within the Pd-Au/TiO, interfaces in the photocatalyst
samples. For sample 1wt% Pd/TiO, P90, sharp absorbance
edges occur at a wavelength of 22493 nm. For gold nanopar-
ticles, an increase in the absorbance in the visible range from
A=486 to 510 nm was observed. The interaction of light on
the surface of the metallic nanoparticles produced the effect
known as surface plasmon resonance (SPR) and a strong broad
SPR absorption band is observed in the absorption spectra of
many metallic nanoparticles, in particular, for gold.®**” Howev-
er, no distinct SPR absorption peak over the entire spectral
range could be detected for the monometallic 1 wt% Pd/TiO,
P90 and bimetallic 1 wt% Pd-Au/TiO, P90 photocatalyst sys-
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Figure 2. DR UV/Vis spectra of all tested photocatalysts: a) TiO, P90,

b) 1 wt% Pd/TiO, P90, c) 1 wt% Pd90-Au10/TiO,, d) 1 wt% Pd75-Au25/TiO,,
and e) 1 wt% Pd50-Au50/TiO,. Inset: photocatalyst band gap, E,, calcula-
tions.

2.96 eV, whereas the values for the materials containing Au
and Pd on the surface were between 2.43 and 2.55 eV; this in-
dicated that there was a slight displacement of the E; of TiO,
to lower energy values when Au and Pd particles were depos-
ited on its surface. It has been reported by Kamat that the
electrons can be transferred from excited TiO, to the metallic
nanoparticles that work as cocatalysts until the two systems
attain an equilibrium.B? Electron accumulation increases the
Fermi level of the nanoparticle to more negative potentials
and the resultant Fermi level of the composite shifts closer to
the conduction band (CB) of the semiconductor. Therefore, the
involved edge energy E; in electron transfer from TiO, to the
metallic nanoparticles is lower than that of bare TiO, and the
addition of Pd and Au leads to enhanced absorption of light in
the visible region by TiO.,.

To gain more information about the surface composition
and metal oxidation stages of the photocatalysts, all samples
were studied by X-ray photoelectron spectroscopy (XPS). The
binding energies (BEs) and atomic surface concentrations of all
tested photocatalysts determined by XPS are given in Table 2.
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Binding energy [eV] ([at %))
AU’ (4f7/2) Pd° (3d5/2)

Photocatalyst

Table 2. XPS results for all tested photocatalysts prepared by the SPD method.

PdO (3ds,)  Ti** (2ps))

agglomerations with diameter
from about 12 to 100 nm. The
formation of these aggregates
could be ascribed to the prepa-

Atomic ratio
T (2ps,)  PA/Ti Au/Ti

1 wt% Pd90-Au10/TiO,P90  84.1 (0.05) -

1 wt% Pd/TiO,P90 - 334.9 (0.06) -
TiO,P90 - - -

(

( (

1 wt% Pd50-Au50/TiO,P90 82.9 (0.06) 334.1 (0.03) 336.0 (0.06) 458.6 (
( (

(

336.2 (0.07) 458.7 (22.67)
1 wt% Pd75-Au25/TiO,P90  83.3(0.04) 334.3 (0.03) 336.2 (0.09) 458.6 (22.31)
24.04) 457.0 (0.55) 0.004 0.003
458.7 (23.12)
458.8 (21.83)

ration technique used for sam-
ples in the HRTEM measure-
ments. From the average parti-
cle size of TiO, P90, about

- 0.003 0.002
- 0.005 0.002

- 0.0024 -

The Pd3d and Au4f spectra for 1 wt% Pd75-Au25/TiO, P90
and 1wt% Pd50-Au50/TiO, P90 show that the BEs of Pd°
(3ds,=3343eV; 334.1eV) and Au® (4f,,=83.3eV; 829eV)
slightly deviate from the standard values of metallic Pd (3d;,=
3349 eV) and metallic Au (4f,,=84.0 eV).**> With increasing
gold loading, the Pd°3d;,, and Au®4f,,, XPS peaks are found to
shift to lower BEs, which further confirms the formation of the
Pd-Au alloy. This observed small shift to lower BEs could be at-
tributed to electron exchange between the Pd and Au nano-
particles,“” and/or synergistic interactions between TiO, and
noble-metal nanoparticles (SMSI effect).**! Also, for these
photocatalysts and 1wt% Pd90-Aul10/TiO, P90, the BEs of
Pd3d;, were detected at 336.0-336.2 eV, which could be at-
tributed to the presence of Pd in the form of PdO. Some re-
searchers described that the lower BE value of Pd3d might
have been due to the increase in charge density in the d band,
concomitant with loss in the sp band; this suggests more pro-
nounced Au—Pd bond formation on the surface of Pd-Au
nanoparticles,®® especially for 1 wt% Pd50-Au50/TiO, P90 (the
most active/selective material in methanol oxidation) for which
we detected the highest Pd and Au shift to lower BEs and also
the formation of Ti*™ ions on the photocatalyst surface
(Table 2). We have evidence to believe that [(Pd)," —(Au),’ 1/
[Ti**] species may have a strong influence on such good activi-
ty and selectivity observed for this photocatalytic system. Xu
et al. reported a —0.4 eV shift for Au4f and a —0.1 eV shift for
the Pd3d peak in Pd-Au/Si0,* and Hsu etal. observed
a —0.5 eV shift for the Pd3ds, peak in the Pd—Au core-shell
nanoparticle.” For 1 wt% Pd90-Au10/TiO, P90 in the Pd3d
region, Pd® species were not identified. The 1wt% Pd50-
Au50/TiO, P90 sample exhibited a broader peak with an addi-
tional shoulder at a lower BE (456.98 eV) relative to that of
bare TiO, P90. The Ti2p;,, spectra could be fitted with a domi-
nant peak centered at 458.6 eV and a lower BE of 457.0 eV. The
former was associated with Ti ions with a formal valence of
four (Ti*"), whereas the latter was associated with Ti ions with
a reduced charge state (Ti**).***’ The increased signal at
457.0 eV for 1wt% Pd50-Au50/TiO, P90, corresponding to
Ti**, could be caused by chemical reduction from Ti** to Ti*"
during synthesis of the photocatalyst.

To obtain more evidence regarding the nature of the depos-
ited palladium and gold particles, high-resolution transmission
electron microscopy (HRTEM) measurements were employed.
Selected micrographs of Pd-Au/TiO, and Pd/TiO, samples are
shown in Figure 3. As observed in Figure 3a—c, in each system,
palladium and gold particles mostly form spherically shaped
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12 nm based on XRD measure-
ments, the tendency to form
aggregates is natural. Therefore,
the Pd-Au/TiO, and Pd/TiO, particles could agglomerate
during alcohol evaporation before HRTEM analysis. The close
proximity of metal nanoparticles is evidenced by HRTEM (Fig-
ure 4a).

The HRTEM image and EDS spectrum (Figure 4) were record-
ed to obtain information on the size, shape, and elemental
analysis of the metal particles of 1 wt% Pd50-Au50/TiO, P90
as the most selective photocatalyst. In this case, the EDS pat-
tern confirmed the successful deposition of Pd and Au parti-
cles on the TiO, surface by applying the SPD method, and also
indicated the presence of both noble metals in close proximity
and with the planned nominal (50:50=1:1 atomic ratio) noble-
metal composition for 1 wt% Pd50-Au50/TiO, P90.

Photocatalytic activity and stability

Photocatalytic oxidation of methanol in gas phase was chosen
as the test reaction to evaluate the photocatalytic properties
of all prepared materials. After 2 h of light irradiation, CO, and
MF were identified as the only two reaction products, accord-
ing to Equations (1) and (2):

2CH,OH + 30, — 2CO, + 4H,0 (1)
2CH,0H + 0, — HCOOCH; + H,0 (2)

Initially, three control experiments were applied: 1) photoly-
sis upon UV illumination in the presence of pollutant in the air
flow and without photocatalyst, 2) photocatalytic methanol ox-
idation in the presence of the 1 wt% Pd50-Au50/TiO, photoca-
talyst without oxygen (argon instead of air), and 3) the thermal
effect (up to 100°C) in the dark, in the presence of the photo-
catalyst and pollutant in the air flow. Additionally, for the best
performing photocatalyst (1 wt% Pd50-Au50/TiO, P90), tem-
perature-programmed oxidation (TPO) of coke deposited on its
surface after 2 h of photocatalysis was conducted (Figure 5.

In the photolysis experiment (absence of photocatalyst),
very low conversion of methanol (<3%) was observed; thus
confirming that the photodegradation reaction was really ena-
bled by a photocatalytic process. Moreover, the catalyst was
not active under the thermal conditions (up to 100°C) in the
dark. Therefore, we conclude that this reaction depends on the
presence of both light and a photocatalyst.

In the absence of oxygen (air), the 1T wt% Pd50-Au50/TiO,
P90 photocatalyst exhibited extremely low methanol conver-
sion (<5%), good stability with the time of the stream, and
the highest selectivity to MF (80%; Figures 6 and 8 below). As
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Figure 3. HRTEM images of photocatalysts a) 1 wt% Pd90-Au10/TiO, P90, b) 1 wt% Pd75-Au25/TiO, P90, ¢) 1T wt% Pd50-Au50/TiO, P90, and d) 1 wt% Pd/

TiO, P90.

we can see in Figure 6, the presence of oxygen (air) is extreme-
ly important to improve the activity of the photocatalysts, es-
pecially for bimetallic systems. We believe that in the absence
of oxygen (air) selective oxidation takes place through TiO, (in
1 wt% Pd50-Au50/TiO, P90) lattice oxygen atoms, and that
oxygen (supplied in air flow) is needed only to replenish the
oxygen vacancies produced on the TiO, lattice. When gas-
phase oxygen was present, the oxidation rate of methanol was
greatly improved (Figure 6); this suggested the important role
of adsorbed oxygen.

The TPO experiment was used to measure the amount of
“organic residues” potentially remaining on the surface of the
best performing photocatalyst (1 wt% Pd50-Au50/TiO, P90)
after the reaction. After 2 h of light irradiation, the 1 wt%
Pd50-Au50/TiO,P90 photocatalyst was heated first at 100°C
for 2 hin a 25 mLmin™" flow of helium to remove all physisor-
bed reagents and products from the photocatalyst surface,
and then the photocatalyst was cooled to room temperature,
from which temperature a heating ramp rate of 10°Cmin™"
was used up to 500°C in a 25 mLmin~" flow of air, and GC
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online analysis of CO, (oxidation product) was monitored
(Figure 5). This TPO experiment showed the presence of
carbon deposits on the surface of the photocatalysts in less
than 0.1% of the total amount of methanol feed after 2 h of
photocatalysis; this provided us with the whole carbon bal-
ance after photocatalytic methanol oxidation and confirmed
the high stability of 1 wt% Pd50-Au50/TiO,P90 in the selective
oxidation of methanol to form MF.

Figure 6 displays the photocatalytic conversion of methanol
over monometallic 1T wt% Pd/TiO, P90 and bimetallic 1 wt%
Pd-Au/TiO, P90 photocatalysts as a function of light irradiation
time, together with that of the TiO, P90 photocatalyst for com-
parison. It is clearly seen that modification of TiO, with Pd and
Au through the SPD method results in a great enhancement of
photocatalytic activity. Titania itself was only active (ca. 33%
methanol conversion; Figure 6) towards the total oxidation of
methanol to form carbon dioxide under UV irradiation. It
should be noted that the 1 wt% Pd/TiO, P90 sample exhibited
the highest methanol conversion of all tested photocatalysts,
but without MF production and with the highest grade of
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Figure 4. a) HRTEM image and b) energy-dispersion X-ray spectroscopy (EDS) results for the 1 wt% Pd50-Au50/TiO, P90 photocatalyst.
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Figure 5. TPO experiment of carbon deposited on 1 wt% Pd50-Au50/
TiO,P90 photocatalyst surface after 120 min of photocatalysis.

total mineralization (83 %; Figure 7) after 2 h of light irradiation.
Among all tested materials, the best selectivity (70%; Figure 8)
to MF (with very good methanol conversion of 85%; Figure 6)
was obtained for 1 wt% Pd50-Au50/TiO,P90 prepared by the
SPD method as a function of light irradiation. It was also ob-
served that photocatalysts containing Pd-Au nanoparticles
supported on TiO, P90 exhibited a much lower mineralization
rate to carbon dioxide under the applied reaction conditions
(Figure 7). Furthermore, we obtained inferior results for the
1 wt% Pd50-Au50/TiO,P90/PD photocatalyst prepared by only
the photodeposition method (2 h of illumination, resulted in
a methanol conversion of 59%, which was slightly deactivated
after 80 min of photocatalysis, and in a selectivity to MF of
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38% and to CO, of 62%). This control experiment showed
a significant advantage of SPD over the photodeposition
method in the preparation of materials with photocatalytic
properties for selective oxidation reactions.

The addition of Au dramatically improved the selectivity to
MF (>70%) in the monometallic Pd/TiO, system, with a slight
decrease in methanol conversion. In contrast, 1% Pd/TiO, P90
and TiO, P90 are inactive in the selective methanol oxidation
to form MF, but are active and selective for CO, formation.
Such results suggest the advantages of the bimetallic Pd-Au
catalysts over the monometallic catalyst in selective methanol
conversion. The combination of Au with Pd (Pd-Au bimetallic
photocatalyst) significantly enhanced both the photocatalytic
activity and selectivity towards MF, which suggested a synergis-
tic interaction between Au and Pd, and also the SMSI of TiO,
and Pd-Au further strengthened the coordination effect of Au
and Pd."'"* The addition of cocatalytic amounts of Au to Pd
markedly enhanced the selectivity of supported Pd—Au due to
the electronic effect, as confirmed by UV/Vis spectroscopy and
XPS. The results obtained indicated that the size and amount
of noble metal at the surface of TiO, affected their near-UV
light-induced photoactivity. Similarly, the strong influence of
the TiO, support on the visible-light-induced activity of Au-
modified TiO, particles was observed by Kowalska et al. for the
photocatalytic dehydrogenation of methanol.*® They suggest-
ed that titania particles could influence the reaction rate direct-
ly and indirectly. The direct effect was due to the properties of
titania, such as size, shape, aggregation, surface defects, and
CB position, whereas the indirect effect was due to titania—
gold interactions, such as complex energetic properties (elec-
tron mobility), as well as the impact of titania on the proper-

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

85U8017 SUOWWOD SAIERID 3dedl|dde au Ag peusenob a2 ssolie YO ‘8sn JO SNl 10y Afeid)auljuQ A1 UO (SUOIIPUOD-PUR-SLLBY WD A8 | AReq1 Ul |Uo//:Schiy) SUOIPUOD pue swis | 84} 885 *[2202/2T/ST] Uo ARiqi7auliuo A8|IM ‘NVd PIULYDS L MOWs|qo.d YoAmomMeIspod IMAISU| AQ SZTE0YTOZ 95S9/200T 0T/I0p/wW0d A8 |mAke.q 1put juoadoane-Alis iweyoy/sdny Wwoly pepeojumod ‘0T ‘STOZ ‘X#OSr98T


http://www.chemsuschem.org

.'(V;* ChemPubSoc
e Europe

CH30H conversion /% —*

Figure 6.

M Qm ZEn cun SED Sun SED SEn GEn oo cun SR SE cun oun onn Sun amn SED aun

a " . N -

90

80

70 . - —

89 —=— 1wt %Pd90-Au10/TiO, P90 —w—1wt % Pd/TiO P90

—e—1wt % Pd75-Au25/Ti0O, P90 —«—Photolysis
Pd50-Au50/TiO,) P90 —a&—Au50/TiO, P90
Pd50-Au50/TiO, P90-Ar —»—TiO, P90

50

40

30

20

L 2

< < —o =
T

T ¥ T T
20 40 60

T T 1

o
o=
°
=
~
o

Lightirradiation time / min —

Profiles of photocatalytic methanol conversion as a function of light irradiation time over all tested pho-

tocatalysts.

Figure 7.

HCOOCH  selectivity / % — =

Figure 8.

ties of generated gold, such as a size, shape, stability, and (in)-
activation.®

The incorporation of noble metals with a large work func-
tion (e.g., Au, Pd in the shape of Pd-Au metal nanoparticle
random alloys) onto a TiO, support has been shown to signifi-
cantly enhance the charge-separation efficiency (a decrease in
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the recombination rate of pho-
togenerated charges) through
interfacial electron transfer from
the CB of TiO, to metals on the
surface. Increasing the lifetime
of the charges will increase
their chances of diffusing to the
surface and participating in the
photocatalytic process to pro-
mote the reduction half-reac-
tion (oxygen reduction) that is
considered to be the rate-limit-
ing step in photocatalysis. As
one can see, the high selectivity
to MF depends on the amount,
oxidation state of the metals,
and their interfacial behavior on
the titania surface. As observed
by XPS measurements for
1 wt% Pd50-Au50/TiO, P90, the
SMSI effect can have an impor-
tant role in the selective oxida-
tion of methanol. To the best of
our knowledge, this is the first
report on the formation of such
an effect (SMSI=[(Pd),’ -
(Au),” V/[Ti*"]) by the influence
of US. This effect is believed to
occur during synthesis of the
photocatalyst due to shock
waves and interparticle collision
caused by acoustic cavitation. In
such a specific environment, the
Pd-Au~TiO, strong interactions
are probable, especially after op-
timization of one of the most
important parameters, such as
the appropriate composition of
metals, as observed for the best
performing photocatalyst, 1 wt%
Pd50-Au50/TiO, P90, but this hy-
pothesis needs more research to
be undeniably proven.

Conclusions

A simple photodeposition met-
hod coupled with ultrasonic irra-
diation (sonophotodeposition
(SPD) method) can be success-
fully used for the preparation of

Pd-Au alloy nanoparticles supported on titania with high activ-
I ity (83 %), selectivity (70%), and stability (with very low carbon
formation on the catalyst surface, 0.1% after 120 min of reac-
tion) in the selective oxidative esterification of methanol to MF.
We strongly believe that the strong metal-support interaction
effect (SMSI) between Pd-Au alloy nanoparticles and the TiO,
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surface is one of the reasons for such good activity and selec-
tivity for the best performing photocatalyst (1 wt% Pd50-
Au50/TiO, P90).

This synthetic procedure for the preparation of the photoca-
talysts is highly energy efficient and reactions can be carried
out under mild conditions (room temperature and atmospheric
pressure), in short times, and without using strong chemical re-
ducing agents.

These results not only greatly broaden and deepen the fun-
damental understanding of the photochemistry of methanol
on the Pd-Au/TiO, surface, but also demonstrate a novel,
green, benign, and sustainable photocatalytic route for the
synthesis of esters directly from alcohols.

Experimental Section
Photocatalyst preparation

Palladium(ll) acetylacetonate (Acros), hydrogen tetrachloroaura-
te(lll) trinydrate (Alfa Aesar), and commercial TiO, (AEROXIDE TiO,
P90, Evonik Industries) were used as the Pd precursor, Au precur-
sor, and TiO, support, respectively. The detailed procedure was as
follows: oxalic acid (0.1 g) and desired amounts of Pd and Au pre-
cursors were dissolved in H,0/CH;CN (120 mL; 30:70, v/v) and TiO,
(0.5 g) was dispersed into this solution and the pH was adjusted to
about 2. The nominal palladium loading for all bimetallic photoca-
talysts was designed to be 1.0 wt% (0.05 mmol) with different
atom content Pd/Au ratios of 90:10, 75:25, and 50:50. The batch
photoreactor with such a prepared mixture was placed into the ul-
trasonic bath (35 kHz, 560 W, Sonorex Digitec-RC, Bandelin; Fig-
ure 9b). The suspension was first kept in the dark for 30 min to
reach complete adsorption equilibrium. SPD was performed by illu-
minating the suspension for 60 min with a low-pressure mercury
lamp (6 W, A,,,c=254 nm) and the ultrasonic bath switched on. The
synthesis reaction was carried out under a flow of argon (flow rate:
70 mLmin™") and thermostated at 20°C. Next, the product was re-
covered by slow evaporation on a rotary evaporator, repeated fil-
tering, and washing three times with Millipore water until a nega-
tive test for chloride ions could be detected by adding a solution
of AgNO; (0.1 molL™") to the filtrate (only the photocatalysts con-
taining gold). Then, the samples were dried at 110°C for 10 h, and

Figure 9. SPD reaction setup before (a) and during the reaction (b): 1) batch
photoreactor, 2) argon line, 3) switched off 6 W UV lamp, 4) ultrasonic bath,
5) switched on 6 W UV lamp, 6) reflux condenser, and 7) lamp cooling
system (20 °C).
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calcined at 300°C for 4h under a flow of air (flow rate
30 mLmin™"). The photocatalysts were labelled as 1 wt% Pd90-
Au10/TiO, P90, 1 wt% Pd75-Au25/TiO, P90, and 1 wt% Pd50-
Au50/TiO, P90. For comparative purposes, 1 wt% Pd/TiO, P90 and
Au50/TiO, P90 were prepared by the SPD method, and 1 wt%
Pd50-Au50/TiO, P90 was synthesized by photodeposition (without
US). Unmodified TiO, P90 was chosen as a reference material, with-
out the addition of metal precursors.

Photocatalytic activity measurements

A schematic representation of the methanol photo-oxidation setup
is given in Figure 10.°? Methanol was introduced by bubbling air
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Figure 10. Schematic representation of the methanol photo-oxidation
system.

(25 cm®min~") through a glass saturator filled with methanol. The
saturator was immersed in a thermostat maintained at 0°C. The
gas flow rates were measured and controlled by mass flow control-
lers (supplied by Bronkhorst HI-TEC). The flow-type photoreactor
was vertically enclosed by an aluminum foil cylindrical reflector
(20cmx13 cmx1 mm) to exclude any external light source and
maximize light energy usage within the reactor. The photocatalyst
bed height was 5 cm. The adsorption equilibrium reagent photoca-
talyst was achieved in the dark after 2 h. The light source was
a medium-pressure 125 W mercury lamp (4,,,,=365 nm; supplied
by Photochemical Reactors Ltd. Model RQ3010) built into a lamp
housing and centered vertically in the reflector (2.5 cm between
the lamp and photoreactor) and thermostated at 30°C. The aver-
age luminous intensity (~260 mWcm 2 was determined by
means of a radiometer ILT 1400 (supplied by International Light
Technologies, Inc., USA) with a UV/Vis laser power probe (1 =250-
675 nm). Reaction products were quantitatively analyzed by means
of an online gas chromatography (HP 5890 series Il Hewlett Pack-
ard USA equipped with a flame ionization detector (FID) and
a methanizer model 510 instrument supplied by SRI INSTRUMENTS)
and identified offline by GC-MS (HP-5 column GC (6890 Series)-
MS(5973) Hewlett Packard equipped with FID and thermal conduc-
tivity detector (TCD)).

Characterization methods

The specific surface area, pore volume, and average pore diameter
were determined by N, physisorption by using a Micromeritics
ASAP 2020 automated system and the Brunauer-Emmet-Teller
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(BET)“ and the Barret-Joyner-Halenda (BJH) methods.*” Each
photocatalyst was degassed under vacuum at < 1x10°° bar in the
Micromeritics system at 300 °C for 4 h prior to N, physisorption.
Powder XRD measurements were performed by using the standard
Bragg-Brentano configuration. This type of arrangement was pro-
vided by using a Siemens D5000 diffractometer (equipped with
a horizontal goniometer) with 6-26 geometry and Ni-filtered CukK,
radiation, powered at 40 kV and 40 mA. Data were collected in the
range of 26=10-90° with a step interval of 0.02° and counting
time of up to 5 s per step.

The average crystallite size (D in nm) was determined according to
the Scherrer equation [Eq. (3)]:""

kA

D= feoso G)

in which D is the average crystallite size of the catalyst (nm), 4 is
the wavelength of the CuK, X-ray radiation (4 =0.154056 nm), k is
a coefficient usually taken as 0.94, § is the full-width at half-maxi-
mum (FWHM) intensity of the peak observed at 20 (radian), and 6
is the diffraction angle. The phase contents of the samples could
be estimated from the respective XRD peak intensities by using
Equation (4):52

1

fo = Tl

1 i
k=0.79 f, > 0.2
k=068 f, <0.2

in which f, is the fraction of anatase phase in the powder, and /,
and [y are the X-ray intensities of the anatase (101) and rutile (110)
diffraction peaks, respectively.

HRTEM measurements were carried out by using an FElI TITAN
Cubed electron microscope operated at an acceleration voltage of
300 keV and equipped with an EDS EDAX spectrometer. The sam-
ples were prepared as a dispersion in pure alcohol by using an ul-
trasonic cleaner and putting a drop of this suspension on carbon
films on copper grids that were purified with plasma cleaner.

The XPS measurements were performed by using a VG Scientific
photoelectron spectrometer ESCALAB-210 with AIK, radiation
(1486.6 €V) from an X-ray source operating at 15 kV and 20 mA.
Survey spectra were recorded for all samples in the energy range
from 0 to 1350 eV with a 0.4 eV step. High-resolution spectra were
recorded with a 0.1 eV step, 100 ms dwell time, and 25 eV pass
energy. A take-off angle of 60° was used in all measurements.
Curve fitting was performed by using the AVANTAGE software pro-
vided by Thermo Electron, which described each component of
the complex envelope as a Gaussian-Lorentzian (G/L) sum func-
tion; a constant 0.3(+0.05) G/L ratio was used. The background
was fitted by using a nonlinear Shirley model. Scofield sensitivity
factors and a measured transmission function were used for quan-
tification. The aromatic carbon C 1s peak at 284.5 eV was used as
a BE reference.

DR UV/Vis spectroscopy was performed by using a UV/Vis/NIR
Jasco V-570 spectrophotometer equipped with an integrating
sphere. The baseline was recorded by using Spectralon [poly(tetra-
fluoroethylene)] as a reference material. Band gap values were cal-
culated based on the Kubelka-Munk functions,®® f(R), which were
proportional to the absorption of radiation, by plotting [f(R)hv)]"?
against hv. The function f(R) was calculated by using Equation (5):
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_ (1—RY? 5
f(R) = 55— (5)
Band gap values were obtained from the plot of the Kubelka-
Munk function [F(R,)E]"? versus the energy of the absorbed light,
E. The absorption threshold was determined by using Equa-
tion (6):>¥

1240
A= E (6)
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